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SUMMARY 

Without a comprehensive understanding of anthropogenic pressures on the 
water environment, it is difficult to develop effective and efficient strategies 
to support water management in a proactive way. A broader systems 
perspective and expanded information systems are therefore essential to aid in 
systematically exploring interlinks between socioeconomic activities and 
impaired waters at an appropriate scale.  

This thesis examined the root causes of human-induced water problems, 
taking the socioeconomic sector into account and using systems thinking and 
life cycle thinking as the two main methods. The European DPSIR (Drivers-
Pressures-State of the Environment-Impacts-Responses) framework was also 
used as a basis for discussing two kinds of approaches to water management, 
namely state/impacts-oriented and pressure-oriented.  

The results indicate that current water management approaches are mainly 
state/impacts-oriented. The state/impacts-oriented approach is mainly based 
on observed pollutants in environmental monitoring and/or on biodiversity 
changes in ecological monitoring. Employing this approach, the main concern 
is hydrophysical and biogeochemical changes in the water environment and 
the end result is reactive responses to combat water problems. 

As a response, a pressure-oriented approach, derived from a DPR (Drivers-
Pressures-Responses) model, was developed to aid in alleviating/avoiding 
human-induced pressures on the water environment. From a principal 
perspective, this approach could lead to proactive water-centric policy and 
decision making and the derivation of pressure-oriented information systems. 
The underlying principle of the DPR approach is that many root causes of 
human-induced water problems are closely related to anthroposphere 
metabolism. An industrial ecology (IE) perspective, based on the principle of 
mass/material balance, was also introduced to trace water flows in the 
human-oriented water system and to account for emissions/wastes discharged 
into the natural water system. This IE-based perspective should be used as 
part of the basis for developing pressure-oriented monitoring and assessing 
impacts of human-induced pressures on recipient waters.  

While demonstrating the use of the pressure-oriented approach, two 
conceptual frameworks were developed, for water quantity and water quality 
analysis, respectively. These two frameworks could help motivate decision 
makers to consider water problems in a broader socioeconomic and 
environment context. Thus they should be the first step in making a broader 
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systems analysis in any given river basin, regarding setting systems boundary 
and identifying data availability. In this context, a combined hydrological and 
administrative boundary is suggested to monitor anthropogenic processes and 
organise socioeconomic activity statistics.  

Keywords: DPR model, DPSIR framework, human-environment, industrial 
ecology, life cycle thinking, pressure-oriented approach, socioeconomic 
metabolism, systems thinking, water information, water quality, water quantity 
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PREFACE 

Life is always full of surprises! I came to the research field of sustainability 
and water resources management as a PhD student at the Division of 
Industrial Ecology (DoIE) at the Royal Institute of Technology (KTH) in 
Stockholm, Sweden. But this change was made after seven continuous years 
of training to be an energy engineer at Shandong University in China. I am 
really grateful for such multi- (and/or inter-) disciplinary experiences gained 
during the study period. Those experiences have substantially changed my 
ways of thinking about both research and work. 

This thesis, accompanied by the five appended papers with different 
objectives, shows an individual learning process of looking into water 
problems ranging from the perspectives of water management to the 
perspectives of Industrial Ecology (IE). Up to now, my learning process has 
largely depended on the following two ongoing transitions: (i) from ‘hard’ 
systems thinking to ‘soft’ systems thinking, and (ii) from a ‘narrow’ discipline-
based systems perspective to a ‘broader’ sustainability-oriented systems 
perspective.  

The initial idea of developing an IE-based approach to water management, in 
fact, was first put forward by my current principal supervisor Dr Björn 
Frostell, associate professor of IE, in late 2010. When I heard this idea for the 
first time, I actually wondered whether the reason for developing such an IE-
based perspective on water management was simply because of my thesis 
work carried out at DoIE? Moreover, I also had another concern at that time, 
especially when noticing the terms of systems thinking and analysis having 
been frequently employed in water research and management since the 1980s. 
One main concern is whether it is highly ‘risky’ for a junior researcher such as 
I to put the main focus on arguing for a broader systems perspective on 
sustainability-oriented water research and management? Not surprisingly, I 
was strongly against this idea for several months thereafter, although I did not 
fully succeed in getting the idea out of my head.  

Fortunately, I finally started debating the idea and gradually re-thinking my 
former writings since mid-2011. At the time of writing this compilation thesis, 
I am actually much more confident about the necessity of applying the IE-
based approach to aiding in sustainable water resources management. To 
further justify the approach within and between researchers and managers, 
much future work is needed. For example, it is essential to produce more 
convincing information by developing a well-reasoned conceptual framework 
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followed with computer-based modelling of anthropogenic pressures on the 
water environment.  

The episode regarding my individual minor shift in thinking probably reflects 
many aspects of difficulties in taking a holistic approach to coordinate 
interdisciplinary research involving individuals with different professional 
backgrounds. Such difficulties may be also embedded in the following 
linkages of knowledge, perception and approach: individual knowledge greatly 
affects our perceptions of the world; and perceptions of researchers and 
managers determine their preferred approaches to address ecological and 
socioenvironmental problems. Given the statement is not fully illogical, it may 
stimulate us to deeply re-think the question of whether the current 
reductionism-based modes of education and research could substantially 
contribute to building a sustainable society in an effective and efficient way.  
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1. INTRODUCTION 

1.1 Background 

Since the dawn of human civilisation, people have been struggling with rivers 
in order to prevent flooding and secure adequate freshwater supply with 
acceptable water quality. The capacity of mankind to control and harness 
natural resources has increased enormously with the rapid development of 
society and technology in the past century. By now, people have transformed 
many natural landscapes and aquatic ecosystems by means of hydraulic 
engineering projects, such as dams, irrigation systems and large-scale water 
transfer. However, increasing global population, rapid industrialisation and 
urbanisation are seriously threatening water resources and putting natural 
water systems under ever-increasing stress. In recent decades, unprecedented 
water scarcity, pollution and degrading ecosystems in many regions have 
pushed both researchers and policy makers to devote more effort to 
ensuring/restoring ecologically healthy water systems in relation to water 
quantity and quality and to achieve water-centric harmony between humans 
(economy) and nature.  

When addressing various quantitative and qualitative water problems, there 
are generally two alternatives in relation to technological/physical and 
social/institutional contributions. On the one hand, technology is regarded as 
the forefront of fast response water management adaptation schemes to stave 
off major disruptions in water supply and distribution (WBCSD, 2008). On 
the other hand, Falkenmark (1990) argued that “what is spoken of as a water 
crisis is only a symptom; the real cause of a water crisis is indeed a crisis in 
man’s behaviour in the living environment, in particular his way of living with 
available water, and of accepting the integrity of the water cycle, including the 
physical, chemical and biological laws that control the water cycle, laws that 
will continue to act whatever mankind will be doing”. Cosgrove & Rijsberman 
(2000) pointed out that “the water crisis is not about having too little water to 
satisfy our needs; it is a crisis of managing water so badly that billions of 
people and the environment suffer badly”. In recent years, the emerging water 
crisis events in many areas have been regarded as being more as a result of 
ineffective and weak water management rather than an absolute shortage of 
physical supply (United Nations Development Programme, 2006; 
Satterthwaite & McGranahan, 2007; Geiger, 2008). 

It is gradually being agreed that freshwater security will not be achieved 
without a radical shift in thinking (Falkenmark, 2001). In general, strong 
support of water institutions and policies has been called for to address many 
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existing out-of-date institutions with their focus on too narrow interests (Jury 
& Vaux, 2005). In particular, Integrated Water Resources Management 
(IWRM) and Integrated River Basin Management (IRBM), building on a 
systems approach to water management, have attracted wide attention 
internationally in the past decade. IWRM has been widely recognised as a 
pathway towards sustainability (Holger, 2010). One of the key principles of 
IWRM and IRBM is to integrate both within and between two categories of 
the natural system (e.g. water availability and quality) and the human system 
(e.g. resource use, waste production and pollutant removal). 

The most widely cited definition of IWRM so far was developed by the 
Global Water Partnership (GWP, 2000): “IWRM is a process which promotes 
the coordinated development and management of water, land and related 
resources, in order to maximize the resultant economic and social welfare in 
an equitable manner without compromising the sustainability of vital 
ecosystems”. GWP adopts three principles for promoting the practice of 
IWRM, i.e. economic efficiency in water use, social equity and environmental 
and ecological sustainability. Furthermore, three elements are identified as 
being important for constructing an effective water resources management 
system, namely the enabling environment (e.g. policies, legislation, regulation 
and mechanisms for participation), the institutional roles (e.g. capacity building 
and functions of the various administrative levels and stakeholders), and the 
management instruments (to support decision making by the development of 
effective monitoring, regulation, etc.).  

Planning for IWRM is intended to be a cyclical process so as to achieve a 
more integrated approach and move towards adaptive water resources 
management (Cap-Net & GWP, 2005). In the planning and decision making 
processes, establishing monitoring networks and constructing information 
systems are regarded as important tools to improve water resources 
management (GWP & INBO, 2009). Rather, monitoring systems aim to 
produce information showing the extent to which river basin management 
plans, strategies and programmes are changing the state of water resources, 
and economic, societal and ecological conditions in the basin (GWP & INBO, 
2009). 

As a subset of IWRM, IRBM advocates the use of river basins as water 
resources planning and management units. This concept has attracted the 
attention of many water managers and research organisations worldwide. The 
World Wide Fund for Nature (WWF), for example, claims that IRBM is the 
most promising approach for employing the tools necessary to meet and 
overcome the global water crisis (WWF, 2003). IRBM is defined by the WWF 
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(2003) as: “the process of coordinating conservation, management and 
development of water, land and related resources across sectors within a given 
river basin, in order to maximize the economic and social benefits derived 
from water resources in an equitable manner while preserving and, where 
necessary, restoring freshwater ecosystems”. Generally speaking, IRBM 
intends to manage water resources in a coordinated manner, taking ecological, 
social and economic development into account at a river basin scale.  

Unfortunately, IWRM is not yet effectively implemented on a wider scale, 
owing to a variety of stumbling blocks. For example, there are still many 
arguments on various ambiguities regarding the concepts of IWRM (Cardwell 
et al., 2006). While introducing the concept of IWRM, GWP (2000) pointed 
out that “IWRM has neither been unambiguously defined nor has the 
question of how it is to be implemented been fully addressed. What has to be 
integrated and how is it best done? Can the agreed broad principles for 
IWRM be operationalized in practice – and, if so, how?”  

With respect to ineffective implementation of IWRM, one of the most 
common criticisms is that the gap between theory (policy statement) and 
practice (policy tools/mechanisms) remains extensive (Jewitt, 2002; Jeffrey & 
Gearey, 2006). For instance, water management is essentially about choosing 
between equally important demands, but elusive claims for wide-ranging 
integration as required in IWRM are unable to offer much help when dealing 
with specific water management problems (Ioris, 2008). Moreover, the reason 
why full IWRM still remains less implemented is largely due to lack of 
systematic approaches to better address complex water resources systems 
(Castelletti & Soncini-Sessa, 2007). 

Moving towards the effective implementation of IWRM/IRBM depends on 
the availability of relevant, accurate and up-to-date information, while 
decision makers often lack access to the critical information needed for 
effective decision making (Hooper, 2005). With the aim of assisting policy 
makers and politicians in understanding interlinks of the environment and 
socioeconomic objectives, for example, the System of Environmental-
Economic Accounting (SEEA) was developed in 2003. The SEEA can fully 
integrate economic and environment statistics (UN et al., 2003). Furthermore, 
the System of Environmental-Economic Accounting for Water (SEEA-Water) 
published in 2007, provides a conceptual framework for coherently organising 
hydrological information and economic accounts in support of IWRM 
(UNSD, 2007).  

In order to produce more pertinent information (monitoring- or accounting-
based) to support water planning and policy making, it is crucial to shift from 
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single/sectoral approaches to more holistic approaches. Recently, the United 
Nations Educational, Scientific and Cultural Organization (UNESCO) called 
for thinking outside the conventional water box1, for water issues to be linked 
to decisions on sustainable development, and for drivers of water pressures to 
be handled in broader and interrelated contexts (WWAP, 2009). The 
UNESCO call (re-)emphasises the importance of achieving improved 
understanding of causal relationships regarding both quantitative and 
qualitative water environmental degradation.  

In recent years, there have been important advances in understanding causes 
of water/environmental problems and identifying interdisciplinary research 
opportunities from a socio-ecohydrology perspective. This can be illustrated 
by the following representative opinions, although it is not limited to these. 
Firstly, Shen & Chen (2010) argue that “almost all of the environmental 
problems that have occurred in arid basins originated from the over-
exploitation and mass utilization of water resources without enough 
consideration for the ecological conservation”. Secondly, van der Zaag et al. 
(2009) identify the five most important water-related problems in which water 
expert have conducted comparatively little research on the more urgent 
challenges facing the global community as being: (i) sanitation, (ii) food 
security, (iii) freshwater ecosystem integrity, (iv) adaptation to climate change, 
and (v) governance. Thirdly, Arthington et al. (2010) suggest the following 
nine themes aimed at enhancing the global programme of environmental 
flows research, implementation and capacity-building to support river 
conservation and restoration/rehabilitation: (i) hydro-ecological relationships, 
(ii) flow-related guilds, (iii) temperature and other ‘drivers’, (iv) Bayesian 
Decision Networks and Bayesian statistical models, (v) adaptive 
environmental management, (vi) ecological and societal goods, services and 
trade-offs, (vii) integrated water resources management, (viii) climate change, 
and (ix) capacity-building.  

However the question that is not yet frequently asked is: what kind(s) of 
systems-oriented approaches and information systems could substantially 
facilitate integrating the human-oriented water system and natural water 
systems so as to aid water-centric policy and decision making in a more 
proactive way? Furthermore, little research has carried out to date in the water 
community concerning the relationships between water environmental 
degradation and socioeconomic metabolism.  

                                        
1 Water subsectors generally work independently in water supply, sanitation, hydropower, 
irrigation and flood control. Beyond the conventional water box, multi-sectoral decision 
making processes between water and socioeconomic sectors are required at all levels. 
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This gap, in fact, was first identified from an industrial ecology (IE) 
perspective that is generally based on the principle of mass balance (mass in = 
mass out + mass stored) or material balance (raw materials = products + 
emissions/ wastes + material stocks). Here, the IE perspectives are intended 
to aid in understanding causal relationships of human-induced water 
problems in society at large. The foundation of IE is to systematically 
investigate various interactions between nature and human society with 
respect to material/energy flows and various emissions (Ayres & Ayres, 2002). 
Most importantly, the theoretical framework of IE could assist in studying 
industrial and anthropogenic metabolism and human-induced impacts on the 
water environment.  

In this thesis, an IE-based pressure-oriented approach is developed through 
the use of systems thinking and life cycle thinking. This pressure-oriented 
approach could complement traditional water research and management 
considering the socioeconomic sector.  

1.2 Aim and Objectives  

This thesis attempts to discuss water-centric interactions of human 
environments from the IE perspective in order to achieve more proactive 
water planning and policy making. In particular, it examines how human-
induced water quantity and water quality problems could be addressed by 
means of systematically investigating anthropogenic metabolism. Moreover, 
the challenges of incorporating socioeconomic metabolism information into 
contemporary water research and management are briefly discussed.  

The overall aim of the thesis was to devise an IE-based pressure-oriented 
approach to address the root causes of human-induced water problems so as 
to support proactive water planning and decision making. General objectives 
of the thesis were to: (i) represent the current water quantity and quality 
research context, regarding information supply to support water decision 
making; (ii) survey the state of information demand of water planners and 
decision makers; and (iii) demonstrate implications of IE for facilitating a 
move towards sustainability-oriented water resources management. Specific 
objectives were to seek answers to the following three questions, which also 
form the main thread of the thesis: 

1. Can the root causes of human-induced water environmental 
degradation be effectively addressed by the use of pressure-oriented 
anthroposphere metabolic information? 
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2. How can the transition to a metabolism-based pressure-oriented water 
management approach and the derivation of pressure-oriented 
monitoring/accounting be facilitated?  

3. What are the implications of the pressure-oriented approach for 
improving current water management systems? 

1.3 Research Context   

The overall context of the thesis work of Papers I-V is presented in Figure 1.1, 
with regard to principles, methodology and the overall research question. 
Typically, principles of IWRM/IRBM and industrial ecology were employed 
throughout the thesis work. Besides, river restoration was briefly referred to 
in Papers IV and V. Methodologies employed in the thesis and in Papers I-V 
include case studies, systems thinking, life cycle thinking and the DPSIR 
framework. The central question examined in the work was: what kinds of 
information systems could support water policy and decision making in a 
more proactive way at a conceptual level? 

 

 

Figure 1.1 Research contexts of the covering essay and its appended papers. 

In this cover essay, the results of Papers I-V are generalised and further 
discussed from the perspective of IE, with the focus on theoretical 
discussions. Among the five papers, Papers I-III mainly discuss how Chinese 
water quantity and quality management in river basins could be improved by 
means of implementing IWRM in China’s specific environmental and 
socioeconomic context. In these three papers, some relevant themes 
addressed include water institutions, legislation and public participation.  

 
The overall question 

How to better support 
water policy and 

decision making in a 
proactive  

way? 
 

Principles 
Sustainability 

IWRM/IRBM 
River restoration 
Industrial ecology 

Methodology 
Case study 

Systems thinking 
Life cycle thinking 
DPSIR framework 

 

Relevant themes 
 Human activity-environment 
 Water quantity & quality 
 Institutional capacity 
 Socioeconomic metabolism 
 Information supply & demand 
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Papers IV and V are the outcomes of collaboration with Beijing Forestry 
University in the project ‘Ecological Restoration of the Yongding River in the 
Beijing Region (YRBB)’. These two papers discuss alternative approaches to 
diagnosing water quantity and quality problems, respectively, in order to 
support river restoration planning and decision making. The findings made in 
Papers IV and V strongly influenced development of the suggested pressure-
oriented approach to water management presented in this thesis.   

1.4 Contributions 

In order to cope with complex water problems in a more proactive way, 
contemporary water research and management should explore causes of 
human-induced water environmental degradation in a broader sense. Thus, it 
is not enough to manage water resources on land and/or in air, such as 
focusing on landscape alteration, hydrological pathways, available waters and 
pollutants in waters. From the IE perspective, the root causes of society-
caused water problems are embedded in the socioeconomic metabolism, 
which should be the basis for environmental risk assessment and modelling. 
Typically, addressing human disturbance of the water environment should 
include comprehensive studies on anthroposphere pressures on waters, e.g. in 
relation to materials/water/air inputs and emissions/wastes outputs.  

This calls for a transition in contemporary water management systems from 
an environment/ecosystem-based and state/impacts-oriented monitoring 
approach to a metabolism-based and pressure-oriented monitoring/ 
accounting approach. The pressure-oriented approach, based on a DPR 
(drivers-pressures-responses) model, aims to study environmental impacts of 
anthroposystem metabolism associated with human technological and social 
systems. The use of water-related metabolic information in water planning 
and decision making would lead to pertinent societal responses to quantitative 
and qualitative water degradation. Here, both systems thinking and life cycle 
thinking are crucial to achieving holistic understandings of human-induced 
pressures on waters at all scales.  

Moreover, information on water flows and materials transformation in 
modern society should be collected by the use of appropriate systems 
boundaries. This thesis argues that a combined hydrological and 
administrative systems boundary is required to collect water-related 
anthroposphere activity data at different scales. Such a combined systems 
boundary is appropriate to monitor/account for various emissions/wastes 
and assess impacts of anthropogenic pressures on the water environment.  
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From a principle perspective, the pressure-oriented approach could contribute 
to achieving a holistic understanding of the root causes of human-caused 
water problems. To some extent the DPR model could aid in effectively 
alleviating anthropogenic pressures on waters created in the first instance by 
socioeconomic activities. Moreover, the work presented in this thesis may 
stimulate debates on ways of thinking, data collection and the extent of 
resources allocation (e.g. the state/impacts-oriented versus pressure-oriented 
monitoring/accounting) in sustainability-oriented water resources 
management.   

1.5 Disposition of the Thesis 

Following this introduction chapter, the remainder of the thesis is divided 
into seven chapters, followed by two appendices.  

Chapter 2: Research Design and Methodology 

This chapter presents the information-centred conceptual framework of the 
thesis. It then looks back on research designs in Papers I-V. Finally, it 
summarises the most important principles of systems thinking, life cycle 
thinking and the DPSIR framework.  

Chapter 3: Water Management: Approaches, Institutions and Information  

This chapter gives an overview of data collected in relation to water 
management approaches, water institutions and information systems of the 
EU WFD. In particular, the context of water quantity and quality research is 
represented based on the literature.  

Chapter 4: Sustainability, Industrial Ecology and Water Management  

This chapter describes the context of sustainability and sustainability-oriented 
water resources management and then presents characteristics of the 
industrial ecology (IE) approach. The implications of IE for dealing with 
water-related human-environment interactions are also demonstrated.  

Chapter 5: Results 

This chapter begins with a brief summary of Papers I-V. This is followed by a 
section highlighting the key findings of the study regarding a pressure-
oriented approach in general and the IE-based systems-oriented framework 
for assisting water quantity and quality analysis in particular. 

