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Abstract 

“Don’t Think of ‘Waste’water”: 
Evaluation and Planning Tools for Reuse-Oriented Sanitation Infrastructure  

 
 

by 

Ashley Elizabeth Murray 

Doctor of Philosophy in Energy and Resources 

University of California, Berkeley 

Professors Kara Nelson and Isha Ray, Co-Chairs 

 

The conventional conception of human waste as a disposal problem has stimulated limited 

financial and managerial commitment to its safe handling in most developing urban areas.  

Today, with over 2.6 billion people unserved, delivering effective and reliable urban sanitation is 

one of the world’s biggest challenges.  The point of departure for this dissertation is the 

contention that re-conceiving human waste as a resource can achieve outcomes that are more 

environmentally and economically sustainable, and also more robust over the long-term, than 

conventional design-for-disposal schemes.  To help actualize that shift, I develop two decision 

support tools, the Burden to Capacity Sustainability Assessment (B2C SA) and Design for 

Service (DFS) planning approach.  The B2C SA contributes quantitative rigor to the claim that 

waste is a resource by enumerating its value in the region of interest.  DFS is the first sanitation 

planning tool that is explicitly reuse-oriented, and that through a five-step process can guide 

planners to a scheme that is tailored to the urban settlement it will serve.  I apply these tools to 

three different case studies in Chengdu, Sichuan Province, China to demonstrate their utility.  The 
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results demonstrate how strategic, reuse-oriented sanitation can be leveraged to contribute to the 

local economy and to environmental goals and objectives in ways that go far beyond those 

associated with a conventional wastewater treatment plant. 
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CHAPTER 1 

Introduction 

1.1 Motivation 

To all the sanitation engineers, urban planners, and decision makers I say: don’t think of 

wastewater.  Every year, the city of Chengdu, China expends $3 million on electricity to run the 

wastewater treatment plants in its urban core, meanwhile discarding $3.4 million worth of 

embodied electricity…because they think of wastewater.  Every year, the same treatment plants 

discard nutrients with a local retail value of nearly $3 million…because they think of wastewater. 

More alarming than these foregone economic opportunities, is the fact that most wastewater and 

fecal sludge around the world are discharged directly into the ocean or rivers without any prior 

treatment [2]…because they are conceived of as disposal problems.  This practice is known to 

exact severe public and environmental health costs; however, treatment is afforded low priority 

by most governments in low- and middle-income countries as it simply adds to the direct costs of 

disposal.  In the words of the United Nations’ World Water Development Report 3, published just 

months ahead of this dissertation, “[w]e need to transform the way we look at wastewater, 

recognizing it as a resource rather than a problem, and manage it accordingly,” (pp 133-134, [3]).  

In fact, the UN’s call is informed by the wisdom of a long list of publications that have argued for 

a new approach to sanitation – one that includes the use of low-cost technologies, and that makes 

use of the resource value of human waste [4-7].  This dissertation assumes reuse as a point of 

departure; it is grounded in the belief that reuse-oriented sanitation can achieve outcomes that are 

more environmentally and economically sustainable, and also more robust over the long-term, 

than conventional design-for-disposal schemes.  This dissertation is a response to the slow 
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progress made thus far towards integrating the reuse-oriented philosophy into mainstream urban 

sanitation planning and implementation.   

To help catalyze the shift to a reuse-oriented model for urban sanitation, I seek to build awareness 

and agency among sanitation planners and decision makers.  I have developed and piloted two 

separate but complementary decision-support tools designed to compel choices that privilege 

reuse-oriented sanitation.  The first tool is the novel Burden to Capacity Sustainability 

Assessment (B2C SA) for evaluating existing sanitation infrastructure and it is intended to 

contribute quantitative rigor to the claim that wastewater is a resource. The Burden-to-Capacity 

ratios that make up the framework are designed to explicitly link urban patterns to the state of the 

environment, to capture and quantify the externalities associated with both the absence and 

presence of sanitation systems, and to reveal the opportunity costs and benefits associated with 

designing sanitation schemes for reuse versus disposal.  The results of the assessment, when 

applied to conventional systems, should provide motivation for seeking lower cost, less energy 

intensive, and more reuse-oriented sanitation schemes.  The second tool is the five-step Design 

for Service (DFS) planning and decision-making protocol for developing locally appropriate 

sewage treatment systems.     DFS is a five-step approach to devising sanitation schemes that 

maximize the extent to which resources embodied in wastewater are utilized for the most locally 

appropriate “services” (e.g., irrigation, industrial reuse, toilet-flushing, cement manufacturing).  

DFS defines wastewater as a resource, and the planning process and choices about its reuse 

inform the infrastructure design.  Once the intended reuse is chosen, DFS uses lifecycle analysis 

(LCA) to quantify tradeoffs among relevant treatment technology options.   

These tools are born of theory and empirical evidence at the convergence of the literatures on 

sanitation engineering, sustainability indicators, and planning. I provide the relevant literature 
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reviews as appropriate in future chapters.  To give these tools a life beyond theory, three 

demonstrative case studies are at the core of this dissertation, showing the potential of the B2C 

SA and DFS planning approach to be used in practice. All of the case studies are located within 

the Chengdu Municipality in China.  I use an existing wastewater treatment plant (WWTP) in the 

urban core of Chengdu to pilot the B2C SA.  This application of the B2C SA reveals numerous 

opportunities to improve the economic and environmental profile of the treatment plant, and 

signals policy options that could be implemented to enhance the overall sustainability and 

performance of this and future WWTPs in the region.  The case study thereby demonstrates both 

specific opportunities to improve the WWTP in Chengdu, and the broader potential of the B2C 

SA to advance the role and impact of sustainability indicators in decision-making processes.   