Chapter 6: Discussion 

This chapter refers back to the research questions raised in Chapter 1 and 
comments on the respective answers by comparing thesis findings against the 
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literature. Obstacles to implementing the suggested pressure-oriented 
approach are briefly discussed.  

Chapter 7: Conclusions  

This chapter re-states the aim of the research, the research questions and the 
statement of the work. It then summarises the main findings of the research 
and highlights the possible significance of the study. 

Chapter 8: Further Research 

This chapter begins by showing a few limitations of this thesis work. It then 
suggests several ways of further developing the suggested pressure-oriented 
approach and of establishing information collection systems. 

Appendix I: Background Information on the Case Study of YRBB 

This appendix is a compilation of case materials, discussion and writings, 
mainly in 2010. It aims to describe the relevant background information on 
the case study of YRBB. It also presents the preliminary research design.  

Appendix II: China’s Environmental Quality Standards for Surface Water 

This appendix presents China’s surface water quality standards (GB 3838-
2002). It formed the basis for interpreting changes in river water quality, 
especially those reported in China’s official statistics and other publications.  
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2. RESEARCH DESIGN AND METHODOLOGY 

This chapter presents the research design and methodology employed in the 
thesis to explore the research questions listed in Chapter 1. It also briefly 
looks back at the underlying thoughts in writing Papers I-V and this thesis 
essay. Regarding methodology, systems thinking and life cycle thinking are 
briefly introduced. The European DPSIR framework is also briefly described, 
and then used as a basis for discussing the main focus of contemporary water 
quantity and quality management. 

2.1 Research Design 

As mentioned in Chapter 1, the thesis sought to discuss possible ways to 
address water-centric human-environment interactions from the perspective 
of IE. In doing so, it investigated the context of water research and 
management approaches at a conceptual level. In this sense, the thesis work 
was mainly of a qualitative nature.  

Generally speaking, characteristics of qualitative study include: (i) interpretive 
(acknowledging the researcher’s subjective views on findings); (ii) 
experimental (emphasising observations by participants and viewing reality as 
a human construction); (iii) situational (orientating to objectives in a unique 
set of contexts); and (iv) providing ample information to allow readers to 
make their own interpretation (Stake, 2010).  

The functions of the conceptual models used in qualitative research are to: (i) 
relate the research to the existing body of literature; (ii) help structure the 
problem, identify relevant factors and provide connections to facilitate 
mapping and framing the problem; and (iii) link to systems theory by means 
of identifying relevant elements and relationships among the elements (Jonker 
& Pennink, 2010).  

The backbone of the work is related to an information-centred conceptual 
framework (Figure 2.1). This framework refers to both theory- and practice-
oriented aspects of diagnosing various water problems, focusing on 
information supply to, and demand for decision making. Here, gaps on 
information supply and demand largely depend on the extent of (inter-) 
disciplinary research and capacities of water institutions. These two aspects 
together are essential to make effective and efficient societal responses to 
combat the emerging water crisis events. 
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Figure 2.1 An information-centred conceptual framework serves as a basis for the 
thesis.  

Before moving further, it is worth mentioning the possible limitations of 
using conceptual diagrams to represent the collected information and assist 
qualitative reasoning. In this thesis, several diagrams and conceptual models 
are drawn in terms of the author’s ‘subjective’ understanding, although based 
on many scientific publications. Those diagrams are definitely not intended to 
cover all relevant knowledge in the literature. Even when discussing the same 
problem, researchers and managers may often have their own mental maps or 
conceptual models with diverse concerns. Those diversities, in my view, are 
rather rational due to individuals’ diverse specialist knowledge. Actually those 
individual opinions, either negative or positive, should be highly appreciated 
and deserve sufficient room for debate in the context of sustainability. 
Furthermore, such interdisciplinary discussions may contribute to the 
development of holistic perspectives and the derived approaches with more 
consensus between and within discipline-based researchers and decision 
makers. 

Looking back on the research designs in Papers I-V, two perspectives were 
employed, disciplinary-based and interdisciplinary-based. Disciplinary-based 
reasoning can be found in Papers I-III, which focus on applying the generally 
agreed principles of IWRM to address China’s water problems. All three 
papers intend to support the implementation of better practices for 
IWRM/IRBM in China’s specific water management context, focusing on 
water institutions. Their specific objectives include: (i) identifying relevant 
development dilemma associated with water systems development; (ii) 
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discussing the current institutional framework and mechanism of public 
participation in relation to emerging water stress; and (iii) proposing an 
alternative conceptual institutional  framework for implementing IWRM in 
China. The data for the three papers were mainly collected from the relevant 
literature about Chinese water management and from China’s official statistics. 

Interdisciplinary-based reasoning guided the research design in Papers IV and 
V. These two papers aim to apply the industrial ecology approach to water 
quantity and quality analysis. Within their own thematic context, the two 
papers begin by identifying a research gap in the literature and putting 
forward conceptual frameworks for bridging the gap. Thereafter, data on 
ecological restoration of YRBB are used to examine the implications of the 
suggested frameworks for aiding in river restoration planning. Finally, general 
discussions are made about possible contributions of the suggested 
conceptual frameworks to water research and management in general.  

The case materials used in Papers IV and V were mainly provided by a 
research project on restoring YRBB coordinated by Prof. Junguo Liu at 
Beijing Forestry University (BFU) during the period 2009-2011. As described 
in the project reports written by BFU, both water quantity data (e.g. 
precipitation, river flows, water supply and water use) and water quality data 
were collected in the following three ways: (i) from official statistics and 
scientific reports; (ii) from local monitoring organisations; and (iii) in field 
monitoring activities by the project members. 

2.2 Methodology 

Besides literature reviews and the DPSIR framework, three other methods are 
employed in the thesis research: (i) case study; (ii) systems thinking; and (iii) 
life cycle thinking. Together, they are essential to understanding complex 
water systems. For example, the case study methodology is often regarded as 
a preferred strategy to deal with ‘how’ or ‘why’ questions on contemporary 
phenomena when the researcher has little control over problems within a real-
life context (Yin, 2009). In the following texts, systems thinking, life cycle 
thinking and the DPSIR framework are briefly introduced, focusing on their 
most important principles. 

2.2.1 Systems Thinking 

Systems science aims to understand the complexity of man and his interacting 
environment from a holistic rather than a reductive point of view (Skyttner, 
2005). Awareness of complexity to a substantial extent connects to our mind-
sets and models regarding the world. W. Ross Ashby, one of the pioneers in 
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systems thinking, regards complexity as the quantity of information required 
to describe any vital system, and characterises system complexity as “purely 
relative to a given observer” and “something in the eye of the beholder” 
(Ashby, 1973). The more complex a system (in terms of the number of 
connections), the more information needed to gain an understanding 
(awareness of connections) (Backlund, 2002). Furthermore, Backlund (2002) 
argues that the complexity of an organisation (served by an information 
system) seemly has gradually ‘reduced’ (information ‘disappears’) along the 
way to the higher level of decision makers. 

One of the most popular description of systems thinking is: “A systems 
approach begins when first you see the world through the eyes of another” 
(Churchman, 1968). One focus of systems thinking is on interactions within 
and between selected systematic elements of a core system and their external 
environment, which are linked by a number of inputs and outputs (Olsson & 
Sjöstedt, 2005). The interconnections among subsystems represent the flow 
of information, and an identified system structure determines system 
behaviour (Meadows, 2008). Another flow among interconnections is related 
to substances, e.g. materials (water, air, food, biomass, etc.), energy (heat, light, 
electricity, etc.), money, etc. (Voinov, 2008). Moreover, a system under study 
should be addressed at hierarchical levels, which is important to achieve a 
holistic understanding of their linkages from subsystems to the unified system. 
Figure 2.2 depicts some fundamental characteristics of systems-oriented 
thinking in a hierarchy of systems. 

In general, there are two kinds of systems thinking: ‘hard’ and ‘soft’. ‘Hard’ 
systems thinking believes that real-world problems can be objectively 
formulated and solved in structured ways, such as producing an optimum 
solution to the problem under study by developing a mathematical model. 
There are some approaches labelled with this thinking, e.g. classic operational 
research, systems engineering and systems analysis. By contrast, ‘soft’ systems 
thinking is appropriate to tackle messy problem situations (ill-structured and 
ill-defined), characterised by obscure objectives and multiple diverse 
viewpoints (Checkland & Holwell, 2004). In other words, the ‘hard’ systems 
methodology is goal-oriented, mainly dealing with well-established systems 
engineering problems in an operational research context, while the ‘soft’ 
systems methodology is process-oriented, mainly dealing with ill-defined 
human activity systems problems in an action research context (Checkland, 
1999).  
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Figure 2.2 A schematic model of thinking in a hierarchy of systems.  

Considering the multi-dimensional characteristics of water systems, both 
methodologies are helpful to analyse water-centric human-environment 
interactions. In the thesis work, however, soft systems methodology is 
employed to assist in investigating the context of water research and 
management in relation to information supply and demand. This is mainly 
due to the increasing complexity of contemporary water systems relevant to a 
variety of issues such as economics, ecology, hydrology, environment, 
technology and culture.  

To some extent, the principles of IWRM/IRBM can only be understood and 
implemented through interdisciplinary research. Typically, interdisciplinary 
research is helpful to comprehensively understand water-related human-
environment interactions. Therefore, it is essential for water managers and 
researchers to be aware of these interrelations and corresponding 
uncertainties in a holistic way. Therefore, the development of systems-
oriented approaches to water research and management could be helpful to 
achieve a comprehensive understanding of complex water systems and to 
cope with uncertainties in a broader socioeconomic context.  
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2.2.2 Life Cycle Thinking 

Life Cycle thinking (LCT) is a way of systematically addressing 
socioeconomic-environmental issues from a holistic perspective. According to 
Wrisberg & Udo de Haes (2002), LCT “considers the cradle-to-grave 
implications of any action; reflects the acceptance that key societal actors 
cannot strictly limit their responsibilities to those phases of the life cycle of a 
product, process or activity in which they are directly involved”. In other 
words, LCT seeks to reduce potential environmental impacts of a product or 
service system over its entire life cycle (Sonnemann et al., 2004).  

The  life cycle of materials, for example, includes the following cradle-to-
grave phases: natural resources extraction, material manufacturing/processing, 
product manufacture, product distribution, product use/reuse, waste 
collection & transport, and waste treatment & recycling. From a systems 
perspective, inputs of materials and energy deplete natural resources 
(especially non-renewable), while outputs of many emissions accumulate in 
nature and gradually contribute to environmental degradation (Ashby, 2009). 
Overall, LCT represents a comprehensive way of thinking about 
conceptualising and dealing with environmental problems embedded in 
products and services throughout their life cycle from raw material extraction 
(the cradle) to final waste disposal (the grave).   

Over the past decade, LCT has attracted broad attention in practice with 
respect to sustainable production and consumption. In Europe, for example, 
it has influenced the development of European (environmental) policy. Some 
representative LCT-based European policies include: (i) Integrated Product 
Policy – building on environmental Life-Cycle Thinking (adopted in 2003); (ii) 
Thematic Strategy on the Prevention and Recycling of Waste (adopted in 
2005); (iii) Thematic Strategy on the Sustainable Use of Natural Resources 
(adopted in 2005); and (iv) Sustainable Consumption and Production and 
Sustainable Industrial Policy (SCP/SIP) Action Plan (adopted in 2008).  

Even so, Mont & Bleischwitz (2007) point out that “practical use of life cycle 
thinking falls short of the holistic perspective provided by conceptual 
developments due to complexity of life cycles of products and services”. 
What is more, Eva (2002) argues for emphasising the institutional logic of 
LCT in environmentally related practices. This institution-oriented logic is 
suggested partly based on implications as follows: “organizations are not only 
responsible for environmental damage, but also for a broader range of 
environmental interventions throughout the product chain (Eva, 2002)”. In 
other words, the aforementioned summarisation probably also involves the 
necessity of integrating social and natural science at systems level when 
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discussing sources of environmental problems and counteracting socio-
technical measures. 

Figure 2.3 presents a sketch of life cycle thinking in relation to interactions 
between the human-made system and the natural environmental system at a 
conceptual level. Here, environspheres refer to a broader scope of the 
environment, including atmosphere (air), hydrosphere (natural water cycle), 
lithosphere (minerals and energy sources) and biosphere. However, the main 
attention in this thesis is paid to the (potential) pressures of the 
anthroposphere on the natural water environment. It is not possible to fully 
clarify the complex linkages of water-centric human-environment interactions 
in this thesis. Rather, LCT is employed to provide logical support in arguing 
the importance of incorporating pressure-oriented information into water-
related planning and decision making. 

 
Figure 2.3 A sketch of life cycle thinking in relation to human-environment 
interactions. 

2.2.3 The DPSIR Framework 

The European Environment Agency’s so-called DPSIR framework (Figure 
2.4) is an indicator-based environmental reporting approach. It aims to 
describe environmental problems by identifying the cause-effect relationships 
between the environment and various anthropogenic activities in a wider 
socioeconomic context. In terms of this framework, socioeconomic 
development and socio-cultural forces function as drivers (D) of human 
activities that increase or mitigate pressures (P) on the environment. 
Environmental pressures then change the state of the environment (S) and 
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result in impacts (I) on human health, ecosystems and the economy. Those 
may lead to societal responses (R) to the corresponding drivers, pressures, 
state of the environment or impacts via various mitigation, prevention or 
adaptation measures with regard to the environmental problems identified 
(Smeets & Weterings, 1999).  

 
Figure 2.4 The European DPSIR framework (after Gabrielsen & Bosch, 2003). 

In particular, there are some thematic terms linking the five elements of the 
framework (EEA, 1999): (i) eco-efficiency of the technology determines the 
extent of P (pollutant emissions) from the same amount of economic 
activities (D); (ii) the contribution of S to I depends on the carrying capacity 
and thresholds of a specific system; and (iii) how impacts are perceived and 
evaluated determines whether society would respond to impacts. 

The DPSIR framework is developed based on the former Stress-Response 
(SR) framework, Pressure-State-Response (PSR) framework and the Drivers-
State-Response (DSR) framework. The SR framework, developed in the late 
1970s, indicates the impact of the main pollutants (anthropogenic stresses) on 
biotic systems (Klotz, 2007). The PSR framework, launched by the 
Organization for Economic Cooperation and Development (OECD) in 1993, 
highlights the cause-effect relationships between humans and the 
environment, with regard to human activities, state of the environment and of 
natural resources and economic and environmental agents (OECD, 1993). 
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Another development is the DSR framework, initiated by the United Nations 
Division for Sustainable Development, which expands the concept of 
‘pressure’ to incorporate social, economic, institutional and natural system 
pressures (Bowen & Riley, 2003).  

Although the DPSIR framework has been frequently employed in the 
environmental domain, it has also attracted various criticisms. Some typical 
criticisms of the framework include: (i) it employs static indicators that fail to 
consider the dynamics of the systems under study; (ii) it cannot clearly 
illustrate specific causal relationships of environmental problems; and (iii) it 
suggests linear causal chains to represent complex environmental problems 
(Rekolainen et al., 2003). Moreover, Svarstad et al. (2008) found that the 
DPSIR framework has shortcomings as a tool for establishing good 
communication between researchers and stakeholders/policy makers. To 
cope with the shortcomings, those authors call for further research to explore 
the potential for expanding the DPSIR framework by incorporating 
socioeconomic and cultural processes as drivers.  

Responding to various criticisms of the DPSIR framework, Maxim et al. (2009) 
argue that this framework “is a relevant tool for structuring communications 
between scientists and end-users of environmental information, while it is 
inappropriate as an analytical tool”. Similarly, Timmerman et al. (2011) claim 
that the DPSIR framework can be considered useful for improving 
communication and in breaking down water policy objectives into 
information needs. Regarding recent applications of the approach, Atkins et al. 
(2011) point out that “an expert-driven evidence-focused mode of use is 
giving way to the use of the framework as a heuristic device to facilitate 
engagement, communication and understanding between different 
stakeholders”. 

Moreover, Carr et al. (2007) point out that “DPSIR is not a model, but a 
means of categorizing and disseminating information related to particular 
environmental challenges”. Those authors further argue that the original goal 
of the framework is to identify appropriate indicators for framing particular 
environmental problems, rather than the elaboration of their cause-effect 
relationships, aiming to make appropriate responses. Unfortunately, Friberg 
(2010) noticed that “the DPSIR framework is seldom used by applied 
scientists, who often use ‘stress’ and ‘stressors’ rather than ‘pressure’”. As a 
typical example in stream ecology, a stress-based approach typically focuses 
on how point source and diffuse pollution affects ecosystems at various levels 
of organisation (Friberg, 2010). 
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In this thesis, the DPSIR framework is used as a basis for discussing resource 
allocation in monitoring water systems concerning state changes, impacts and 
pressures. Different understandings of human disturbance of waters would 
lead to different approaches to manage water resources and would create 
dilemmas in water-related information supply and demand between scientists 
and managers at all levels. Here, the framework is used to aid discussions on 
the necessity of facilitating the transition from a state/impacts-oriented to a 
pressure-oriented water management approach.  
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3. WATER MANAGEMENT: APPROACHES, 
INSTITUTIONS AND INFORMATION 

This chapter briefly summarises the development of water research and 
management related to the thesis work. It begins with paradigm shifts of 
water management, highlighting the underlying values of each transition. 
Thereafter, selected literature on water research and management is briefly 
reviewed with the focus on information supply and demand. Here, the 
relevant themes addressed include water institutions, water information and 
the EU WFD. Finally, the contexts of contemporary water quantity and 
quality analysis are presented. These two contexts are the main reference 
points for discussing the implications of IE for water management thereafter. 

3.1 Changing Approaches to Water Management 

3.1.1 Paradigm Shifts  

In the past century, there have been at least three periods in relation to the 
modes of water resources management (White, 1998). During the period 
1900-1920, the prevailing approach was single purpose actions such as water 
supply, flood prevention and irrigation. By 1930, multi-purpose development 
began, e.g. building dams to prevent flooding and at the same time generate 
hydroelectricity to meet the demands of socioeconomic development. Since 
the 1960s, management priorities have gradually shifted towards integrated 
water management, taking into account the social and environmental impacts 
of hydraulic engineering projects.  

The transitions between these three water management modes mainly 
occurred owing to paradigm shifts along with environmental and 
socioeconomic development. Generally speaking, a paradigm can be defined 
as “a common way of thinking, held by the majority of members of specific 
scientific community” (Skyttner, 2005). After reviewing the shifts in water 
management and policy making since the end of the 19th century in 
developed countries, Allan (2006) identified the following five main water 
management paradigms: 

1. The first paradigm was associated with pre-modern communities with 
limited technical or organisational capacity; it was based on a single 
grab-and-use philosophy for water. 

2. The second paradigm was that of industrial modernity, manifested as 
the hydraulic mission of the mid-20th century. The basic concept was 
that nature can be controlled. The hydraulic mission proved to be 
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readily exportable to developing countries in the second half of the 
20th century. 

3. The third paradigm called for a change in water allocation and 
management priorities, inspired by the environmental awareness of the 
green movement from the 1960s to 1980s. It was based on an emerging 
insight that human water management damaged ecosystems rather than 
controlling them. The green movement succeeded in persuading 
governments in industrialised semi-arid regions to allocate water to the 
environment and reduce its allocation to agriculture. 

4. The fourth paradigm was inspired by economists in the 1990s, 
emphasising the economic value of water and its importance as a scarce 
economic input. 

5. A new paradigm brought to attention since the year 2000 is based on 
the philosophy that water allocation and management are political 
processes. It has introduced new participatory and inclusive approaches 
between political and other institutions in order to cope with water 
conflicts among water users and agencies.  

Those paradigm shifts in water management to some extent reflect a 
broadening scope of efforts to address the emerging water crisis events. This 
trend has become obvious, especially after introducing the definition of 
sustainability in the late 1980s. In particular, the ideas of IWRM have attracted 
more attention since the 1990s.  

The UN Conference on Environment and Development in Rio de Janeiro in 
1992 saw the release of Agenda 21 (Rio Summit), to which four Dublin 
principles significantly contributed. A specific chapter of Agenda 21 (Chapter 
18) deals with the application of integrated approaches in the development, 
management and use of freshwater resources as follows:  

“Integrated water resources management is based on the 
perception of water as an integral part of the ecosystem, a natural 
resource and a social and economic good, whose quantity and 
quality determine the nature of its utilization. To this end, water 
resources have to be protected, taking into account the 
functioning of aquatic ecosystems and the perenniality of the 
resource, in order to satisfy and reconcile needs for water in 
human activities. In developing and using water resources, 
priority has to be given to the satisfaction of basic needs and the 
safeguarding of ecosystems” (UN, 1992) 

The fifth paradigm also relates to the concept of IRBM with regard to diverse 
elements such as institutional roles, enabling environment and management 
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instrument at a river basin scale. For example, the European Water 
Framework Directive reflects many, but not all, elements of IRBM. Moreover, 
ecosystem-based approaches to water management have been experimented 
with in river restoration, as can be seen in various activities organised by the 
European Centre for River Restoration (ECRR).  

3.1.2 ‘Hard’ and ‘Soft’ Approaches  

Together with the paradigm shifts discussed above, it is worth mentioning 
two kinds of approaches to water development, planning and management: (i) 
a ‘hard’ (structural) path that relies almost exclusively on centralised 
infrastructure to capture, treat and deliver water; and (ii) a ‘soft’ (non-
structural) path that complements the former by investing in decentralised 
facilities, efficient technologies and policies, and human capital (Gleick, 2002).  

It is now gradually recognised that the conventional pure reliance on hydraulic 
engineering can no longer cope with the current water crisis in a dynamic and 
complex context. Although such hydraulic engineering approaches continue 
to dominate, new methods are under development where existing 
infrastructure is used to meet the demands of growing populations without 
requiring major new constructions or new large-scale water transfers (Gleick, 
1998). Furthermore, the conventional hydraulic engineering-based water 
management approach has been criticised for its neglect of unanticipated 
ecological, social and financial costs of projects (Gleick, 2003). 

In recent years, a ‘soft’ path has been used in order to complement centralised 
physical infrastructure with lower cost community-scale systems, 
decentralised and open decision making, water markets and equitable pricing, 
application of efficient technology, and environmental protection (Gleick, 
2003). The ‘soft’ path can be distinguished from the conventional ‘hard’ path 
for water management in the following six main ways (Palaniappan & Gleick, 
2009):  

1. Focusing on managing water demand, rather than just seeking endless 
sources of water supply. 

2. Focusing on ensuring water for ecological needs, instead of failing to 
return enough water to nature, ultimately harming various water users 
downstream. 

3. Matching the quality of water needed with the quality of water used; 
directing the development of water systems that supply water of diverse 
qualities for different uses. 
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4. Matching the scale of the infrastructure to the scale of the need; 
recognising that investing in decentralised infrastructure can be as cost-
effective as investing in large, centralised facilities. 

5. Ensuring public participation in decisions over water; in contrast, the 
‘hard’ path is prone to make decisions on generic needs with little 
transparency or public input.  

6. Using the power of smart economics; recognising the economic aspect 
of water and using the power of water economics to encourage 
equitable distribution and efficient use of water. 

Integrating ‘hard’ and ‘soft’ approaches is essential to achieve sustainable 
water management systems, related to infrastructure projects, water 
institutions and decision support systems. However, an expanding scope of 
water systems increases the complexity level of water research and 
management. Adequate information is required to gain holistic 
understandings of various water-related problem situations and to support 
water policy and decision making.  

In particular, the development of information-based decision support systems 
is essential to assist in making water-centric decisions in a broader 
environmental and socioeconomic context. To do this, it is important to make 
socially and environmentally acceptable trade-offs between information 
demand by institutions (mainly decision makers) and information supply by 
scientific advisor committee (mainly researchers). The following sections 
summarise the relevant literature, focusing on water information demand by 
water decision makers and information supply by water researchers.  

3.2 Roles of Water Institutions 

Generally speaking, institutions are the foundations of social life and consist 
of formal and informal rules, monitoring and enforcement mechanisms, and 
systems of meaning that define the context within which individuals, nation-
states and other organisations operate and interact with each other (Campbell, 
2004). This also holds true when it comes to institutions and institutional 
arrangements in the water domain.  

A water institution can be conceptualised as an entity defined interactively by 
its three main analytical components, i.e. water law, water policy and water 
administration or organisation (Saleth & Dinar, 2000, 2008). The three 
essential components of water institutions can be briefly classified as: (i) water 
organisations/agencies at all levels, which are entrusted with the delivery, 
allocation, transfer and management of water among different purposes and 
actors; (ii) the laws, rules, regulations and ordinances that govern the 
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ownership and allocation of water; and (iii) the cultural, political and 
technological settings in which the water organisations are embedded and 
through which the water laws are shaped (Gopalakrishnan et al., 2005). 

Developing an appropriate water management institutional framework and 
mechanism is crucial to facilitating the development of IWRM. There are two 
archetypal organisational models for implementing IWRM at the river basin 
level (Svendsen, 2001): (i) the authority model, in which a single unified 
organisation is empowered to make decisions; and (ii) the coordinative model, 
in which existing administrative units work together to cover an entire river 
basin or sub-basin. In practice, a combined water organisation mode that 
considers the specific national characteristics related to river basin 
management usually needs to be developed (or improved). Moreover, one 
fundamental aspect of water institution analysis is to explore the coordinating 
roles of water institutions (Bandaragoda, 2000).  

The analysis of water institutions for water resources management in river 
basins cannot be carried out in isolation. This is because water resources 
management has a strong relationship with other resource management 
institutions and contemporary strategies of national socioeconomic 
development. Both the structure and function of water organisations should 
be systematically evaluated as regards whether they are sufficiently 
comprehensive and consistent to improve water resources management at all 
levels. Moreover, analysis of water institutions with the aim of improving 
water sector performance in river basins should be carried out in an integrated 
and holistic way. Here, a broader context is necessary, such as including 
analysis of characteristics of hydrology, geography, demography, society, 
economics, politics, technology and culture in a specific country (Saleth & 
Dinar, 2005).  

For water institutions, there is seemingly no one solution that fits all 
contextual frameworks because of the great diversity in river basins, e.g. 
geographical, hydrological, ecological and socioeconomic attributes. 
Developing feasible and effective water management approaches should 
consider biophysical situations and socioeconomic development in each 
specific country. There is a set of generally agreed principles for 
IWRM/IRBM, as well as various worldwide experiences with river basin 
management. However, a set of overall criteria is needed to evaluate 
successful IRBM. In some aspects, IRBM is a learning process for water 
institutions in achieving adaptive and integrated water management in river 
basins.  
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Therefore it is not possible to develop a set of unified standards on what 
constitutes a successful IRBM system, although water managers generally 
require some evidence to back up their claims in the process of water 
resources planning and decision making. In this regard, opinions vary 
according to the following three fundamental perspectives (Hooper, 2005): (i) 
The context and purpose of river basin management; (ii) the degree to which 
integration of natural resources management, economic development and 
conservation has evolved; and (iii) the stage of development of river basin 
governance as an integrated decision-making process, both in terms of river 
basin organisations and in initiatives for river basin management across 
different jurisdictions.   

Important principles for river basin management have been developed and 
preliminarily implemented, e.g. by the Australian Murray-Darling River Basin 
Authority and the European Water Framework Directive (EU WFD). The 
question is whether experiences from these practices for river basin 
management can be transferred from the developed world to developing 
countries. To date, the answer appears to be in the negative. There are very 
few successful cases of ‘leapfrogging’ available, because of the large 
differences between countries concerning river basin realities and 
socioeconomic contexts (Hu, 1999; Malano et al., 1999; Pigram, 1999; Shah et 
al., 2005; Hooper, 2006; Ravesteijn et al., 2009; Yang & Griffiths, 2010).  

In this context, IWRM can be seen as a globally available framework for local 
water transitions, which is characterised by a local ‘selection pressure’ and its 
‘articulations’ and determined by local ‘transition contexts’.  

3.3 Information Demand of the EU WFD 

Regarded as a model framework of water policy for IWRM, the EU WFD 
came into force in December 2000 (EC, 2000). Some of the main objectives 
of the WFD are as follows (Chave, 2001):  

 Water management based on river basins (hydrological/geographical 
boundaries) 

 Expanding the scope of water protection to all waters, including surface 
waters (rivers, lakes, transitional waters and coastal waters) and 
groundwater 

 Promoting sustainable water use based on long-term protection of 
available water resources 
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 Preventing further deterioration and protecting and enhancing the 
status of aquatic ecosystems and, with regard to their water needs, 
terrestrial ecosystems and wetlands 

 Using a ‘combined approach’ for the control of both point and non-
point pollution, setting emission limit values and water quality 
objectives  

 Taking pollution control measures, by reducing/eliminating discharges, 
emissions and losses of priority toxic substance, to enhance the 
protection and improvement of the aquatic environment 

 Reducing pollution of groundwater 

 Achieving ‘good ecological status’ for all waters within a pre-
determined timescale. 

In accordance with the EU WFD, monitoring programmes for the assessment 
of surface water status, groundwater status and protected areas (Article 8) 
should be established within each river basin district. In particular, monitoring 
programmes for surface water should cover the ecological and chemical status 
and ecological potential, while those for groundwater should cover the 
chemical and quantitative status.  

Table 3.1 presents a compilation of quality elements – including biological, 
physical-chemical and hydromorphological – used for the classification of 
ecological status of all surface waters (rivers, lakes, transitional waters and 
coastal waters). In terms of the WFD, three types of monitoring (Annex V) 
are required: (i) surveillance monitoring – routine monitoring to aid in 
evaluating water status, designing future programmes, and assessing long-term 
changes due to natural and human activities; (ii) operational monitoring – 
target waters probably falling below their designed status usually in the short 
term, which may influence the direction of the programme of measures; and 
(iii) investigative monitoring: for waters at risk in problems areas with 
pollution incidence, which would lead to response measures. However, almost 
all parameters/indicators employed in the WFD are state-oriented and/or 
impact-oriented in terms of the DPSIR framework.  

In many ways, the WFD also tries to experiment with the DPSIR framework. 
For example, some cause-effect relationships are represented in Table 3.2, 
based on the guidance document for pressures and impacts analysis 
(IMPRESS). In the WFD, causal relationships are used to identify significant 
anthropogenic pressures and assess the impacts on the quantity and quality 
water status of surface water and groundwater (Article 5 and Annex II). 
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Table 3.1 Quality elements for determining the status of surface waters in the WFD  

Category Subcategory Parameters/Indicators 

Biological 

Invertebrate 
fauna 

Abundance; composition; presence of sensitive 
taxa; diversity 

Phytobenthos 
Abundance; composition; presence of sensitive 
taxa 

Phytoplankton 
Abundance; composition; bloom 
frequency/intensity 

Macroalgae 
Abundance; composition; presence of sensitive 
taxa; depth distribution/cover; diversity 

Macrophytes 
Abundance; composition; presence of sensitive 
taxa 

Angiosperms 
Abundance; presence of sensitive taxa; depth 
distribution/cover; diversity 

Fish 
Abundance; composition; presence of sensitive 
taxa; life cycle/age structure 

Physical-
chemical 

Thermal 
conditions 

Temperature 

Oxygenation 
conditions 

Dissolved oxygen concentration 

Salinity  Electrical conductivity 

Acidification 
status 

pH; total organic carbon (TOC); alkalinity; acid 
neutralising capacity (ANC) 

Nutrient status 
Total phosphorus; soluble reactive phosphorus; 
total nitrogen; nitrate + nitrite; ammonium 

Others  Suspended solids; turbidity; colour; secchi depth 

Hydro-
morphological 

Hydrological 
regime 

Quantity and dynamics of water flows; connection 
to groundwater bodies (groundwater levels, 
surface water discharge); residence time 
(volume/depth, inflow/outflow) 

River 
continuity 

Number & type of barrier; provision for passage 
of aquatic organisms 

Tidal regime 
Freshwater flow; hydrological budget; wave 
exposure 

Morphological 
conditions 

Depth & width variation; bed structure & 
substrate; zone structure; current velocity; channel 
patterns 

Source: After EC (2003a). 
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Table 3.2 Examples of driving forces, pressures and impacts identified in the WFD  

Type of 
Pressures 

Driving 
Forces 

Direct Pressures 
Possible Change in 

State/Impact 

Pollution 
pressures 
(diffuse 
sources) 
 

Agriculture 

Nutrient loss  Nutrients modify ecosystem 

Pesticide loss  
Toxicity, contamination of 
water sources 

Atmospheric 
deposition 
(industry) 

Deposition of 
compounds of 
nitrogen and sulphur 

Acidification of the water 
bodies; eutrophication 

Pollution 
pressures 
(point 
source) 

 

Industry 
Effluent discharged 
to surface water and 
groundwater 

Toxic substances; organic 
matter alters oxygen regime; 
nutrients modify ecosystem; 
increased concentration of 
suspended solids 

Landfill 
Chemical fluxes in 
leachate 

Same as above 

Thermal 
power 
generation 

Alteration to thermal 
regime due to return 
of cooling waters  

Increased temperature; 
reduced dissolved oxygen; 
changes in biogeochemical 
process rates  

Quantitative 
resource 
pressures 
 

Agriculture 
and land use 
change 

Modified water use 
by vegetation 

Altered recharge of 
groundwater  

Water 
abstraction 

Reduction in flow or 
aquifer storage 

Reduced dilution of 
chemicals; modified flow and 
ecological regimes; saline 
intrusion 

Hydromorph
ological 
pressures 

Physical 
barriers  

Variation in flow 
characteristics 
(volumes, velocity, 
depth, etc.) 

Altered flow regime and 
habitat Channel 

modification 

Biological 
pressures 

Fisheries Fish stocking 
Generic contamination of 
wild populations 

Introducing 
alien species 

Competition with 
indigenous species 

Destruction of habitats, food 
competition 

Source: After EC (2003b). 

In Annex VII of the WFD, significant pressures and impacts of human 
activities are summarised as follows: (i) estimation of point source pollution; 
(ii) estimation of diffuse source pollution, including a summary of land use; (iii) 
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estimation of pressures on the quantitative status of water including 
abstractions; and (iv) analysis of other impacts of human activity on the status 
of waters. 

In essence, IMPRESS intends to evaluate the risk of failing to meet the 
objectives of the WFD by comparing the state of the aquatic environment 
with threshold values defining biological and chemical status classes (e.g. high, 
good or moderate). In particular, four kinds of pressures are identified by 
IMPRESS: (i) pollution pressures from point and diffuse sources; (ii) 
quantitative resource pressures; (iii) hydromorphological pressures; and (iv) 
biological pressures. Moreover, IMPRESS identifies three prerequisites for 
appropriate and successful pressures and impact analysis: (i) understanding of 
the objectives; (ii) knowledge of the water body and catchment; and (iii) use 
of a correct conceptual model. In essence, the proposed conceptual model 
should describe both the quantitative and qualitative nature of the aquifer 
system at a catchment scale, and the likely consequences of pressures (EC, 
2003b).  

As can be seen from the above description, the focus of the WFD is on 
discussing pressures of pollutants discharged into the water environment, due 
to either point or diffuse sources. However, there is almost no consideration 
of contributing factors to pollutant discharges from human society to the 
environment.  

3.4 Environmental-Economic Interactions of the Water Sector  

The fifth paradigm listed in section 3.1.1 has recently been further clarified by 
the third edition of the World Water Development Report (WWDR3). 
WWDR3 aims to understand various pressures on water bodies exerted 
especially by demographic, economic and social drivers in the long term 
(WWAP, 2009). The main contribution of the report is a call to step outside 
the traditional ‘water box’ (water sector management regarding water supply 
and sanitation, irrigation, flood control, hydropower, etc.) by linking water to 
various decisions – on development objectives and resources allocation – 
made by governmental leaders, business and economic actors, and civil 
society actors for sustainable development.  

This call is to some degree based on the following message emphasised in the 
report: “Drivers and policies outside the water sector have more impact on 
water management than do many policies championed and implemented by 
water-related ministries” (WWAP, 2009). Figure 3.1 shows the sphere of 
various decisions affecting water resources identified with respect to 
management of the water sector and the other sectors.  
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Figure 3.1 Sphere of decision making affecting water (after WWAP, 2009).  

During recent decades, there have been many international efforts to produce 
statistical information regarding economy-environment interactions since 
SEEA-2003. The SEEA-2003 was jointly published by the following five 
organisations: (i) the United Nations; (ii) the European Commission; (iii) the 
Organisation for Economic Co-operation and Development; (iv) the 
International Monetary Fund; and (v) the World Bank. The SEAA-2003 
report aims to provide policy and decision makers with a common framework 
for compiling environmental and economic information so as to consistently 
analyse the impact of the environment on the economy, and vice versa (UN et 
al., 2003).  

As an elaboration of SEEA-2003, the United Nations Statistics Division 
(UNSD) published SEEA-Water in 2007 as a conceptual framework for water 
accounts and integrating water and economy information. SEEA-Water is 
regarded as a useful tool in support of IWRM by systematically providing 
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information on water quantity and quality and on their relations with the 
economy to support decision making (UNSD, 2007).  

In order to be consistent between water and economic statistics, SEEA-Water 
is based on the United Nations System of National Accounts 1993, an 
international standard framework for macroeconomic statistics (see CEC et al., 
1993). In 2010, the International Recommendations for Water Statistics 
(IRWS) was published to assist all countries in establishing and strengthening 
a multipurpose water information system in support of IWRM (UNSD, 2010). 
Aiming to identify areas of various stresses and monitor relevant policies, 
SEEA-Water and IRWS have been developed by the international statistical 
community to help water professionals step outside the water box, taking  
broader social, economic and environmental issues affecting water into 
account (WWAP & UNSD, 2011). 

3.5 Context of Quantitative and Qualitative Water Research  

3.5.1 Water Quantity  

Hydrological science is the foundation of calculating the amount of 
freshwater availability in the natural water environment. Some frequently used 
hydrological terms (Oki, 2005) are: (i) precipitation – ‘water flux from 
atmosphere to land or ocean surface’; (ii) evaporation – ‘the return flow of 
water from the surface to the atmosphere and giving latent heat flux from the 
surface’; (iii) transpiration – ‘the evaporation of water through stomata of 
leaves’; (iv) runoff – ‘water returned to the ocean which may have been 
transported in the vapour phase by atmospheric advection from inland’; and 
(v) surface runoff – ‘generated when rainfall or snow melt intensity exceeds 
the infiltration rate of the soil or precipitation falls over saturated land surface’. 

In hydrological studies, a river basin boundary – as suggested by IWRM and 
IRBM – is usually used for water accounting. At a river basin level, the 
equation of water balance over land can be simply described as:  

ΔS = P + W – ET – R  

where ΔS is the change in total water storage within the area, P is 
precipitation, W is the amount of inter-basin water transfer (if any), R is 
runoff including surface runoff and groundwater movements, and ET is 
evapotranspiration.  

Much effort is now being devoted to water quantity accounting and analysis, 
aiming to understand its dynamic characteristics and to alleviate pressures of 
anthropogenic activities on the natural water system. In the water community, 
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such efforts are partly reflected by the following concepts that are now under 
broad discussion: ‘blue (surface water bodies and aquifers) and green water 
(e.g. soil water used in agriculture production)’ (Falkenmark & Rockstrom, 
2006; Hoff et al., 2010), peak water (Palaniappan & Gleick, 2009), 
consumptive water use (Liu et al., 2009), environmental flows (Hirji & Davis, 
2009), virtual water (Allan, 2003; Sojamo et al., 2012) and water footprint 
(Hoekstra et al., 2011).   

In the process of water resources planning, water accounting (e.g. water flows 
over periods of time) for a specific area could provide information to assist in 
decision making on allocating the available water supply over competing 
demands during an accounting period (Grigg, 1996). Actually SEEA-Water is 
now regarded as the only approach to integrate economic accounts with 
accounts of water use and supply in a quantitative way (UNSD, 2007). This 
accounting framework, based on a systems approach, aims to study 
interactions of quantitative physical flows in relation to water resources, 
hydrological cycles and the economy (Figure 3.2).  

 
Figure 3.2 Main flows discussed in SEEA-Water (after UNSD, 2007). 
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This framework could assist in measuring all the ‘stocks’ and ‘flows’ relevant 
to water policy design and evaluation (WWAP & UNSD, 2011). In particular, 
four types of physical water quantity information are addressed: (i) stocks and 
flows of water within the environment; (ii) flows of water from the 
environment to the economy (initial abstraction for production or 
consumption purposes); (iii) stocks and flows of water (including wastewater) 
within the economy (including water losses from distribution networks to 
sewerage systems); and (iv) flows of water from the economy (discharges of 
wastewater) back to the environment (returns of water).  

In terms of SEEA-Water, imports and exports of the economy under study 
refer to the amount of water delivered by pipes, artificial open channels, etc. in 
relation to other economic units of the rest of the world. Moreover, the 
choice of spatial references – physical boundaries (river basins or aquifers) or 
administrative regions – depends on information/data demands (e.g. policy 
and decision makers, researchers) and the resources available to 
information/data suppliers (UNSD, 2010). 

3.5.2 Water Quality  

In recent years, the focus of water quality management has gradually shifted 
from effluent-based (control of point pollution sources) to ambient-based 
(control of non-point pollution sources) water quality standards (National 
Research Council, 2001). Generally speaking, water quality research is driven 
by the following four needs: (i) towards scientific understanding of the aquatic 
environment; (ii) qualifying water for human uses; (iii) aiding in managing land, 
water and biological resources; and (iv) identifying the fluxes of dissolved and 
particulate material through rivers and groundwater as well as from the land 
to the ocean (Meybeck et al., 2005).  

As emphasised by Zhang et al. (2005), the current water quality approach 
“emphasizes the overall quality of water within a waterbody and provides a 
mechanism through which the amount of pollution entering a waterbody is 
controlled by the intrinsic conditions of that body and the standards set to 
protect it”. This point could be reflected by the two main streams of 
qualitative water policy development: (i) setting water quality objectives 
(WQOs)2 and (ii) setting emission limit values (ELVs)3.  

Regarding ELVs, an example is the total maximum daily load (TMDL) 
programme. The TMDL was initiated by the U.S. Environmental Protection 

                                        
2 It defines the minimum quality requirements on limiting the cumulative effect of pollutants so 
as to ensure no damage to human health and the aquatic environment. 
3 It defines the maximum amount of pollutants that may be discharged from particular sources.  
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Agency (USEPA) in the 1970s. This approach can help set the maximum 
amount of given pollutants that can be added to a particular water body at 
specific time intervals to ensure that it meets its state-set water quality 
standards (Craig, 2008). In the U.S., TMDL regulations have now been 
approved by USEPA with regard to dissolved oxygen, nutrients, pesticides, 
organics, metals, mercury, pathogens, sediment, pH and temperature 
(Migliaccio & Angelo, 2011).  

To date, a series of mathematical river water quality models 4  have been 
developed to describe the main water quality process with the hydrological 
and constituent inputs (the water flows or volumes and the pollutant loads) 
(Loucks & van Beek, 2005). Such models are used to compare different 
management strategies for controlling non-point source pollution by means 
of estimating the effects of inputs and various pollutant sources (Lowrance, 
2008). To some extent these water quality models are helpful in understanding 
aspects such as the state of a specific aquatic environment under human 
disturbance (mainly pollutant discharge as a kind of stress). However, when 
employing hydrology-based models alone, such as QUAL2E, WASP and 
MIKE SHE, it is often difficult to gain a holistic understanding of the 
pollution generation processes, due to the origins and pathways driving the 
discharge not being investigated (Schaffner et al., 2009). 

In SEEA-Water, two categories are developed in relation to water quality 
accounting (UNSD, 2007): (i) water emission accounts and (ii) water quality 
accounts. Water emission accounts record the amount of pollutants added to 
or removed (by treatment processes) from water during water use, e.g. in 
terms of the quantity of a parameter during a given period. Thus, it describes 
the difference in pollutant concentrations between inflows and outflows of an 
economic unit (not the total pollutant content of the outflows).  

In SEEA-Water, point sources of pollutants in the whole economy are 
divided into two categories, namely gross emissions (pollutants added by an 
activity) and net emissions (pollutants discharged into water resources). 
Differences between the two kinds of emissions in total reflect the amount of 
pollutants removed in the treatment processes (e.g. treatment in the sewerage 
industry). This kind of emission accounting measures anthropogenic 

                                        
4  For example, QUAL2E (Enhanced Stream Water Quality Model), SWAT (Soil and Water 
Assessment Tool), HSPF (Hydrologic Simulation Program Fortran; for simulation of watershed 
hydrology and water quality for both conventional and toxic organic pollutants), WASP (Water 
Quality Analysis Simulation Program), MIKE SHE (DHI's hydrological modelling system) and 
WEAP (Water Evaluation and Planning System). 
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pressures on the water environment by producing information on the 
activities responsible for specific emissions.  

In other words, emissions accounts in SEEA-Water concern the types and 
amounts of pollutants added to wastewater and to the end destination of the 
emissions (e.g. inland water resource system or sea). Moreover, they describe 
the quality of the stocks of water resources by use of physical, chemical and 
biological indicators and determinants. Thus, they are useful in measuring the 
effectiveness of efforts/measures for improving the state of waters.  

Discussions to date about water quality degradation have mainly focused on 
substance and element fluxes (both point and non-point) from the 
anthroposphere to the environment. In general, the aim of water quality 
systems analysis is to identify: (i) major pollutant categories (e.g. nutrients, 
toxic metals/organic chemicals, pathogens, suspended solids and heat), and (ii) 
principal sources of pollutants (such as domestic sewage, industrial wastes, 
agricultural runoff and urban runoff) (Karamouz et al., 2003).  

In practice, water quality monitoring and wastewater treatment efforts are 
regarded as being the most crucial in ensuring a water supply with acceptable 
quality to meet socioeconomic demands. However, Biswas et al. (2006) argue 
that water quality problems should not be limited only to construction and 
operation of wastewater treatment plants, but that a much broader 
perspective is required. In summary, Figure 3.3 presents a simplified 
contextual framework showing some of the most frequently discussed 
contents in water quality research and management, typically in the water 
community. 
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4. SUSTAINABILITY, INDUSTRIAL ECOLOGY 
AND WATER MANAGEMENT  

This chapter begins with a short introduction to sustainability and  
sustainability-oriented water resources management. Characteristics of the 
industrial ecology (IE) approach are then described, with the focus on its 
roles in alleviating human-induced pressures on the biosphere. In addition, 
applications of IE tools such as MFA and LCA in water research are briefly 
summarised. Finally, the necessity of applying the IE approach to water 
management is discussed with the aim of facilitating the use of 
anthroposystem metabolic information in water quantity and quality 
management. 

4.1 Sustainability and Water Management  

In the Brundtland Report (WCED, 1987), sustainable development is defined 
as: “the development that meets the needs of the present without 
compromising the ability of future generations to meet their own needs”. In 
general, there are three main principles of sustainability (Flint, 2004): (i) 
economic vitality (compatible with nature); (ii) ecological integrity (natural 
ecosystem capacity); and (iii) social equity (balancing the playing field). In this 
context, Seiffert & Loch (2005) characterise sustainable development as 
“economic growth based on social justness and sustainability in the use of 
natural resources”.  

With regard to public policy, Ekins (2000) points out that standards for 
sustainability are usually set by government through the governmental process, 
motivating targets and indicators. Similarly, Blewitt (2008) notes that 
“ecological indicators are shaped by political preferences and consideration to 
protect certain species, certain types of nature and so on”. Furthermore, 
Bonevac (2010) argues that “dialogue about sustainability leaves the realm of 
reasoned policy discussion, not to mention science, and becomes nothing 
more than rhetoric”. 

To date, it still seems to be difficult to define the term of sustainability science 
in a generally agreed way. For example, Kates et al. (2001) put forward some 
core research questions of sustainability science. One of these questions is 
“How can the dynamic interactions between nature and society – including 
lags and inertia – be better incorporated into emerging models and 
conceptualizations that integrate the earth system, human development, and 
sustainability?” In this regard, sustainability science seeks to understand the 
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dynamic interactions between nature and society (also human-environment 
and socio-ecological) (Clark & Dickson, 2003).  

Due to having a transition state of sustainability, Wilderer (2007) suggests 
expressing the term of sustainability science as “science to enable sustainable 
development”. Besides, Clark (2007) points out that sustainability science is a 
field that should be defined by the problems it addresses, rather than by the 
disciplines it employs. Even so, Kates (2011) recently emphasised that “many 
scientists found it difficult both to conceptualize and to measure sustainable 
development and make it a subject of scientific inquiry”. 

On the other hand, supporting the implementation of practices for 
sustainability seems to require an appropriate level of perceptions, especially 
regarding some persistent unsustainable problems. To some degree this point 
has been raised in several relevant publications in the literature discussing the 
possibilities of moving towards sustainability. For instance, Jäger (2011) 
summarises the following important elements for promoting implementation-
oriented sustainability science: (i) taking an integrative view of the human-
environment system; (ii) using a participatory approach; (iii) developing a 
common vision of the future and exploring possible pathways; (iv) discussing 
trade-offs between pathways; (v) linking across scale levels; (vi) integrating 
different forms of knowledge; and (vii) fostering learning.  

Specifically, the ultimate challenge of sustainability-oriented environmental 
management is to find the proper balance between humans and their impacts 
on ecosystems (Falkenmark, 2004). In this sense, it would be rather difficult 
to address the root causes of unsustainable socio-environmental problems 
(often interdisciplinary), given the lack of generally agreed sustainability-
oriented visions.  

When it comes to managing water resources in particular, there are diverse 
discussions on the characteristics of sustainable water systems. Sustainable 
water resource systems have been defined as “those designed and managed to 
fully contribute to the objectives of society, now and in the future, while 
maintaining their ecological, environmental, and hydrological integrity” 
(Loucks & Gladwell, 2001). In this context, both quantitative and qualitative 
waters are crucial in order to meet the demands of socioeconomic 
development. Reflecting on the changing meaning of the term ‘sustainability’ 
in water resources management, Hermanowicz (2008) summarises the 
following three transitional representative interpretations: (i) initially, the main 
concern was to meet water demand by means of engineered water supplies; (ii) 
then, water quality issues became important with respect to (waste)water reuse 
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from technical and economic perspectives; and (iii) recently, impacts of water 
reuse are assessed in an expanded social and environmental context.  

At present, the complex water sector is frequently discussed in a broader 
nexus of food, energy and climate change. This expanded system boundary 
has led to several relatively new perspectives on water crisis and management. 
Take, for example, the case of discussing factors influencing the progress of 
civilisation and sustainable society. Vogt et al. (2010) argues that it was climate 
change events (droughts), rather than increased population density, that 
impaired our progress towards well-balanced civilisations. On the other hand, 
the water-food-energy-climate nexus is regarded as highly interlinking, which 
must be addressed  in tandem (The World Economic Forum Water Initiative, 
2011).    

Considering the increasing complexity of modern industrialised society, 
moving towards sustainability-oriented water resources management is 
dependent to a substantial extent on awareness of balancing water-centric 
socioeconomic development and aquatic/terrestrial ecosystems integrity. To 
date, much effort has been devoted to developing integrated approaches to 
promote perceptions of water managers/researchers and to aid in developing 
effective and efficient solutions to address the emerging water crisis events. 
This is illustrated by the theoretical development of IWRM and IRBM. In 
practice, however, experts and stakeholders from different disciplines often 
have differing opinions on the causes and linkages of water problems. In 
order to make decisions with more consensus, diverse dialogues are required 
both within and between science, policy makers and other stakeholders.  

Further collaboration is therefore important to develop interdisciplinary 
mental frameworks towards comprehensive understandings of society-
induced water problems. Those expected mental models should assist 
decision makers in demanding and using prominent information to effectively 
address water at a higher systems level. Several relevant disciplines would 
substantially contribute to the development of holistic approaches to water 
management. For instance, Wilderer (2007) briefly mentions that moving 
towards sustainable water resource management may generally benefit from 
the methodological essence of industrial ecology (i.e. using the metaphor of 
biological ecosystems for man-made systems). In the next part of this chapter, 
the industrial ecology approach is presented and its implications for water 
research and management are investigated.  
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4.2 Industrial Ecology  

4.2.1 A Brief History 

The field of industrial ecology (IE) has attracting more attention over the past 
two decades, mainly owing to the publication of a Scientific American article 
entitled ‘Strategies for Manufacturing’ by Robert Frosch and Nicholas 
Gallopoulos in 1989. In this seminal paper, Frosch & Gallopoulos (1989) 
reach this conclusion: “waste from one industrial process can serve as the raw 
materials for another, thereby reducing the impact of industry on the 
environment”. In the 1990s, the IE approach evolved in the following two 
main directions: (i) the practices of ‘eco-industrial parks’, in which waste 
and/or by-products of one company are used as resources by another 
company, and (ii) the development of concepts and strategies for optimising 
material flows in the economy, such as dematerialisation – decarbonisation 
(Erkman, 1997). In the late 1990s, Kaiser (1999) suggested that companies 
should adopt the principles of IE and trace the flow of materials and energy 
over the lifetime of a product (the so-called cradle-to-grave approach to doing 
business).  

The International Society for Industrial Ecology (ISIE) was founded in 2000. 
Its mission is “to promote the use of industrial ecology in research, education, 
policy, community development, and industrial practices” (ISIE, 2012a). 
There are two journals dedicated to the IE realm: (i) Journal of Industrial Ecology 
(JoIE), issued since 1997, and Progress in Industrial Ecology: An International 
Journal (PIE), issued since 2004. Typically JoIE aims to address a series of 
related topics such as: (i) material and energy flows studies (‘industrial 
metabolism’); (ii) technological change; (iii) dematerialisation and 
decarbonisation; (iv) life cycle planning, design and assessment; (v) design for 
the environment; (vi) extended producer responsibility (‘product stewardship’); 
(vii) eco-industrial parks (‘industrial symbiosis’); (viii) product-orientated 
environmental policy; and (ix) eco-efficiency (ISIE, 2012b). Moreover, the 
ISIE aims to: 

“promote industrial ecology as a way of finding innovative 
solutions to complicated environmental problems, and facilitates 
communication among scientists, engineers, policymakers, 
managers and advocates who are interested in better integrating 
environmental concerns with economic activities” (ISIE, 2012a) 
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4.2.2 The Industrial Ecology Approach 

Generally speaking, the IE approach aims to identify various interactions 
between humans and nature by means of metabolic studies so as to balance 
economic and environmental performance. With the focus on economy-
environment interactions, metabolic studies provide information on 
material/substances flows through the industrial economy, which is an 
important basis for discussing various environmental responses to pollutant 
discharges (Stigliani & Jaffe, 1993). To some degree, industrial metabolism 
studies can be used to design monitoring schemes (e.g. how many samples are 
required at what scales) in order to detect long-term trends in the quality of 
the environment (Stigliani & Jaffe, 1993). In other words, IE seeks to explore 
reconfigurations of industrial activity in response to knowledge of 
environmental consequences (Socolow, 1994). 

The primary concept of IE is to link economic systems and their surrounding 
environment, aiming to complement shortcomings in traditional economics 
and accounting. These shortcomings can be summarised as “having largely 
ignored the natural world, ensuring its absence from the balance sheet for 
companies and society, except as an apparently infinite source of materials 
and bottomless sink for wastes (Lowe & Evans, 1995)”.  

According to Graedel & Allenby (2003), IE is defined as “the study of 
technological organisms, their use of resources, their potential environmental 
impacts, and the ways in which their interactions with the natural world could 
be restructured to enable global sustainability”. Moreover, the methodological 
essence of IE can be briefly stated as follows:  

“Industrial ecology is the means by which humanity can 
deliberately and rationally approach and maintain sustainability, 
given continued economic, cultural, and technological evolution. 
The concept requires that an industrial system be viewed not in 
isolation from its surrounding systems, but in concert with them. 
It is a systems view in which one seeks to optimize the total 
materials cycle from virgin material, to finished material, to 
component, to product, to obsolete product, and to ultimate 
disposal. Factors to be optimized include resources, energy, and 
capital.” (Graedel & Allenby, 2003) 

In comparison with the traditional ecology only dealing with natural 
ecosystems, IE contributes to ecological analysis of human activities (Billen, 
2003). In the context of IE, the word industrial refers to all human activities 
occurring within the modern technological society; and the word ecology 
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refers to the science of ecosystems (Erkman & Ramaswamy, 2006). The goal 
of IE-based approaches is to avoid partial or isolated problem solving while 
neglecting variables with substantial significant environmental impacts in a 
systems perspective. Rather, the principle of IE is to eliminate (not just reduce) 
the environmental impact of industry (Birkeland, 2002). In the past decade, 
IE has paid increasing attention to the role of consumption in environmental 
impacts (Lifset, 2008). Focusing on the anthroposphere, the field of IE has 
allowed causes of unsustainability and barriers to sustainability to be identified 
with respect to industrial systems and anthropogenic metabolism at various 
scales (Dijkema & Basson, 2009).   

An important contribution of IE is to avoid irreversible harm and damage 
that is expensive to remedy by means of avoiding the creation of 
environmental problems in the first place (Lifset & Graedel, 2002). Besides, 
there are some generally agreed perspectives of IE, including: (i) employing a 
systematic, comprehensive and integrated view of all of the components of 
the industrial economy and their relationship with the biosphere; (ii) 
emphasising patterns of material flows both within and outside the industrial 
system, rather than in terms of monetary units or energy flows; and (iii) 
considering the crucial roles of technological dynamics in transitioning from 
the unsustainable industrial system to a viable industrial ecosystem (Erkman, 
2003).  

IE seeks to understand metabolic aspects of the industrial (producers) and 
social (consumers) systems so as to minimise materials use and impacts of 
emissions/residues on the environment. Its initial starting point is to 
understand the mechanism (stocks and flows of materials/energy) of the 
(industrial) system under investigation. Very often, this step is called industrial 
metabolic studies, mainly at company level. After finishing the first step of 
industrial metabolism studies, IE can further determine how the industrial 
system may be restructured to make it compatible with the way natural 
ecosystems function (Erkman & Ramaswamy, 2006). In this regard, there are 
some frequently used terms such as industrial symbiosis in theory and eco-
industrial parks in action.  

Compared with industrial metabolism studies, anthroposystem metabolism 
studies address a broader scope of interactions. According to Graedel & Klee 
(2002), metabolism of the anthroposystem “represents the metabolic 
processes of human-technological and human-social systems at all spatial 
scales, broadening the basic principles of urban metabolism to include all of 
the technical and social constructs that support the modern technologically-
related human”. In other words, IE-based metabolism-oriented approaches 
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could assist in systematically optimising materials/energy flows and industrial 
processes in the socioeconomic system so as to minimise their 
pressures/impacts on the biosphere.  

From a principle perspective, however, there are at least the following 
challenges in relation to the theoretical dimensions of IE (Keitsch & 
Korhonen, 2006): (i) to establish a theory for IE as a scientific field, especially 
for making communications between IE and other theories easier in the 
context of sustainable development; (ii) to clarify the role of IE within and its 
contribution to sustainability science so as to make progress towards societal 
sustainability; (iii) to link IE to policy studies, business and management; and 
(iv) to facilitate the collaboration between IE and relevant scientific fields as 
well as other societal actors beyond academia (e.g. government, business and 
NGOs). In order to support effective policy making, Kleijn et al. (2008) 
discuss the need for combining tools of Integrated Environmental 
Assessment (IEA) (focusing on one or a limited number of specific 
environmental issues) and IE (strong emphasis on material structure of the 
economy while very limited in environmental modelling).  

4.2.3 Industrial Ecology and Water Systems 

Within the IE realm, there are several frequently used analytical tools, such as 
Material Flow Analysis (MFA), Substance Flow Analysis (SFA) and Life Cycle 
Assessment (LCA). MFA is a systematic assessment of the flows and stocks 
of materials within a spatial or temporal system boundary by connecting the 
sources, the pathways, and the intermediate and final sinks of materials 
(Brunner & Rechberger, 2003). SFA targets the flows and accumulations of a 
single substance or a group of substances in the economy and the related 
environmental effects, while side-effects to other substance chains are usually 
not considered (Wrisberg & Udo de Haes, 2002). In ISO 14044, LCA is 
regarded as a tool to “address the environmental aspects and potential 
environmental impacts (e.g. use of resources and environmental consequences 
of releases) throughout a product’s life cycle from raw material acquisition 
through production, use, end-of-life treatment, recycling and final disposal (i.e. 
cradle-to-grave)” (ISO, 2006).   

In recent years, there have been increasing numbers of publications regarding 
water quantity and quality analysis employing the tools mentioned above. The 
following are some examples taken from the literature in order to 
demonstrate the use of IE tools in analysing water-related issues. 

Regarding MFA/SFA, a framework – called the ComBox model – was 
developed at the Division of Industrial Ecology, KTH, in the mid-1990s. This 
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model allows systematic monitoring or accounting of materials flows and 
stocks in municipalities (Burström, 1999). Moreover, MFA has been applied 
in developing mass nutrient balances at the scale of a river basin and proved 
to be an innovative approach to develop preventive nutrient management 
strategies and efficient monitoring programmes (Lampert & Brunner, 1999; 
Somlyody & Brunner, 1999). Similarly, Huang et al. (2007) conducted a 
material flow analysis of a local urban water system in order to compare the 
performance of the urban drainage and treatment systems, focusing on water 
flows, total phosphorus and total nitrogen.  

The results of recent SFA studies are often reported in the literature with 
regard to studying substance stock and flow at different scales. Using SFA, 
Yuan et al. (2011) developed an analytical model of phosphorus flows at the 
city level, with the aim of understanding anthropogenic phosphorus 
metabolism and mitigating phosphorus discharge. Månsson et al. (2009) 
emphasise the usefulness of SFA in mapping and monitoring diffuse 
emissions sources of hazardous substances (e.g. cadmium, copper, mercury, 
lead and chlorinated paraffin) from goods and materials accumulated in 
society.  

With regard to water management, Kenway et al. (2011) recently proposed a 
systematic mass-balance framework to quantity water-oriented urban 
metabolism, while focusing on evaluating the total hydrological performance 
of cities. In this urban water mass balance analysis, inflows to and outflows 
from the city via natural rivers were excluded from their system boundary 
(namely separating ‘the city’ from ‘the environment’ (Kenway et al., 2011). 
Moreover, Chèvre et al. (2011) suggest SFA as a tool for heavy metal 
management in urban areas and conclude that SFA “is a very effective tool 
for sustainable urban water management”. 

Like MFA/SFA, LCA now has emerged as an analytical tool to understand 
the causes of many water crisis events and assess alternative mitigating 
strategies. To some degree water is handed by LCA in two distinct ways: (i) 
characterising the potential impacts of water systems under study and (ii) 
analysing impacts of water supply, management and treatment systems (Carre 
& Horne, 2009).  

For example, Gabriel & Kreiβig (2006) provide an overview of existing LCA 
studies of drinking water installations in Europe, focusing on identifying their 
differences in goals and scopes, methodology (for instance impact-oriented or 
not), data used, etc. Muñoz et al. (2010) employ LCA to compare impacts of 
alternative water supply planning on freshwater resources including the whole 
anthropogenic cycle of water (from water abstraction to wastewater 
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treatment). Besides, Pfister et al. (2009) developed a method for assessing the 
environmental impacts of freshwater consumption in the life cycle of 
products or processes. Recently, Bayart et al. (2010) suggested a framework 
for assessing off-stream water withdrawals in LCA, aiming to support 
quantitative modelling of the cause-effect chain relationships of water use.  

However, many of the IE-based research works on water published to date 
seem partial, though their results are helpful in understanding human-
environment interactions of waters. In order to make an effective 
combination of tools to support a given decision, a holistic perspective is 
required to systematically address society-induced water problems at different 
scales. Here, material flow accounting can be taken as an example. From a 
mass balance point of view, Brunner & Rechberger (2002) conclude that 
“modern cities are material hot spots containing more hazardous materials 
than most hazardous landfills”. Furthermore, they emphasise that “the most 
important future material reservoir is the urban stock, and not landfills and 
tailings”. On the other hand, MFA research to date has put much less effort 
into outputs (such as wastes, emissions to air and water), despite material 
input flow data appearing to be mature already (Fischer-Kowalski et al., 2011).  

Figure 4.1 briefly presents some water-related human-environment 
interactions in relation to materials flow and environmental impacts. Those 
interactions to some extent could aid in demonstrating the necessity of using 
socioeconomic metabolism information to support water-centric planning 
and decision making, as well as the associated data collection systems. It is 
seemingly essential to monitor/account for wastes and emissions discharged 
into the water environment.  

From the IE perspective, however, it is rather important to trace specific 
pathways of all materials in society (from source of material goods to final 
sinks). The point is to identify human-induced initial pressures before and 
after treatment measures, the extent of dissipation of discharged residues in 
air, water and soil, and potential pressures on waters after 
assimilation/stabilisation processes. Typically, it is crucial to determine the 
changes in anthropogenic stock – both amount/density and location – in 
anthropogenic metabolism. Taking the principles of mass/materials balance, 
anthropogenic stock is the difference between inputs (usually slightly larger) 
and outputs of human society, such as a city under study. Regarding water 
resources management, therefore, society-induced potential pressures should 
be paid sufficient attention so as to systematically evaluate the risks of water 
environmental degradation in the long term.  
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Figure 4.1 Brief interactions of water-related human activity-environment interactions 
with regard to materials flow and environmental impacts. 
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5. RESULTS 

As described in Chapter 1, the main objective of this thesis was to investigate 
the necessity and possibilities of promoting the use of pressure-oriented 
information to support proactive water policy and decision making. This 
chapter presents the main results of the thesis work and of Papers I-V. It 
begins with a brief summary of Papers I-V. It then presents key findings of 
the studies, with the focus on arguing for a transition to a pressure-oriented 
water management approach. In order to demonstrate the suggested approach, 
two preliminary conceptual frameworks, for aiding water quantity analysis in 
river restoration and for accounting for socioeconomic pressures on water 
quality, are presented. Furthermore, data gaps in the case study of YRBB are 
identified. These data gaps are used to help explain why only conceptual 
discussions are made in this thesis.  

5.1 Summary of Appended Papers 

5.1.1 Paper I 

Song, X. & Ravesteijn, W. 2011. Dilemmas in water systems development in 
China. In: Mulder, K., Ferrer, D. & Lente, V.L. (Eds.) What is Sustainable 
Technology? Perceptions, Paradoxes and Possibilities. Greenleaf Publishing, Sheffield, 
pp. 213-234.  

This paper examines the concepts of Sustainable Development and Integrated 
Water Resources Management, as well as their capacity to help decision 
makers and the public to jointly improve China’s water management systems. 
It explores the role of various articulations of sustainable development in 
water regime shifts in the past 60 years and describes challenging 
compromises required to resolve dilemmas concerning the various water 
systems problems in China. Over the history of river control, human 
protection from floods and the utilisation of river ecosystems for food and 
industrial production have been the main articulations of sustainability. 
However, the development of a successful integrated water management 
strategy will have to deal with emerging water stress problems in an effective 
and efficient way. 

The case of the Yellow River Basin (YRB) is used to demonstrate pernicious 
problems and various dilemmas in river water system development regarding 
water quantity, water quality, hydropower projects and flood prevention, and 
conflicts among water institutions and actors. The challenges in YRB are 
diverse and comprehensive efforts are needed to alleviate a variety of water 
stress problems. In this regard, two aspects are important for water systems 
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development in YRB and other river basins in China: (i) facilitating paradigm 
shift towards integrated water resources management in river basins; and (ii) 
stimulating technological innovation on pollution prevention and water 
conservation, aiming to alleviate water pollution and reduce water demand in 
Chinese contexts.  

Furthermore, one crucial dilemma for Chinese current quantitative water 
management is how to balance the ‘Control Regime’ and the ‘Adaptive 
Regime’ so as to achieve harmonious human-environment relationships at the 
scale of a river basin. In order to be less unsustainable, rivers should be 
transitioned from ‘controllable’ to ‘de-controllable’, at least to a certain degree. 
Short-term interventions to achieve this transition would probably involve a 
series of unavoidable dilemmas, but might also create opportunities in the 
long term.  

5.1.2 Paper II 

Song, X., Ravesteijn, W., Frostell, B. & Wennersten, R. 2010. Managing water 
resources for sustainable development: The case of integrated river basin 
management in China. Water Science and Technology, 61(2), 499-506. 

This paper analyses the current water administrative structure and water 
policies in China, examines their deficiencies in relation to the emerging water 
stress problems, and explores alternatives to improve Chinese water 
management practices regarding water institutions.  

The paper summarises the evolution of Chinese water policies and 
management since the foundation of the People’s Republic of China in 1949. 
It identifies four phases of water policies and management in the context of 
national social and economic development (1950s, 1960s-1970s, 1980s-1990s 
and 2000s) and discusses the development of representative water policies 
and river basin management approaches in each period. It then explores 
representative problems of river basin management in China with regard to 
legal and institutional frameworks. The Huai River Management is presented 
to illustrate problems of current river basin management in the river basin.  

Paper II shows that the progress towards Integrated River Basin Management 
(IRBM) is being essentially hindered by ineffective coordination among water 
institutions and a lower extent of public participation. Therefore, a conceptual 
institutional framework is proposed for improved Chinese practices of IRBM 
in the long term. In particular, the roles, power and responsibilities of  River 
Basin Commissions should be strengthened; the functions of supervising, 
decision making and execution should be separated; and cross-sector 
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legislation, institutional coordination and public participation should be 
promoted at all levels.  

5.1.3 Paper III 

Song, X., Mulder, K., Frostell, B., Wennersten, R. & Ravesteijn, W. 2011. 
Transition in public participation in Chinese water management. Proceedings of 
the Institution of Civil Engineers, Engineering Sustainability, 164(1), 71-83. 

This paper discusses the challenges of moving towards a participatory 
decision-making regime regarding water infrastructure development planning 
in the Chinese context. Initiation of public participation in environmental 
decision making is explored mainly in terms of the 2002 Environmental 
Impact Assessment Law. Three cases of water projects are studied in order to 
characterise the challenges of planning and decision-making processes at 
municipal, regional and national level, respectively.  

The results of the case studies reveal four important influencing factors in 
public participation in the current Chinese water-related decision-making 
context. These factors include three main pillars of legal requirements, 
institutional capacity and cultural heritage, as well as their foundation of 
information.  

In order to move towards improved decision making, the following four 
points are worthy of attention. Firstly, the legal requirements should be 
strengthened, with the focus on the extent of public participation and 
environmental information disclosure. Secondly, institutional capacity should 
be promoted with regard to the organisations of public participation. Thirdly, 
monitoring and systems documentation should be strengthened in order to 
understand the problem context and effectively support negotiations in a 
scientific way. Finally, further exploration is needed of the role of Confucians 
in developing a participatory decision-making context. 

5.1.4 Paper IV 

Song, X., Frostell, B., Zhang, Z. & Liu, J. 2011. Towards improved water 
quantity management for ecological river restoration using an industrial 
ecology-based framework: A case study of the Yongding River Basin, China. 
Submitted to Water Resources Management. 

Without comprehensively understanding water flows in nature and society, it 
is difficult to develop feasible strategies to support sustainable water resources 
management in general and ecological river restoration in particular. This 
point becomes obvious when coping with river reaches that have run dry in 
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arid and semi-arid regions. To date, however, water flows between nature and 
human society have not been systematically examined in detail, taking both 
the river water system and the human-oriented water system into account.  

This paper puts forward a systems-oriented and Industrial Ecology-based 
conceptual framework for analysing various water flows and their impacts on 
river systems in the light of life cycle thinking. The case of the Yongding 
River Basin in the Beijing Region is studied using this conceptual framework, 
with the focus on water quantity changes. The results of the study 
demonstrate that tracing the most important water flows between human 
society and nature could contribute to a holistic understanding of quantitative 
water systems changes at a river basin level. The conceptual framework 
suggested could complement traditional hydrology-based water quantity 
management by refining driving forces of quantitative water environment 
degradation in the planning process for ecological river restoration. 

5.1.5 Paper V 

Song, X., Frostell, B. & Liu, J. 2012. The DPSIR framework and a pressure-
orientated water quality monitoring approach to ecological river restoration. 
Manuscript. 

This paper aims to optimise the allocation of limited resources in water 
quality monitoring in order to effectively address water quality degradation in 
the ambient environment. It explores possible deficiencies in the current 
water quality monitoring approaches to ecological river restoration in a 
broader socioeconomic context. The European Environment Agency’s 
DPSIR framework is employed as a basis for discussing indicators used in the 
literature and practice. Moreover, the case of ecological river restoration of 
the Yongding River Basin in the Beijing Region is discussed, focusing on 
water quality changes.  

The results of the study show that most water quality indicators in use in 
water quality management and ecological river restoration are state- and 
impact-oriented. Correspondingly, current efforts in water quality monitoring 
have largely resulted in the development of end-of-pipe solutions mainly 
based on direct nutrients-based cause-effect relationships of SIR (State-
Impacts-Responses). In order to achieve a holistic understanding of water 
quality degradation, a DPR (Drivers-Pressures-Responses) model should be 
used in water quality management. This is crucial in systematically exploring 
various qualitative pressures exerted by anthropogenic activities on the water 
environment so as to interconnect water quality management and the 
socioeconomic sector.  
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Finally, an industrial ecology-based conceptual approach is suggested in order 
to briefly demonstrate the context of pressure-orientated water quality 
monitoring. A pressure-orientated water quality monitoring network could 
contribute to the development of proactive planning and decision-making 
processes in water quality management and ecological river restoration. 

5.2 Key Findings 

5.2.1 A Pressure-oriented Approach to Water Management  

Based on the European DPSIR framework, two classifications, namely 
state/impacts-oriented and pressure-oriented, are made for water 
management approaches and the derivation of information systems (Figure 
5.1). In simple terms, the state/impacts-oriented approach includes societal 
responses to changes in water environmental state and their impacts in terms 
of information from environmental and/or ecological monitoring networks. 
Similarly, the pressure-oriented approach refers to management efforts 
focusing on drivers, pressures and responses to socioeconomic metabolism.  

  
Figure 5.1 The pressure-oriented and state/impacts-oriented approach (the red arrow 
shows the link emphasised in the work to address the root causes of human-induced 
water problems). 

The first category, the state/impacts-oriented approach, requires pollutant-
oriented environmental information and species-oriented ecological 
information. Some relevant disciplines in this regards include hydrology, 
chemistry, biology, ecology and geology. Correspondingly, its information 
systems focus on the ambient water environment and ecosystems. In a 
broader sense, the atmospheric system may also be referred to in relation to 
vapour flows and air pollutant concentrations. In other words, this approach 
mainly concerns changes in the state of water-related systems (e.g. water 
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quantity, water quality, land use and land cover) and their impacts on aquatic 
and terrestrial ecosystems.  

While combating environmental and/or ecological degradation, alternative 
state/impacts-oriented measures are usually weighted in terms of their 
influence on ecosystem structure and functions in an area under study. For 
water quality management, for example, most attention is usually paid to 
monitoring and controlling pollutant discharges into the natural recipient by 
means of constructing monitoring networks and wastewater treatment 
(natural, physical-chemical and biological). Overall, the main indicators 
employed by the state/impacts-oriented approach relate to the 
(environmental and/or ecological) status of aquatic and terrestrial 
environments.  

The second category, the pressure-oriented approach, is based on the 
underlying principle that human-induced water problems are strongly related 
to socioeconomic activities within a suitable systems boundary. The required 
information is related to socioeconomic metabolism accounting, regarding 
materials/energy inputs, materials transformation in society and 
emissions/wastes outputs. In this context, developing measures for 
combating environmental degradation would begin with investigating human-
induced pressures exerted by production and consumption in society at large. 
Making good use of water-related socioeconomic metabolism information to 
support societal responses would lead to decreased initial pressures on the 
water environment and on aquatic and terrestrial ecosystems.  

With respect to the pressure-oriented information systems, the industrial 
ecology approach is essential to investigate anthroposphere metabolism 
causing  initial pressures on the water environment. Moreover, using 
socioeconomic metabolism information could help optimise the allocation of 
limited resources for making proactive societal measures, rather than devoting 
these to the development of various end-of-pipe wastewater treatment 
measures. 

The work presented in this thesis calls for a shift towards a pressure-oriented 
approach, typically promoting practices of a drivers-pressures-responses 
(DPR) model (as indicated by the red arrow shortcut in Figure 5.1). This 
approach aims to incorporate socioeconomic metabolism-oriented 
information in water-centric planning and decision-making processes. In 
particular, the water-centric issues include strategies for water management 
and objectives of socioeconomic planning. Considering various cause-effect 
relationships, facilitating the use of the DPR model could aid in dealing with 
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various human-caused quantitative and qualitative water problems in a 
proactive way.  

In the thesis, the main focus was on debating the necessity of employing the 
pressure-oriented approach to water management. As a starting point, the 
following two preliminary conceptual frameworks are suggested to aid in 
water quantity analysis in river restoration planning and accounting for 
socioeconomic pressures on water quality, respectively. 

5.2.2 A Systems-oriented Framework for Water Quantity Analysis  

This conceptual framework (Figure 5.2) is a further development of the initial 
framework used for analysing water quantity changes of river reaches in the 
planning process for ecological river restoration projects (see Paper IV). It 
aims to diagnose water quantity changes in a (sub-)river basin in a holistic way, 
which is an essential prerequisite to setting appropriate and feasible targets for 
river restoration. In particular, it seeks to depict the most important water 
flows between humans and the environment, while focusing on 
transformation of waters in society. Moreover, impacts of the upstream and 
on the downstream system should be investigated in relation to the selected 
core system undergoing serious quantitative water crisis.  

In general, identifying the three system boundaries to a substantial extent 
depends on the interests of stakeholders and researchers. A suggested spatial 
scale often reflects the extent of understanding regarding water quantity 
problems in a study area. In many projects funded by local governments, the 
study area is often (pre-)defined by either water managers or decision makers. 
Such identified systems boundaries usually depend heavily on intentions to 
address water-related accidents or look for scientific evidence to support 
decisions. Taking the core system of the suggested framework as an example, 
its system boundary may be a river basin, a sub-river basin or an 
administrative area. In order to identify an appropriate systems boundary, 
broader systems thinking in hierarchy is highly emphasised in the thesis while 
discussing various systems approaches to water management.  
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In the suggested framework, two kinds of water systems are classified, i.e. a 
human-oriented water system and a natural water system. The human-
oriented water system aims to depict water flow changes throughout human 
society, e.g. water supplied by different sources, water turnover in specific 
economic sectors, wastewater treatment and reuse, wastewater discharge, 
consumptive water use (CWU) and virtual water (VW). The indicator CWU is 
used to identify how much water has been consumed in specific economic 
sectors and cannot return to the water environment. To some degree CWU is 
helpful in identifying the most significant anthropogenic pressures on the 
quantitative water environment due to socioeconomic activities.  

The equally important contributions of the amount of VW – both imported 
and exported – should be considered when analysing water quantity changes 
in the ambient water environment. The concept of VW could aid in 
demonstrating interlinks between economic activities and quantitative changes 
in water. It could also help link pressures of imported/exported 
materials/products to water quality concerning both production and 
consumption processes. In other words, identifying comprehensive water 
flows and transformation in the human-oriented system is crucial to 
investigating significant causes of river reaches running dry due to 
socioeconomic development at different scales.   

The natural water system deals with hydrology-based water flows (such as 
precipitation, surface runoff, subsurface runoff and evapotranspiration) and 
inter-basin water transfer (if any). It aims to assess changes in water 
availability and storage in the natural environment. In this regard, hydrological 
science is essential to guide analysis of natural water flows and to collect 
relevant information. Moreover, influences of water infrastructure projects on 
river flow regimes should be considered in river restoration planning, 
especially for those large-scale infrastructures designed for water storage and 
supply. 

The main contribution of this framework is to assist in depicting various 
water flows both between and within the natural water system and the 
human-oriented water system in a holistic way. From a spatial perspective, 
both inter-basin water supply and wastewater discharge should be traced, 
which is important to understand water quantity changes within a selected 
system boundary and the relevant administrative area. Moreover, only 
discussing actual water used in different sectors (e.g. industry and agriculture) 
is not enough from the viewpoint of life cycle thinking. Instead, both actual 
and virtual water should be accounted for. This is crucial to analysing human-
induced pressures on the quantitative water environment and developing 
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remedial measures for water quantity crises, including the socioeconomic 
sector.  

5.2.3 A Framework for Accounting Pressures on Water Quality  

After summarising indicators used in the case of YRBB and suggested by EU 
WFD, we found that most water quality-related indicators are state/impacts-
oriented, while rather few are relevant to pressure-oriented metabolism. To a 
large extent, employing those state-oriented indicators would lead to most 
available resources being spent on developing end-of-pipe solutions. 
Therefore, a pressure-oriented approach to water quality monitoring is 
suggested, with the aim of alleviating the initial pressures on water quality 
degradation caused in the socioeconomic sector.  

This conceptual approach (Figure 5.3) is a further development based on the 
initial framework presented in Paper V, which focused on water quality 
monitoring and management in river restoration. As mentioned before, the 
DPSIR framework is employed as a basis for discussing current efforts in 
water quality monitoring and assessment by investigating the use of 
indicators/parameters.  

This conceptual framework demonstrates interlinks among the atmosphere, 
the natural water system and the human-oriented system within an expanded 
systems boundary. It aims to aid in accounting for initial human-induced 
pressures on the natural water system and in estimating the relationships 
between initial pressures and observed pressures (if possible). The underlying 
hypothesis is that human disturbances in eco-environmental systems could be 
alleviated if the amount of significant emissions/wastes discharge from the 
technosphere could be reduced using the IE approach.  

In order to implement the pressure-oriented approach to water quality 
analysis, a large amount of relevant information is required. The success of 
accounting for and analysing anthropogenic pressures on the water 
environment depends on the extent of available information on relevant 
stocks and flows in the human-oriented system. Such information is essential 
to effectively address the underlying drivers of both point and non-point 
source of pollutants embedded in the socioeconomic sector. From a 
conceptual perspective, therefore, accounting for material flows and their 
emissions is essential to quantifying the most significant anthropogenic 
pressures on water quality. 
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In this context, comprehensive anthroposphere metabolic studies are crucial 
to systematically tracing materials-related wastes and emissions contributing 
to water pollution. Producing pressure-oriented metabolic information could 
support the traditional water research and management to trace the root 
causes of human-caused water environmental degradation. To begin with, 
information on pressure-oriented water quality monitoring would theoretically 
(and later in practice) be achieved by the use of IE tools such as MFA/SFA, 
LCA and environmental Input-Output Analysis (IOA) over agreed system 
boundaries. Finally, the inventory results of emissions/wastes could be 
aggregated and assigned to impact categories, based on which the significant 
potential water quality pressures and their root sources could be determined. 

The significance of developing the pressure-oriented approach is to assist 
proactive water policy and decision making. Compared with the 
state/impacts-oriented approach, the pressure-oriented approach could 
explore mechanisms of the material-based industrialised society and account 
for the most significant pressures on the quantitative and qualitative water 
environment. Moving towards sustainable water management systems, both 
approaches are necessary and complementary in many ways. Once again, the 
call for promoting the DPR framework means allocating the available limited 
resources to develop pressure-oriented water monitoring and information 
systems at all levels of water-related decision situations.   

5.2.4 Data Gaps in the Case Study of YRBB 

The frameworks for water quantity and quality analysis described above are 
mainly based on the methodological essence of the IE approach. However, 
the starting point is to aid in the diagnosis of water quantity and quality 
problems in YRBB (for more background information, see Appendix I). 
However, the two conceptual frameworks are not fully applied in relation to 
quantitative analysis in the case of YRBB. This is mainly because of large gaps 
between data required (by industrial ecologists at KTH, Stockholm) and data 
provided (mainly collected by local water researchers involved in the 
Ecological Yongding River Restoration project in Beijing).  

In the case study of YRBB, three systems were identified, namely the 
upstream, core and downstream systems. The upstream system refers to the 
Guanting Reservoir (around 238 km2), which is the main upstream surface 
water inflow of YRBB. The core system is the mountain area of YRBB 
(around 1,448 km2) before Sanjiadian Barrage, where the Yongding River 
water is collected and transferred to Beijing city by means of a 25-km long 
canal. The downstream system is the plains area of YRBB (around 677 km2), 
where most river reaches have been running dry for years. 
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Figure 5.4 shows the data gaps in carrying out a comprehensive quantitative 
analysis of waters in YRBB. In the natural water system, the main data gap is 
related to subsurface water inflow (flow 3) and outflow (flow 6). For surface 
water, the missing data include the outflow of the core system and the inflow 
of the downstream system since 2000. In the human-oriented system, there is 
no data with regard to the imported (flow 9) and exported (flow 10) waters 
(virtual water in products). As for water withdrawals, the only available data 
are on the amount of water transferred from Sanjiadian Barrage to Beijing city, 
while no information is available on the five YRBB-related districts. Moreover, 
there is little information about the location and amount of wastewater 
discharge (flow 8) in YRBB and other related districts in Beijing Municipality.  

 
Figure 5.4 Water quantity-related data gaps in YRBB.   

(Note: Flows 1 = precipitation, 2 = surface water inflow,  3 = subsurface water inflow, 
4 = surface water outflow, 5 = evapotranspiration, 6 = subsurface water outflow,  7 = 
water withdrawals, 8 = return waters, 9 = virtual water inflow, and 10 = virtual water 
outflow. The dashed red arrows indicate data unavailable, while the solid black arrows 
indicate data available (at least for some years).  

Figure 5.5 shows the water quality-related data gaps in accounting for the 
corresponding human-induced pressures in YRBB and the surrounding areas. 
Regarding surface and groundwater, there are some (inconsistent) 
annual/monthly average water quality data close to monitoring stations (such 
as at Guanting Reservoir, Yanchi, Zhaitang Reservoir, Zhuwo Reservoir, 
Sanjiadian and Lugou Bridge). Thus, the content of pollutants in waters could 
be theoretically regarded to be available, given adequate available water 
quantity information. In the five YRBB-related districts, data on the annual 
average amount of point source wastewater discharge (flow 6) are available in 
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a few years (e.g. in 2005, see Table A1-2 in Appendix I). However, there is no 
information about diffuse source of pollutants discharge (flow 7).   

 
Figure 5.5 Water quality-related data gaps in YRBB.  

(Note: Flows 1 = local materials (divided into specific substances such as nitrogen, 
phosphorus, sulphur and metals), 2 = imported materials (divided into specific 
substances such as nitrogen, phosphorus, sulphur and metals), 3 = emissions to air, 4 
= emissions to soil, 5 = exported materials (divided into specific substances such as 
nitrogen, phosphorus, sulphur and metals), 6 = emissions to water (point source), 7 = 
emissions to water (non-point source), and 8 = material stocks accumulation. The 
dashed red arrows indicate data unavailable, while the solid black arrows indicate data 
available (at least for some years).  

In accounting for anthropogenic pressures on water quality, the main data gap 
relates to the human-oriented system. In terms of the data collected in the 
Ecological Yongding River Restoration project, there is no information 
available to meet the data demanded by the suggested IE-based framework 
for accounting for socioeconomic pressures on water quality (Figure 5.3), 
either for YRBB or its upstream areas. In particular, the input data of the 
human-oriented system refer to substances in both local materials (flow 1) 
and imported products (flow 2), such as phosphorus, nitrogen, sulphur and 
various specific metals. Correspondingly, the required output information (the 
location and amount) includes emissions to air (flow 3), emissions to soil 



61 
 

(flow 4), substances outflow along with exported products (flow 5), point-
source emissions to water (flow 6) and diffuse-source emissions to water 
(flow 7). Within specific socioeconomic sectors, relevant input/output 
information within and between production, consumption, waste 
management and accumulating material stocks (flow 8) needs to be as detailed 
as possible.  

Regarding the data gaps for water quantity and quality analysis, another 
problem is how to set appropriate systems boundaries for data collection, 
referring to an administrative or a hydrological boundary. At present, most 
socioeconomic activity statistics use administrative boundaries at different 
scales, e.g. counties, districts, municipalities, provinces and nations. In the 
water domain, a hydrological boundary (such as a river basin) is gradually 
being regarded as the preferred management unit. In order to supply the data 
demanded by the two suggested frameworks, however, an administrative or 
hydrological boundary alone is seemingly not enough when accounting for 
human-induced pressures on waters.  

In order to make a quantitative analysis of water-related human-environment 
interactions, a combined administrative and hydrological boundary therefore 
is suggested for documenting anthroposphere activity at different spatial and 
temporal scales. For a river flowing through several administrative units, for 
example, the traditional administration-based socioeconomic statistics should 
be further divided into the areas located in the corresponding hydrological 
boundary of a river basin. For the other areas not belonging to any river 
basins, the amount of flows between those areas and their ambient river 
basins should be clarified, regarding water withdrawals, wastewater discharge, 
emissions to soil, etc. Only by organising the socioeconomic activity statistics 
in this way can comprehensive metabolic studies of a river basin become 
feasible with regard to anthropogenic pressures on both water quantity and 
quality at all scales.  
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6. DISCUSSION 

In this chapter, the relevance of the suggested pressure-oriented water 
management approach is further discussed in relation to the three research 
questions listed in Chapter 1. To begin with, the importance of having a 
broader perspective to address water management is emphasised. Thereafter, 
the necessity for a transition to the pressure-oriented approach is justified and 
the implications of the suggested approach for water management systems are 
briefly discussed. Finally, obstacles to implementing the suggested pressure-
oriented approach are briefly examined with the focus on the role of 
individual knowledge structure.  

6.1 A Broader Perspective to Water Management 

For any scientists and decision makers working with water resources, it is 
crucial to develop upstream-downstream relationships of waters (both cause-
effect and geographical/spatial) by the use of a systems thinking hierarchy. 
Such a hierarchical systems perspective may aid in developing possible 
alternatives to address many dilemmas in water quantity and quality 
management. For example, it is important to have advanced knowledge (so-
called downstream causal relationships-oriented) on e.g. environmental 
pollution mechanisms and ecological resilience. Such knowledge is very 
helpful in ensuring good environmental and ecological status. However, Jewitt 
(2002) points out that the relationship between the hydrological cycle and its 
associated provision of ecosystem goods and services is highly complex and 
will never be fully understood. Similarly, Munn & Timmerman (2002) 
emphasise that it is often difficult to connect cause and effect in ecological 
systems due to multiple contributing stresses. 

However, it is equally important to build adaptive capacity in understanding 
and reducing human disturbances on the environment (so-called upstream 
causal relationships-oriented). We believe that systematically exploring 
anthroposphere metabolism is essential to making proactive societal 
responses to water-related environmental/ecological degradation. However, 
introducing socioeconomic metabolic information would probably complicate 
the existing conceptual models developed by water and/or ecological 
professionals. Those potential complexities may cause many uncertainties in  
the current science/computer-based water decision making.  

The discipline-caused uncertainties in decision making indicate the 
importance of improving interdisciplinary perceptions of water problems 
including the socioeconomic context. In this regard, Biswas (2004) concludes 
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that popular ways to address various national water problems that “can no 
longer be resolved by the water professionals and/or water ministries alone”. 
Falkenmark (2007) claims that we need a shift in thinking about the focus of 
water management (mainly on ‘blue’ versus ‘green’) because of past 
misinterpretations and conceptual deficiencies. As a further development at 
the conceptual level, this thesis argues that studying anthroposphere 
metabolism by the use of an industrial ecology approach and environmental 
modelling is a promising approach in addressing the water-related natural and 
human system interaction in an integrated way. 

Regarding possible shortcomings of the current water quantity and quality 
management approaches, it is necessary to examine the basic principles 
employed in water research and management. To date, water managers and 
researchers have focused mostly on observing changes in the state of the 
water environment and their various impacts on ecosystems and human 
health. Not surprisingly, many responses to combat water environmental 
degradation are related but not limited to:  (i) accounting for water availability 
in a specific area and reducing the amount of freshwater demand; (ii) 
investigating the pollutant carrying capacity of receiving waters; (iii) 
developing water quality criteria (on discharged wastewater and the water 
environment); and (iv) constructing wastewater treatment plants (either 
centralised or decentralised).  

In water quality management, for example, concepts such as WQOs and 
TMDL are often highly promoted in order to control pollutant discharges 
within the absorptive capacity of the ambient environment. Regarding diffuse 
source pollution, however, the traditional system of permits and enforcement 
is not leading to the required pollution abatement and is not effectively 
dealing with the sources of diffuse pollution (Van Ast et al., 2005). The 
traditional risk assessment-based approach does not fully capture the 
connections and interactions among individual existing environmental 
problems and drivers of environmental impacts (Bauer, 2009). Instead, 
environmental changes and their pressures can only be properly understood if 
they are discussed in the context of the human activities or driving forces 
giving rise to them (EEA, 2007).  

There have been various discussions to date with regard to societal pressures 
on waters, especially on water quality. A typical example is given by Marques 
et al. (2006) who identified the following nine groups of root causes of water 
pollution: (i) demographic (population, urbanisation and migration); (ii) 
technological (availability and trends); (iii) economic (taxes and subsidies, 
economic structure and development, etc.); (iv) legal (laws, regulations and 
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property rights); (v) knowledge (information and education); (vi) political (e.g. 
power structure); (vii) environmental (mostly natural phenomena); (viii) socio-
cultural (such as lifestyles, beliefs and traditions); and (ix) governance 
(stakeholder participation, credibility, legitimacy, etc.).  

However, the societal causes of water pollution mentioned above only 
emphasise pollutant loads released by economic activities, e.g. relevant to 
microbiological pollution, eutrophication, chemical pollution and suspended 
solids. Such a pollutant-oriented approach deals with many interactions 
between human activities and water pollution, but employing a relatively 
narrow perspective. Employing this kind of narrow perspective to diagnose 
water problems may not lead to effective and efficient societal responses to 
address root causes of human-induced water environmental degradation. 

From the IE perspective, a broader approach to addressing the root causes of 
human-induced water problems should be discussed in a socioeconomic and 
environment context. Characteristics of the IE-based perspective are to 
systematically account for socioeconomic metabolism in life cycle thinking 
including material extraction, production, transportation, consumption and 
waste disposal. Although having a different social level of environmental 
decisions, this IE perspective could be regarded as a further clarification of 
this opinion: “the former strategy of environmental management by 
controlling emission sources from industrial processes has to be replaced by a 
systematic approach that integrates all of the evaluations of environmental 
effects that can be assigned to a product (Sonnemann et al., 2004)”. This 
perspective also holds true for water quantity analysis, typically referring to 
the significant impacts of virtual water (in products, both imported and 
exported) on the ambient water environment.   

With regard to the pressure-oriented approach, the DPR model (cf. the 
DPSIR framework) should be promoted in order to effectively respond to 
pathways of emissions/wastes initially produced in the human-oriented 
system. A basic premise of the pressure-oriented approach to water 
management is as follows: “The amount of resource flow into the economy 
determines the amount of all outputs to the environment including wastes 
and emissions (EEA, 2003)”.  

Correspondingly, the pressure-oriented metabolism accounting approach 
theoretically could produce more pertinent socioeconomic metabolic 
information with regard to the inputs of material/energy and the outputs of 
emissions discharge including their interim transformation. The target 
information users include water researchers, water policy and decision makers, 
water-related socioeconomic decision makers and other stakeholders involved 
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in the process of water-centric planning and decision making. In practice, the 
metabolism-based pressure-oriented approach and the derivation of 
information systems could aid in effectively addressing water environmental 
degradation by means of avoiding/reducing various pressures exerted by 
human activity at all scales.  

6.2 Necessity for a Transition to the Pressure-oriented 
Approach 

The results of the thesis show a dilemma in contemporary water management 
approach and the associated monitoring systems. This dilemma is that the 
focus of water management is mainly on the state of the water environment 
and impacts on ecosystems/human health, with very little on anthropogenic 
pressures exerted by socioeconomic activity. Actually the state/impacts-
oriented approach is employed not only in the planning and management of 
particular water resources, but also in environmental management.  

In many ways, this dilemma in water and environment management can be 
illustrated by the following three examples. Firstly, EU WFD highly 
emphasises the importance of improving water status monitoring networks. 
Secondly, an accurate assessment of the state of the environment in relation 
to water, air and soil is often regarded as a prerequisite for policy makers and 
their scientific advisor committee to identify problems and take action for 
improvement (Kim & Platt, 2008). Thirdly, Bell & Morse (2008) emphasise 
that “impact and state sustainability indicators (SIs) are the primary measure 
applied to sustainability projects, but that drivers, pressure and response SIs 
may be developed at a later stage by the project team in order to help the 
team understand what the state SIs are describing – and thus to explain what 
influences and drives the state and impact SIs”.  

Generally, the state/impacts-oriented approach assists in making societal 
responses by means of information based on (water) environmental 
monitoring and/or ecological monitoring. Specifically environmental 
monitoring intends to provide information to describe the environmental 
quality, while monitoring data is helpful in preparing environmental impact 
assessments (Furumai, 2010). As for ecological monitoring, it uses organisms 
to monitor pollution so as to indicate the quality state of the ambient 
environment (Spellerberg, 2005).  

Such a state/impacts-oriented approach is largely based on the idea that the 
environment has an assimilative capacity regarding emissions/wastes 
discharge. There are three basic premises about assimilative capacity: (i) some 
pollutants cause no (or irreversible) harm to the environment owing to the 
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environment’s self-healing ability; (ii) only a certain amount of pollutants can 
be absorbed by the environment before becoming cumulative and causing 
irreversible harm; and (iii) assimilative capacity can be quantified, apportioned 
and utilised in a given environment (NENT, 1998).  

In this approach, pollutants would be not paid adequate attention until 
ecological or environmental monitoring networks had observed negative 
changes in water status or ecological degradation. As mentioned by Beder 
(2006), the practice of environmental assimilative capacity also “depends on 
value judgments about how much pollution a community is willing to put up 
with”. As a response, societal measures often relate to pollution control by 
means of increasing the extent of pollutant collection and treatment before 
being discharged into the ambient water environment.  

In essence, the state/impacts-oriented approach contributes to water 
resources management in a reactive way. For instance, such an environmental 
monitoring-based approach alone fails to address the following two questions: 
(i) whether and how the (potential) risk of various discharges of emissions 
(solid waste, airborne and waterborne) to the aquatic environment should be 
considered for an area where river reaches run dry for years; and (ii) how to 
trace pathways of materials in complex socioeconomic sectors. Without 
having pertinent answers to these two questions, water researchers and 
managers may find it rather difficult to suggest effective measures to address 
the root causes of persistent and complex water pollution problems of 
unsustainability, typically in arid and semi-arid regions. 

The suggested pressure-oriented approach (based on the DPR model) aims to 
support water policy and decision making in a proactive way. Using a 
precautionary principle, this approach could result in societal responses to 
protect the environment at a higher level through preventative decision 
making in the case of potential risk (EU, 2011). Here, metabolism-based risk 
assessment and management are essential to implement the precautionary 
principle. In particular, a pressure-oriented approach begins with accounting 
for potential human pressures on the environment due to material flows and 
stocks of the anthroposphere. From a life cycle perspective, the suggested 
pressure-oriented approach would be more cost-effective than the traditional 
state-oriented monitoring approach to water management in the long term. 
However, planning based on metabolism-based pressure information largely 
depends on the development of environmental mechanism knowledge, such 
as modelling dynamic transformations of pollutants in the environment.   

Figure 6.1 briefly compares the state/impacts-oriented and pressure-oriented 
approaches, with the focus on ways of information flows in the DPSIR 
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framework. In contrast to the state/impact-oriented approach, the pressure-
oriented approach (based on a DPR model) begins by exploring driving 
forces (socioeconomic objectives probably sustainability-oriented) and 
accounting for anthropogenic pressures (potential impacts before and after 
taking remedial measures) of various emissions/wastes on the environment. 
Thereafter, corresponding societal responses can be made directly, aiming to 
achieve an environmentally-friendly anthroposphere mechanism. Most 
importantly, potential environmental impacts of socioeconomic development 
objectives could be comprehensively assessed beforehand by the use of the 
IE approach and environmental modelling with adequate data support at all 
scales.  

 
Figure 6.1 Facilitating a transition from the state/impacts-oriented to the pressure-
oriented water management approach.  

In order to trace the origins and pathways of pollutants in an area, one useful 
tool is material flow analysis (MFA). When discussing the potential use of 
MFA for environmental monitoring, Brunner & Rechberger (2003) argued 
that a well-established MFA of a region can replace traditional soil monitoring 
programmes that are costly and limited in their forecasting capabilities by the 
use of statistics. However, the efforts in MFA and SFA so far have been 
mainly academic and their actual impact on policy making is not clear (Binder 
et al., 2009). This is probably because most MFA studies are about material 
flows and stocks in a given area, while very few are accompanied by further 
discussion of their pressure-oriented contributions to environmental 
degradation at different scales in a broader systems perspective. In other 
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words, facilitating the practice of the pressure-oriented approach largely 
depends on providing pertinent information by means of accounting for 
anthroposphere metabolism and modelling environmental impacts of 
emissions/wastes. 

6.3 Implications for Improving Water Management Systems 

Generally speaking, there are four important influencing factors in water 
planning and policy making: information, legal requirements, institutional 
capacity and cultural heritage (for more information, see Paper III). Of these, 
information functions as the foundation of this framework (Figure 6.2). In 
water management, a variety of information is needed to support planning 
and decision making towards IWRM. Here, the main focus is on investigating 
the extent of pressure-oriented information supply to and demand for 
decision making, as well as implications for current water management 
systems.  

 
Figure 6.2 Types of information (accessible, available and required) functions as a 
foundation for water-related planning and policy making.  

Facilitating the use of pressure-oriented metabolism information in water-
centric planning and management largely depends on institutional capacity 
building. In practice, it is usually government agencies that decide upon the 
content of information demand and judge the usefulness and usability of 
available water information. Generally speaking, useful information is 
expected to be: (i) credible (accurate, valid and high quality of technical 
evidence and arguments); (ii) salient (context-sensitive and responding to the 
specific information demands of decision makers); and (iii) legitimate 
(unbiased, transparent and participatory in producing information) (Cash et al., 
2003; McNie, 2007). What is more, a typical dilemma regarding the science-
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policy interface in water management is: “a frequently proposed solution 
(from scientists) is that policy makers must be made to understood their 
results, while for policy makers the answer is often that scientists should be 
more sensitive to policy and management needs (Gooch & Stålnacke, 2010)”.  

Regarding water quality monitoring and management, there is an information 
gap characterised as the data-rich/information-poor syndrome between 
information producers (those designing water monitoring networks) and 
information users (water decision makers) (Ward et al., 1986). An information 
gap analysis on Dutch water management, carried out by Timmerman et al. 
(2010), showed that the water information produced is usually considered 
credible and legitimate, whereas the saliency of the information is far from 
satisfactory. Furthermore, the authors argued that such an unsatisfactory 
situation is the result of little consideration being given to the needs of 
information users when designing monitoring networks. In order to narrow 
the water information gap, an information/monitoring cycle is needed to 
advocate specification of information needs and to aid in facilitating more 
proper communication between information users and producers 
(Timmerman, 2004).  

However, a less explored link here is how to help decision makers demand 
pertinent information so as to make effective societal responses to water 
problems. For example, real decision makers choose Bayes-optimal decisions 
(supported by theoretically well-founded algorithms) surprisingly   
infrequently, which results in them making badly sub-optimal decisions (Guy 
et al., 2012). To a large extent, it also shows the necessity of facilitating 
institutional capacity building on a broader scale, especially relevant to 
demand sufficient pertinent information to support proactive water planning 
and decision making. In particular, the extent of both information demand 
and supply should be explored when discussing possibilities of promoting 
capacity building of water institutions. In a broader sense, the development of 
holistic approaches and the derivation of information/indicator systems could 
aid in making decisions within extended system boundaries.  

Besides institutional capacity building, legal requirements play a fundamental 
role in organising pressure-oriented socioeconomic activity statistics. 
However, cross-sectoral and ‘integrated’ policy making is extremely hard to 
achieve in practice, e.g. in the EU region (EC, 2000). In this regard, legal 
requirements are needed in order to document (and gain access to) pressure-
oriented information at different social levels of water decisions (e.g. 
household, company, municipality, province and nation). To do this, relevant 
legal requirements should be in place first, with regard to documenting 
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material/energy flows and stocks within and through the socioeconomic 
system at all scales. Only in this way can sufficient solid data-based pressure-
oriented information be produced so as to systematically support (re-) 
framing water-related problems and conflict resolution among stakeholders 
(such as policy makers, scientists, industries and NGOs). 

Facilitating a transition to the pressure-oriented water management approach, 
it is essential to set an appropriate systems boundary for monitoring, 
documenting and reporting. The traditional socioeconomic statistics usually 
use an administrative boundary. In the water domain, a hydrological boundary 
is suggested to integrated water resources management at the scale of a river 
basin. In this context, alternative system boundaries suitable for water systems 
analysis and management may be a hydrological boundary such as introduced 
in EU WFD, an administrative region, or a combination of these. 

For pressure-oriented water quantity and quality management, however, an 
administrative or a hydrological boundary alone seems less appropriate. 
Instead, this thesis suggests a combined administrative and hydrological 
systems boundary for pressure-oriented water management. The data gaps in 
YRBB demonstrate this reasoning in Chapter 5. If the pressure-oriented 
approach is employed, systems boundary selection is worthy of being 
extensively discussed and ultimately decided upon among decision makers, 
scientists and other stakeholders.  

6.4 Obstacles to Implementing the Pressure-oriented 
Approach  

From a principle perspective, employing the proposed pressure-oriented 
approach is rather necessary in proactive water planning and decision making. 
However, it may not be easily accepted and widely implemented in water 
management in the short run. This is unlikely to be entirely due to the lack of 
pertinent information to support decisions. As mentioned before, pressure-
oriented socioeconomic metabolic information could be theoretically 
achieved by the use of a combination of IE tools. Moreover, further efforts 
on socioeconomic activity statistics are needed to collect relevant information 
– that may now be available in a rather scattered way – at all scales.  

In my view, progress on implementing the pressure-oriented approach will 
largely depend on dominant ways of thinking and the management principles 
used, especially among decision makers. Typically, it is essential to improve 
the level of interdisciplinary understanding of water-related human-
environment interactions between and within academia, government agencies 
and the public too. By using evidence-based pressure-oriented information,  
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the main task is to make decision makers and other stakeholders well 
understood and widely agreed upon broader causal relationships, such as 
between socioeconomic development, water environmental degradation and 
impaired ecosystems.  

In the current water management systems, the principles of rights, equity and 
participation are highly emphasised with regard to the following three 
approaches. Firstly, a ‘participatory’ approach aims to promote dialogue 
and/or cooperation among relevant stakeholders. Secondly, an ‘adaptive’ 
approach calls for shifting to a learning process from the outcomes of 
implemented management strategies, rather than ‘command and control’ 
management approaches (Henriksen et al., 2010). Thirdly, a ‘governance’ 
approach, regarding the adaptiveness of IWRM, argues for replacing the 
single decision-making authority by multi-scale and polycentric governance 
when managing water resources (Timmerman et al., 2008).  

With regard to the use of the three approaches mentioned above, one of the 
key questions is how individuals (mostly researchers and decision makers) 
with different background knowledge can cooperate efficiently and make each 
other understood very well. This question actually relates to a concern about 
uncertainties in conducting interdisciplinary studies in water research and 
management. To a large extent, employing organising participatory processes 
could lead to decisions with more consensus. In a specific environmental 
decision situation, for example, alternatives made by scientists may be not 
effective and efficient enough to address water problems in a broader context, 
including the socioeconomic sector. Very often, such a situation relates to the 
following statement about the efficiency and effectiveness of science: “at 
present the attention goes into whether a scientist does his science right; what 
is lacking is whether he is making the right science, i.e. looking at the right 
problem” (Falkenmark, 2001).  

Here, it is worth mentioning the main characteristics of three approaches 
within academia: (i) a monodisciplinary approach – scholars specialise in areas 
within their own disciplinary  borders; (ii) a multidisciplinary approach – 
scholars not only specialise within their own disciplinary  borders, but also 
communicate and interact actively with scholars from other disciplines (while 
each discipline still remains within its traditional framework); and (iii) an 
interdisciplinary approach – scholars integrate elements from different 
disciplines (signifying some sort of integration), and interact with individuals 
and organisations outside academia (Öberg, 2011). However, Chapin et al. 
(2009) emphasise that “approaches that are viewed as ‘good science’ in one 
discipline may be viewed with skepticism in another”. In this sense, achieving 
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integrated water resources management therefore requires interdisciplinary 
perceptions in both theory and practice.     

The current water research and management context can be characterised as 
discipline-based while collaboration-emphasised. This is probably due to the 
development of science in a reductive way. As argued by Socolow (1994), 
science normally proceeds by isolating small pieces of large problems. In 
recent years, developing interdisciplinary perspectives on water research and 
management has often been emphasised. For example, Falkenmark (2007) 
suggested that a new generation of water professionals and hydroecologists 
should be able to handle complexity and to incorporate water implications of 
land use and of ecosystem health. However, this opinion mainly reflects the 
perspectives of hydrologists (and/or ecologists) on integrated water 
management. When it comes to individuals with background knowledge of 
industrial ecology or environmental modelling, there may be substantially 
different opinions on the alternative knowledge structure of future 
generations.  

From a sustainability point of view, four types of knowledge structure can be 
formulated as an example (Figure 6.3). They are: (i) eco-centric (mainly 
concerns about environmental and ecological issues); (ii) techno-centric 
(mainly concerns about techno-economic aspects); (iii) socio-centric 
(concerns from a social science perspective); and (iv) triple-centric (balanced 
concerns based on sustainability science, if possible). When it comes to water 
resources management, it seems to be challenging even to balance 
sustainability-oriented concerns and a variety of sectoral disciplines, e.g. 
hydrology, geology, ecology, morphology, economy and sociology. In this 
regard, interdisciplinary efforts are needed to a substantial extent, focusing on 
developing holistic conceptual frameworks for systematically depicting cause-
effect relationships both between and within the human-oriented and natural 
water systems.  

Then, what type(s) of knowledge structure should be the targets of education 
and social learning for practitioners of sustainability science now and in the 
future? It is definitely rather too ambitious to train an individual to be 
versatile in several disciplines related to socio-technical and socio-ecological 
perspectives in general. For the moment, the most important thing may be to 
make some generally agreed interlinks among relevant disciplines in relation 
to water resources. Those interdisciplinary conceptual frameworks at large are 
essential to bridge the gaps within and between researchers and decision 
makers, regarding developing sustainability-driven information systems and 
management approaches.  
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Figure 6.3 Individuals with specific background knowledge may use diverse 
perspectives to define water crisis phenomena and seek different types of solutions.  

In my opinion, training a professional may begin with a holistic introduction 
to the inter-linkages within and between socioeconomic, environmental and 
ecological systems using as much detail as possible. Now is the time to have 
broader and intense debates on what kinds of conceptual models and 
associated information systems should be supplied by researchers and 
demanded by planners and decision makers in society at large. To some 
degree this is essential to support the implementation of better practices, at 
least for sustainable water resources management.  
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7. CONCLUSIONS 

This thesis presents a proactive way to support water policy and decision 
making, focusing on water-related human-environment interactions. The 
main conclusion is that human-induced water problems would be effectively 
and efficiently addressed in society at large by means of understanding 
particular pressures (on quantitative and qualitative waters) within the 
metabolism of anthroposystem (human technological and social systems). 

Sustainability-oriented water resources management should deal with water 
problems in a broader scope, including both socioeconomic and 
environmental-ecological systems. In order to address the root causes of 
human-induced water problems, it is crucial to develop a holistic framework 
for water research and management. Here, the point is to systematically 
investigate cause-effect relationships between the anthroposphere and the 
water environment. Employing tools in the industrial ecology domain could 
aid in accounting for socioeconomic metabolism so as to support 
comprehensive assessment of the impacts of human disturbance on waters.  

Based on the European DPSIR framework, the thesis shows that the current 
water management approaches and associated information systems are mainly 
state/impact-oriented, while very little is pressure-oriented. The 
state/impacts-oriented approach, supported by pollutant-based risk 
assessment, is helpful to understand/address some specific water problems. 
However, it mainly focuses on physical and bio-geo-chemical state changes in 
recipient waters, which leads to reactive rather than proactive water planning 
and management.  

In contrast to the state/impact-oriented approach, we believe a pressure-
oriented approach could contribute to effectively addressing human-induced 
water problems in a proactive way. The approach put forward here is mainly 
based on the methodological essence of industrial ecology. Compared with 
the DPSIR framework, the pressure-oriented approach is derived from a 
DPR (drivers-pressures-responses) model that shows a promising shortcut to 
effectively alleviating human disturbance of waters. It aims to account for 
anthroposystem metabolism so as to support alleviating/avoiding various 
pressures on waters.  

In order to demonstrate the use of the pressure-oriented approach, two 
preliminary conceptual frameworks were developed here, for water quantity 
and quality analysis. The framework for water quantity analysis begins by 
depicting the most important water flows between and within the natural 
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water system and the human-oriented water system. Its aim is to help analyse 
human-induced water pressures and develop effective remedial measures for 
water degradation. The framework for water quality analysis demonstrates 
material-related interlinks between human society and the natural 
environment. Its aim is to assist in accounting for water-related 
socioeconomic metabolism and assessing the impacts of potential 
anthropogenic pressures on the water environment.  

Due to large data gaps for water quantity and quality in the case study of 
YRBB, these two frameworks are only discussed at a conceptual level in the 
thesis. However, they should be the first step in analysing quantitative and 
qualitative water problems in any given river basin, regarding setting systems 
boundaries and identifying data availability. Most importantly, the two 
frameworks offer water planners and decision makers a holistic perspective 
on water problems due to human activity. They may also motivate water-
related decision makers and stakeholders to agree on the most efficient way to 
collect decision support information at all levels of water-related decision 
situations.  

For sustainable water resources management, setting appropriate boundaries 
for collecting information and making systems analysis is essential. The thesis 
shows that a hydrological or administrative boundary alone seems inadequate 
to cope with underlying socioeconomic drivers of environmental degradation 
and human-induced pressures on the water environment. Instead, a combined 
hydrological and administrative boundary is suggested to frame causes of 
water problems and organise information. A combined systems boundary is 
also necessary for implementing the pressure-oriented approach so as to 
incorporate metabolism-based pressure-oriented socioeconomic information 
in the process of water planning and decision making. 

Given the necessity for a transition to a pressure-oriented approach to water 
management, current water management systems need reforms with regard to 
institutional capacity building, decision support information and legal 
requirements. Institutional capacity building should be strengthened by 
identifying the causal relationships of water problems in a broader 
socioeconomic and environmental context. Dialogue on potential 
contributions of pressure-oriented information systems is necessary among 
information producers, information users and other stakeholders. Agreed 
systems boundaries to monitoring and reporting socioeconomic activity data 
need to be legitimised at all levels of decision situations.   

Adopting a pressure-oriented approach and associated information systems 
may help structure the missing socioeconomic considerations in 
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contemporary water research and management to some extent. This is crucial 
in effectively addressing the root causes of some persistent and complex 
water problems of unsustainability due to diverse human disturbance. 
Traditional water management can thereby be strongly linked to 
socioeconomic development in the process of policy and decision making, 
and vice versa. This is also essential for progress in integrating the natural 
system and the human system towards sustainable water resources 
management in society at large.  

Finally, this thesis will hopefully stimulate (inter-)discipline-based scientists 
and decision makers to re-think their individual preferred perceptions and 
approaches to environmental management. The most important issue is not 
to make science-based decisions, but to make decisions to address the right 
problems in an effective and efficient way. Personally, I believe that this is 
essential for designing or envisioning a dynamic ‘sustainable’ society.  
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8. FURTHER RESEARCH 

Human-environmental interactions in water systems cannot be fully 
understood on the basis of fragmented analysis of existing and emerging 
water (management) problems. In the process of policy and decision making, 
holistic and systematic thinking must be employed to manage water resources 
in a broader socioeconomic and environmental context involving all relevant 
stakeholders and individuals with specialist knowledge. This should be the 
guiding principle for developing conceptual models to understand and 
address any water-related problems in a science-based and socially acceptable 
way.   

This thesis looked into discipline-related problems of water quantity and 
quality management and suggested possible contributions from industrial 
ecology. However, the pressure-oriented approach to water management 
proposed here was based to a great extent on conceptual discussions. This 
was mainly due to lack of sufficient time to carry out the required 
metabolism-oriented studies and to collect the large amounts of 
socioeconomic and environmental data required. Many professionals would 
probably regard the qualitative analysis in the thesis as too ‘general’ and 
‘theoretical’, without sufficient ‘technical’ details. Consequently, conceptual 
discussions alone may devalue the argument for adopting a pressure-oriented 
approach between and within water managers and researchers. In order to 
foster the suggested approach in practice, convincing quantitative information 
is essential to demonstrate the importance of the suggested approach and 
effectively interlink the water and socioeconomic sectors at all levels. 

In my view, the following two aspects are essential to planning further 
research work. Firstly, a wide range of debates and discussions are needed 
among water-related researchers, decision makers and other relevant 
stakeholders in order to further clarify diverse interdisciplinary trade-offs and 
address water problems in a holistic way considering the socioeconomic 
sector. When discussing pressures on waters, it is not sufficient to only focus 
on the water environment, since the atmospheric and land sectors have to be 
considered too. Thus, it is important to discuss how much knowledge of 
different disciplines could help achieve a holistic perception on human-
environment interactions. This aspect is crucial to approaching sustainability-
oriented communication/learning systems. Such systems would greatly 
change the mind-set of water-related researchers and resources managers. 
Personally, I believe re-constructing/optimising individual knowledge 
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structure (e.g. by reforming education and social learning systems) could assist 
in systematically addressing the broader nexus of water-energy-food-climate.  

Secondly, more practices of using industrial ecology tools should be acquired 
on computer. In particularly, life cycle assessment should look beyond the 
current emphasis mainly on specific products and services at a lower systems 
level. Instead, the possibilities should be discussed of using life cycle thinking 
to account for socioeconomic metabolism and pressures on the environment 
at large. Regarding water resources management in particular, the following 
two tasks are necessary: (i) quantify/account for socioeconomic pressures on 
the quantitative and qualitative water environment by the use of IE tools, and 
(ii) interpret impacts of the potential pressures within an acceptable systems 
boundary, collaborating with relevant professionals. For the latter, the 
predicted results could be compared with the current monitoring networks 
while calibrating models of accounting anthroposphere pressures. Compared 
with environmental and/or ecological monitoring information, the 
metabolism-based pressure-oriented information may contribute to both 
socio-technical and socio-ecological research in relation to human-induced 
water problems. 
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Preface 

With growing population and rapid industrialisation and urbanisation 
worldwide, humans have extensively modified (semi-)natural rivers to meet 
various demands in recent decades. River systems in many regions have now 
been substantially changed, accompanied by degraded aquatic and terrestrial 
ecosystems. In this context, a compromising measure is to restore/rehabilitate 
the degraded river ecosystems, e.g. aiming to improve both functions and 
services of degraded ecosystems in a river basin. In the Beijing region, the 
Yongding River –a ‘mother river’ of Beijing – has attracted much attention in 
recent years. The main reason is because its lower reaches have been running 
dry for years, which has greatly degraded ambient river ecosystems.  

Since 2000, the Beijing government has been paying great attention to 
rehabilitating the Yongding river and its function as a green and ecological 
corridor in western Beijing. In terms of ‘Overall Urban Planning of Beijing 
(2004-2020)’, the Yongding River rehabilitation programme is planned to be 
finished by 2020. In 2009, the Beijing Science Committee funded a project 
‘Evaluating Ecosystem Services of the Yongding River and Developing an 
Objective System for Yongding River Rehabilitation’. There are three main 
targets of the project on the Yongding river in the Beijing region (YRBB): (i) 
diagnosing eco-environmental problems of YRBB, (ii) valuing ecosystem 
services of the Yongding River system, and (iii) quantifying objectives of 
ecological Yongding River restoration. The project was coordinated by Dr. 
Junguo Liu at Beijing Forestry University and ran for the period 1/7/2009 - 
30/12/2010. 

During Stockholm Water Week in 2009, Dr. Frostell met Dr. Liu by chance. 
Later on, they agreed to start a research cooperation on the case of Yongding 
River rehabilitation. Specifically, a so-called ‘second opinion’ study of the 
Yongding River rehabilitation project would be made at DoIE. This case 
study would stand as “a study that assesses the project from another 
independent stand-point without any influences from Chinese colleagues like 
at BFU”. By means of materials provided by BFU, PhD student Xingqiang 
Song would take the main responsibility for the case study, mainly under the 
supervision of Dr. Frostell. 

After several rounds of discussion from late 2009 to early 2010, two main 
concerns were agreed upon by both parties: (i) to make an inventory of 
environmental impact drivers (socio-technical activities) and quantification of 
ecological rehabilitation objectives of the Yongding River project; and (ii) to 
contribute systems analysis-based knowledge and experience to the Yongding 
River rehabilitation project. During the period 11/26/2009 - 12/24/2009, 
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Xingqiang Song made a visit to BFU in order to acquire more background 
information on the case study. In late January 2010, the task of DoIE was 
further clarified as follows: (i) to make a thorough description and 
characterisation of the Yongding River rehabilitation project, including aim 
and objectives, organisation, expected results, achieved results so far and 
coming challenges; and (ii) to make a critical assessment of the ongoing work, 
based on the approaches to integrated water management that are currently in 
use in Europe (and Sweden) and provision of suggestions for possible 
improvement of the on-going Yongding River rehabilitation project.  
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1. INTRODUCTION 

The North China Plain (Huabei Pingyuan) is around 310,000 km2 in size and 
extends from the mountain ranges around Beijing in the north to the lower 
reaches of the Yangtze River in the South. It is bounded on the east by the 
Yellow Sea and on the west by steep mountain ranges that form a source of 
water for three major river basins: the Yellow, the Hai and the Huai.  

The Yongding River is one of the main tributaries in the Hai River system 
(Figure A1-1). The river is 650 km in length and drains an area of 47,016 km2. 
It emerges from the Guancen Mountains of Ningwu County in Shanxi Province, 
where it is known as the Sanggan River and flows northeast into Inner 
Mongolia and then heads southeast into Hebei Province. In Huailai County, it 
fills the Guanting Reservoir.  

The Yongding River enters Beijing Municipality through Mountain Xishan in 
Mentougou District and descends into the flatlands of Fengtai and Daxing 
Districts. It eventually flows back into Hebei Province and then on to Tianjin 
Municipality. In Tianjin, it merges with the Hai River and then discharges to 
the Bohai Sea.  
 

 

Figure A1-1 The Yongding River in the Hai River Basin (left) and in the Beijing 
region (right). 

 

2. CHARACTERISTICS OF THE YONGDING RIVER BASIN 

The Yongding River is the largest river to flow through the Beijing 
Municipality. It is situated along the city’s alluvial fan plain and is known as 
the ‘mother river’ of Beijing. For thousands of years, it has been one of the 
main sources of drinking water for the inhabitants of the Beijing region. The 
length of the Yongding River in the Beijing region is around 170 km, with a 
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drainage area of 3200 km2 (6.7 % of the whole Yongding River Basin and 
20 % of the Beijing region).  

2.1 Land Use 

In the area of YRBB under study, the state of land use in 2004 is as follows: 
forest (56.6%), grassland (20.5%), residential area (7.2%), arable land (5.2%), 
water body (0.4%) and unused land (10%) (Figure A1-2). Residents mainly 
live in the riverine area. Moreover, the river bed between the Lugou Bridge 
and the Liang’ge Village now is ‘hanging’, which is around 5-7 metres higher 
than the average ground level of its floodplain. Such a dried-up river entails 
higher risks of catastrophic flooding.  

 

Figure A1-2 Land use in YRBB (BIW, 2005). 5 

                                        
5
 This map is based on satellite data from Landsat-5 received on September 3, 2004. 
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2.2 Socioeconomic Development 

With rapid building sprawling towards the Yongding river, especially since the 
1980s (Figure A1-3), flood prevention of the river has become one of the 
most important issues for water authorities and water managers in the Beijing 
region. In 1985, the Yongding River was cited by the State Council as one of 
the four rivers with the highest priorities for flood prevention in China. 

 

Figure A1-3 Built-up area (in red) sprawl in Beijing, 1975-2002 (BMCUP, 2009). 

The Yongding River flows through five districts in southwest of Beijing, 
namely Mentougou, Shijingshan, Fengtai, Daxing and Fangshan. The total land area 
of the five districts is about 4,900 km2, accounting for around 27% of Beijing 
Municipality. In 2008, the total population of the five districts was 4.62 
million (Table A1-1).  

Among the five districts, Mentougou and Daxing cover around 87% of the 
total area of YRBB. In the two districts, the secondary and tertiary industry 
accounted for over 90% of the total annual GDP from 2000 to 2007 (Figure 
A1-4). In 2007, primary industry accounted for only 7.7% and 1.5% of GDP 
in Mentougou and Daxing District, respectively.  
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Table A1-1 Population of the five districts (million), 2005-2008 

Region 

2005 2006 2007 2008 

Total 
 

Total 
 

Total 
 

Total 
 

Floating Floating Floating Floating 

Beijing 15.38 3.573 15.81 383.4 16.33 4.197 16.95 4.651 

Mentougou  0.277 0.041 0.277 0.040 0.270 0.032 0.275 0.036 

Shijingshan  0.524 0.149 0.522 0.145 0.546 0.167 0.590 0.208 

Feitai 1.568 0.366 1.616 0.393 1.693 0.447 1.753 0.489 

Fangshan  0.870 0.119 0.886 0.131 0.887 0.130 0.905 0.145 

Daxing  0.886 0.253 0.919 0.284 0.978 0.337 1.097 0.455 

(Source: BMBS (2008). ‘Floating’ means that people live there only for temporary employment.) 

 

 
Figure A1-4 Socioeconomic development of (a) Mentougou District and (b) Daxing 
District (after BMBS, 2008).6 

                                        
6  In China, ‘primary industry’ refers to agriculture, forestry, pasture and fishery; ‘secondary 
industry’ includes mining, manufacture, electricity, construction, production and supply of fuel 
gas; ‘tertiary industry’ means the others, except ‘primary industry’ and ‘secondary industry’. 

(a) 

(b) 
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2.3 Water Environment in YRBB 

In terms of the ‘Plan for Constructing Green Ecological Corridor in the 
Yongding River Basin’ (BWA, 2009), the Yongding River can be divided into 
three reaches (cf. Figure A1-2): (i) upstream (from Youzhou to Sanjiadian) with a 
length of 92 km, (ii) middlestream (from Sanjiadian to South-Ring Road) with a 
length of 37, and (iii) downstream (from South-Ring Road to Liang’ge Village).  

The characteristics of these three river systems are different in many ways 
(Figure A1-5). Firstly, the upstream river is located in the mountain area of 
Mentougou district. At present, the natural ecological environment is 
relatively good. River reaches before Lupoling Reservoir keep running (around 
64 km long), while river reaches after the reservoir (around 28 km long) often 
run dry for many years.  

 

 

 

Figure A1-5 Current situation of the (i) upstream, (ii) middlestream and (iii) 
downstream Yongding River (after BMCUP, 2009). 

(i) 

(ii) 

(iii) 

before Luopoling after Luopoling 
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Secondly, the middlestream river has been running dry during the period 
1980-2007. Even so, it is crucial to the safety of Beijing city, considering risks 
of flood in history. Due to frequent human interventions, surface vegetation 
in the river bed has been seriously destroyed. A windblown, almost  bare river 
bed is also one of the main sources of Beijing’s ‘sandstorm’, typically in spring. 
Thirdly, the downstream floodplain area has been used for agriculture. Here, 
the river channel is completely dry and crops have been planted in the river 
bed in some areas. Besides, several golf courses have been built in the dried-
up river bed. 

3. WATER SYSTEMS CHANGES IN YRBB 

3.1 Water Quantity 

The Yongding River is located in the mid-latitude continental monsoon 
climate zone. In the Beijing region, precipitation is unevenly distributed and 
around 80% of yearly rainfall occurs from June to September. Not 
surprisingly, there is a higher risk of flooding, especially for middlestream and 
downstream YRBB. Historically, the Yongding River has been colloquially 
known as a Wuding River (meaning a river of ‘instability’). In the late 1600s, the 
river was officially renamed the Yongding River (showing a great desire for a 
river of ‘eternal stability’). Despite great efforts in flood prevention, bank 
collapses frequently occurred until the 1960s. In 1985, the Yongding River 
was named by the State Council as one of the four rivers with the highest 
priority for flooding defences in China.  

In YRBB, the amount of annual average precipitation, surface water inflow 
and surface water outflow shows a decreasing trend, typically after 1980 
(Figure A1-6). The average annual precipitation during the period 1956-1979 
was 551.4 mm, but by the period 1980-2000 this had decreased to 468.7 mm, 
a 15% decrease. For the period 2001-2009, average annual precipitation was 
only 431.0 mm. From 1956 to 2009, actual annual precipitation varied from 
305.1 mm (in 1965) to 895.5 mm (in 1956), with a maximum to minimum 
ratio of 2.94.  

There have also been strong changes in the annual average amount of surface 
water inflow and outflow in YRBB. The annual average amount of surface 
water inflow was 1,215.8 million m3 from 1956 to 1979, 358.8 million m3 
from 1980 to 2000, and 105.7 million m3 from 2001 to 2009. Similarly, the 
annual average amount of surface water outflow was 416.6 million m3 from 
1956 to 1979, 10.2 million m3 from 1980 to 2000, and only 3.3 million m3 
from 2001 to 2009. During the period 1956-2000, there were 15 years without 
surface water outflow, 1981-1983, 1986-1993 and 1997-2000. Since 2001, 
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river reaches below Lugou Bridge have been running dry and there has been 
almost no outflow from YRBB. 

 

Figure A1-6 Quantity of surface water inflow and outflow of YRBB, 1956-2009 
(based on data from  Dou & Zhao, 2006; BWA, 2001-2010). 

One reason why downstream YRBB runs dry is probably the decreasing 
amount of surface water flowing into the Guanting reservoir from the 
upstream Yongding River in the Hai River Basin (Figure A1-7). This annual 
average surface water inflow decreased from 2,030 million m3 in the 1950s to 
150 million m3 in the 2000s. However, the annual average precipitation in the 
upstream area of the Guanting reservoir in YRB also decreased, from 477 mm 
in the 1950s to 375 mm in the 2000s. 

 
Figure A1-7 Annual average precipitation in the upstream area of the Guanting 
reservoir and the quantity of surface water inflow (Ouyang et al., 2009). 
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Another characteristic of water quantity changes in YRBB is changes in 
groundwater level and storage in the Beijing region since 1960 (Figure A1-8). 
At the end of 1960, the groundwater in the plains area of Beijing was 3.19 
metres below the surface. At the end of 1980, the average depth to the 
groundwater was 7.24 metres, and the amount of groundwater storage had 
decreased by 2.07 billion m3 compared with that in 1960. At the end of 2009, 
however, the average depth to the groundwater in the plains area was 24.07 
metres. Thus compared with 1960, groundwater storage in 2009 had 
decreased by 10.69 billion m3. To some extent the declining groundwater level 
in Beijing seems to be due to an annual water deficit for years (Figure A1-9). 

 
Figure A1-8 Decreasing groundwater storage in the plains area of the Beijing region 
(based on data from BWA, 2001-2010). 

 
Figure A1-9 Water deficit in the Beijing region (based on data from BWA, 2001-2010). 
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As can be seen from Figure A1-9, the annual water deficit is the difference 
between the total amount of available water (local renewable water 
(precipitation-induced) plus surface water entering into Beijing) and water 
withdrawal. During the period 2000-2009, the average annual water deficit 
was 0.93 billion m3, with a maximum of 1.62 in 2000 and a minimum of 0.67 
billion m3 in 2005. The year 2008 was an exception, when the amount of 
available water was 0.64 billion m3 more than water withdrawal. Given the 
small change in the amount of surface water entering Beijing Municipality, 
annual precipitation to a large extent influences the extent of water 
deficit/surplus in the Beijing region.  

3.2 Water Quality 

In recent decades, a variety of factors have influenced river water pollution, 
including mining, domestic wastewater discharge and industrial wastewater 
discharge. For example, there are around 290 coal mines in the Yongding 
River Basin in Beijing region (YRB). Although there are a few residential areas 
in YRB, they are mainly located along the river, with a relatively higher 
population density. Most domestic and industrial wastewater is directly 
discharged untreated into the Yongding river. The main drainage points in 
2005 are marked in Figure A1-10 and clarified in Table A1-2.  

 

Figure A1-10 Drainage outfall in the YRBB (after BIU, 2005). 
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Table A1-2 Wastewater (WW) discharge to YRBB in 2005 

No. Source/location of WW Location 
Ways of 

discharge 
Type of 

WW 
Discharge, 

m3/year 

1 Zhuwo power plant Mentougou OP Industry 300,000 

2 Yanchi hospital Mentougou CC Domestic 670 

3 Luopoling WW plant Mentougou CC Domestic 21,600 

4 Wangping power plant Mentougou CC Industry 9,000 

5 Beiling area Mentougou OP Mix 300,000 

6 Beiling area Mentougou OP Mix 31,100 

7 Coal mine & Cement plant Mentougou OP Mix 311,000 

8 Chengzi area Mentougou OP Mix 300,000 

9 Beijing coal ltd. Mentougou OP Mix 600,000 

10 Longquan Town Mentougou OP Mix 470,000 

11 Yongding Town Mentougou OP Mix 777,600 

12 Wu-li-tuo/Gao-jing areas Shijingshan OP Mix 100,000 

13 Thermal power plant Shijingshan CP Industry 8,000 

14 Thermal power plant Shijingshan CP Mix 30,000 

15 Thermal power plant Shijingshan CP Industry 10,000 

16 Capital steel industry Shijingshan CP Mix 5,000 

17 
Cement plant and its 
surrounding areas 

Shijingshan CP Mix 20,000 

18 Chang-xin-dain Town Fengtai CC Mix 1,000 

19 Huai-shu-ling areas Fengtai CC Rainwater 400 

20 
Chang-xin-dian domestic 
sewage 

Fengtai CC Domestic 1,800 

21 
Chang-xin-dian water 
supply plant 

Fengtai CC Industry 1,000 

(Source: BIU (2005). OP = Open Channel; CC = Covered Conduit; CP = Culvert Pipe) 

However, the problems of water pollution to date seem to be less serious than 
indicated in Figure A1-10 and Table A1-2. In late 2009, Song took part in a 
seminar on the Yongding River project in Beijing Institute of Water, Beijing. 
During the seminar, two experts from the Beijing Institute of Water indicated 
that: (i) the situation of water pollution prevention in the Yongding River has 
been effectively improved in recent years; (ii) there is no drainage point in the 
mountain area (before Sanjiadian, referring to Nos. 1-8 in Table A1-2); (iii) 
currently, there are only two existing drainage points (Nos. 9 and 12 in Table 
A1-2) in the plains area, which are now in the process of being controlled; 
and (iv) one main problem in YRB is lack of available water with acceptable 
water quality for ecological purposes; there are amounts of reclaimed 
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wastewater, but the water quality is lower and cannot meet the minimum 
water quality demands for healthy river ecosystems.  

4. PRELIMINARY CONCLUSIONS 

It is obvious that recent developments in the Yongding river system are far 
from satisfactory. The current situation in the Yongding River basin is 
characterised by: (i) a degraded ecological situation in the middlestream and 
downstream sections of the Yongding River; (ii) large differences in rainfall in 
different seasons; (iii) decreasing river runoff; and (iv) scarce vegetation in the 
dried-up river bed. This is evident from the information presented in this 
preliminary compilation. One possible exception to this conclusion is a 
potential improvement in water quality in some areas thanks to recently 
introduced measures such as: (i) closure of polluting industries; (ii) 
introduction of Cleaner Production measures; and (iii) construction and 
operation of wastewater treatment plants.  

In the past 60 years, the rapidly decreasing river runoff is the most obvious 
and visual change in the Yongding River. Since the 1980s, the middle and 
downstream parts of the Yongding river have run dry almost every year.  

One reason is the decreasing amount of inflow to the Guanting reservoir. In 
2008, its annual average amount of surface water inflow decreased by 98%, 
compared with that in 1953. This situation is probably caused by excess water 
withdrawals in the upstream area of the Guanting reservoir. In the upstream 
area before the Guanting reservoir, annual average rainfall decreased by 21% 
in 2008, compared with 1953. Along with decreased water inflows to the 
Guanting reservoir, the amount of annual average water discharge from the 
Guanting reservoir to Mentougou District in YRBB was reduced by 90% 
during the period 1956-2001. In Mentougou District, the annual average 
rainfall has changed greatly during the period 1991-2008, but the extent to 
which the uneven annual rainfall has contributed to the decreasing river 
runoff cannot be concluded until a comprehensive water balance study has 
been carried out. A first important aspect of reaching an improved 
understanding of the water quantity aspect of the Yongding river system 
would therefore be to establish improved annual water balances for the entire 
river basin. This would require a system boundary discussion, a discussion 
and inventory of available data from on-going monitoring and a discussion of 
potential new monitoring programmes. 

In addition, the impact of poor water quality on local ecosystems in the 
Yongding river system is still unclear due to lack of information. Before 2005, 
there were 21 wastewater discharge points along the Yongding River 
according to a report written by the Beijing Institute of Water (BIW, 2005). In 
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late 2009, several experts from the Beijing Institute of Water pointed out that 
river pollution was no longer the problem for the Yongding River and there 
were only two drainage outfalls left then. However, it is difficult to find out 
what has happened in these years regarding wastewater pollution prevention 
and wastewater treatment. Where does the treated wastewater go when the 
river bed is dry? What about diffuse sources of pollutants? 

To achieve better overall performance of the Yongding river system, it is 
important to develop a feasible, purposeful and stakeholder-accepted 
ecological rehabilitation strategy. To start with, it is important to find out in 
detail the current characteristics of the river system, the main reasons for the 
ongoing degradation of the river system and alternative strategies to improve 
it. The degraded river ecosystem is discussed here mainly in terms of two 
main aspects: water quantity and water quality in accordance with the 
European Water Framework Directive.  

Considering the above-mentioned water quantity and quality aspects of the 
Yongding river, the most important priority should probably be water 
quantity management, aimed at meeting the demands of all different water 
users and, not least, ecological demands for water. Firstly, a hydrological study 
– e.g. precipitation, river flow, overland flow, percolation/infiltration – will be 
required, which is also related to flood prevention, water storage and 
monitoring in different river reaches. Secondly, water uses – withdrawal of 
surface water and groundwater – and dominating water actors – domestic, 
industry and agriculture – need to be clarified in more detail than shown in 
this preliminary inventory. Goals for how much water should be left/sent 
back to meet the demands of environmental flows must be formulated. 

5. Suggested Research Questions and A List of Data Required 

The overall aim of the research is the development and use of a systematic 
approach to support the development of evidence-based objective systems 
for the Yongding River Rehabilitation programmes. Specific objectives of the 
work would be to characterise the historical development and the current 
situation of the Yongding River system, analyse the main reasons for the 
degraded river system in different periods, and develop scenarios for the 
rehabilitation of the river system with different time series.   

In order to understand and analyse the Yongding River system, we believe 
that at least two different system boundaries will have to be decided upon in 
future work, including (i) the core system of the Yongding River basin (the 
middle stretch close to Beijing) and (ii) the entire river basin. Here, the water 
quantity aspect should be discussed and analysed for the whole river system, 
while both the water quantity and quality aspects should be investigated in 
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detail in the middle stretch of the river system. This idea should be confirmed 
in further discussions between BFU and DoIE.  

Furthermore, relevant data listed below in the three periods  1970s, 1990s and 
2000s are basic requirements for sound systems analysis aimed at 
characterising and analysing historical changes in the river system. Besides,  
relevant detailed data on the Yongding River Basin since 1950 are required in 
order to generalise the trajectory of river system development and to make 
alternative purposeful and stakeholder accepted scenarios for the Yongding 
River rehabilitation considering its path dependencies and a variety of 
possible interventions in the future. 

Within the large scope, important research and systems analysis questions for 
the further work include (not conclusive): 

1. What does the water balance for the entire Yongding river system look 
like at present and how has it developed since 1950? 

2. What does the same type of balance look like for the central stretch of 
the river? 

3. What are the geological and hydraulic characteristics of the river basin?  
4. How is land used in detail (land use changes during the last 30-50 years) 

in the central part? 
5. How are the current sampling and monitoring programmes to supervise 

the ecological situation in the Yongding river organised and managed 
(institutions, responsibility, sampling and monitoring frequency, 
reporting)? 

6. What are the main flows of solid, liquid and gaseous wastes in the 
central parts of the river? 

7. How are the important remaining point sources and diffuse sources of 
pollution connected to different stakeholders in the central river part? 

8. Which long-term and short-term objectives for rehabilitation and 
restoration of the river system can be established based on the available 
information and opinion of relevant stakeholders? 

The degraded river ecosystem should be discussed mainly in terms of two 
main aspects: water quantity and water quality in accordance with the 
European Water Framework Directive 7  Here, the water quantity aspect 
should be discussed and analysed for the entire YRB, while both water 
quantity and water quality should be investigated in as much detail as possible 
for the middle reach of the YR. Moreover, some background (physical and 
socioeconomic) data are also needed to support systems analysis on water 

                                        
7 Specific discussion on ecological (physical habitat and biology)  issue in the river basin, may be 
referred to in the next phase of the research work. 
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quality and water quantity in the river basin. Specifically, the basic data 
required include:  

1. Background data 

1.1 The DEM data of the entire YRB, to be used as a basis for 
representation and presentation of water quantity and quality data of 
the systems analysis. 

1.2 The general topography data in YRB (if not included in the DEM 
data). 

1.3 Data on the land use characteristics for the following four years 
1970-1980-1990-present (latest available data in the period 2007-2010) 
for at least the following categories: water body, forest, grassland, 
arable land, residential area and other land (impediment, desert, etc). 

1.4 Morphological conditions, including river depth & width variation, 
structure & substrate of the river bed (particle size), structure of the 
riparian zone (length/width, specific composition and 
continuity/ground cover) and channel patterns (if not included in the 
DEM data). 

1.5 River continuity data, including the reservoirs – location, (flood, 
active and dead) storage capacity, hydropower production capacity (if 
any) and the current groundwater level – barrage, plastic dams. 

1.6 Population, GDP growth and other water-related socioeconomic 
planning reports in the districts of the river basin, as well as 
information on wastewater treatment plants close to the river. 

 

2. Water quantity data 

2.1 Precipitation (monthly and annual, as well as information on specific 
monitoring stations), surface water runoff, groundwater runoff, total 
river runoff, total infiltration and soil moisture, evaporation, etc.  

2.2 Freshwater data, including the total freshwater resources (surface/ 
groundwater), the available freshwater resources (surface/ 
groundwater) and the total amount of water withdrawals (including 
percent of surface/ groundwater).  

2.3 Water use data, including the sectoral share of water withdrawals 
(agriculture, industry, domestic and environment), water use 
efficiency (urban/domestic water use per capita, industrial water use, 
agricultural irrigation efficiency).  

 

3. Water quality data 

3.1 Water quality monitored in the stations of (or close to) Sanjiadian and 
South Six-Ring Road. 
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3.2 In order to describe the historical and current surface water status in 
the middle reach, the following parameter/criteria are required, 
including temperature, dissolved oxygen, pH, COD/BOD5, total 
nitrogen, total phosphorus, SO4

2-, NH3-N, metals, POPs (Persistent 
Organic Pollutants) and others (like suspended solids and turbidity).  

3.3 Health-related data, including total coliforms, faecal coliforms, 
salmonella and enteroviruses. 
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APPENDIX II: CHINA’S ENVIRONMENTAL 
QUALITY STANDARDS FOR SURFACE WATER 

No. Indicator Unit  Class I Class II Class III Class IV Grade V 

1 Temperature °C 

 Human-induced water temperature changes in the 

environment should be limited within: 

 Week average maximum temperature increase ≤1 

 Week average maximum temperature decrease ≤2 

2 PH   6~9 

3 DO mg/L ≥ 7.5 6 5 3 2 

4 CODMn mg/L ≤ 2 4 6 10 15 

5 CODCr mg/L ≤ 15 15 20 30 40 

6 BOD5 mg/L ≤ 3 3 4 6 10 

7 NH3-N mg/L ≤ 0.15 0.5 1.0 1.5 2.0 

8 Total P mg/L ≤ 0.02 0.1 0.2 0.3 0.4 

9 Total N mg/L ≤ 0.2 0.5 1.0 1.5 2.0 

10 Copper (Cu) mg/L ≤ 0.01 1.0 1.0 1.0 1.0 

11 Zinc (Zn) mg/L ≤ 0.05 1.0 1.0 2.0 2.0 

12 Fluoride (F–) mg/L ≤ 1.0 1.0 1.0 2.0 2.0 

13 Selenium (Se) mg/L ≤ 0.01 0.01 0.01 0.02 0.02 

14 Arsenic (As) mg/L ≤ 0.05 0.05 0.05 0.1 0.1 

15 Mercury (Hg) mg/L ≤ 0.00005 0.00005 0.0001 0.0001 0.0001 

16 Cadmium (Cd) mg/L ≤ 0.0001 0.0005 0.0005 0.0005 0.01 

17 Chromium (Cr) mg/L ≤ 0.01 0.01 0.005 0.005 0.1 

18 Lead (Pb) mg/L ≤ 0.01 0.01 0.005 0.005 0.1 

19 Cyanide mg/L ≤ 0.005 0.05 0.2 0.2 0.2 

20 Volatile Phenol mg/L ≤ 0.002 0.002 0.005 0.01 0.1 

21 Oil Category mg/L ≤ 0.05 0.05 0.05 0.5 1.0 

22 
Anionic 

Surface-active 
Agent 

mg/L ≤ 0.2 0.2 0.2 0.3 0.3 

23 Sulphide mg/L ≤ 0.05 0.1 0.2 0.5 1.0 

24 
Faecal 

coliforms 
unit/L ≤ 200 

200~ 

2,000 

2,000~ 

10,000 

10,000~ 

20,000 

20,000~ 

40,000 

(Source: Ministry of Environmental Protection of China. 2002. Environmental Quality Standards 
for Surface Water (GB 3838-2002). Beijing.) 
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