I use the second and third case studies to show how DFS can be applied to either retrofit existing 

sanitation schemes for reuse, or to design new reuse-oriented treatment plants, respectively.  The 

first case study concerns four existing treatment plants in the urban core of Chengdu, and I 

applied DFS to develop a reuse-oriented sewage sludge management plan to replace the current 

practice of landfill disposal.  In the second case study I use the unserved area of Pixian, a peri-

urban district in the Chengdu Municipality, as the site for applying DFS to design a sanitation 

scheme that is tailored for reuse in agricultural irrigation.  These two case studies exhibit the DFS 

framework’s unique ability to foster a planning process that is at once scientifically rigorous and 

informed by diverse data inputs, while still remaining highly tractable and thus viable for 

planning in practice. 

1.2 Case Study Location, Description, and Rationale 

China is a natural place for basing research aimed at improving the design and performance of 

wastewater treatment infrastructure.  China is the world’s fastest growing economy, and with 1.3 
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billion people, the world’s most populous country [8, 9].  However, despite the country’s 

remarkable economic performance, China’s aggressive development trajectory has come at the 

expense of severe environmental pollution and deterioration.  Among China’s less proud 

statistics, 16 of the 20 most polluted cities in the world are in China [10]; 70% of China’s rivers 

are polluted and 50% of its groundwater is contaminated [11]; the United Nations predicts that by 

2010 there will be 50 million environmental refugees in China due to desertification and water 

shortage [12]; and Chinese government officials estimate that pollution problems cost more than 

$200 billion per year [10].  The Chinese government has begun to recognize the severity of the 

nation’s environmental problems, evidenced by the enactment of numerous environmental 

protection and remediation policies since the turn of the 21st-Century.  The shifting emphasis on 

the environment can be traced back to the installment of the State Environmental Protection 

Agency (SEPA), formerly the less influential National Environmental Protection Agency, in 

1998.  China’s 11th five-year plan (2006-2011) also includes an overarching theme of more 

strategic and sustainable development through better incorporation of science into the planning 

process, and specific resource conservation targets include reducing energy consumption per unit 

of GDP, and reducing pollutant discharges, among others [13].  

Arguably, water shortage and water pollution – the latter exacerbating the former – are two of 

China’s most severe environmental problems.  While China has an annual water supply of 2.8 

trillion m3, making it the fourth largest supply in the world, on a per capita basis, they have 2200 

m3, reducing their ranking to 88th in the world, and amounting to one-quarter of the world’s 

average [14].   There is a critical water shortage of 40 billion m3
 per year in the north of China, 

and  400 of the 600 major Chinese cities suffer some degree of water shortage [15].  Like other 

environmental issues in China, there has been a dramatic increase in the number of policies and 

regulations related to water conservation and water quality protection over the course of the last 
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decade.  Most notably, the Water Resource Law, reformed in 2002 from its original 1988 version.  

The reformed law is the first Chinese policy to recognize the economic value of water, and the 

first to recognize the environment as a legitimate water use. 

Water pollution can be attributed to a plethora of point and non-point sources in China; however, 

a large fraction of the pollution is the result of urban industrial pollution and population growth 

that has outpaced the implementation of adequate sanitation infrastructure.  In 1954, China had 

approximately 72 million urban residents; by 2004 the urban population had increased seven-fold 

to 540 million, and demographers predict that it will increase to 900 million by 2020 [16].  In 

response, the Chinese government has stipulated that by 2010 at least 50% of wastewater 

generated in urban areas (this includes 667 cities) be treated.  Goals are increasingly lofty for 

cities of higher status: prefecture and county-level cities must treat at least 60%, and  provincial 

capitals must treat 70% of their wastewater by 2010 [17].  By 2002, China had approximately 500 

WWTPs with an annual capacity of 13.5 billion m3, compared to an urban wastewater discharge 

of 63.1 billion m3 1 [17, 18].  The WWTPs that have been built resemble those which can be 

found in the US or Western Europe: the process train typically includes screening, primary 

sedimentation, conventional activated sludge, secondary sedimentation, and sometimes chlorine 

or ultraviolet disinfection [personal WWTP visits in Beijing and Chengdu, [14]].  However, best 

practices in the US and Western Europe, such as anaerobic sludge digestion and biogas 

collection, are seldom adopted.  In the view of the Chinese government, these western style 

“state-of-the-art” WWTPs are symbols of modernization and development.  However, from a 

reuse-oriented perspective on sanitation, they represent at best, lost opportunities, and at worst, 

systems that will soon fall into disrepair because they prove too costly to maintain and operate.   

                                                      
1It is widely acknowledged that actual wastewater treatment falls well below the design capacity of many 

plants because of insufficient pipe networks.   
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As discussed above, the three case studies that make up this dissertation were researched and 

carried-out in Chengdu, the capital of Sichuan Province in southwest China (Figure 1. 1 and 

Figure 1. 2).  The Municipality covers 12,390 km2 and has a population of approximately 10.8 

million people with about 4.3 million residing in the urban core.  As discussed above, I chose to 

focus my work in two discreet sections of the Municipality: the urban core, and Pixian, a peri-

urban district located 25.5 km northwest of the city center (Figure 1. 2).  The B2C SA was 

applied to a WWTP in the urban core, as it is a region that has fairly extensive wastewater 

treatment coverage.  Similarly, I chose to focus on four WWTPs in the urban core for the case 

using DFS to retrofit an existing sewage sludge handling scheme.  This work was in response to 

an imminent deadline imposed by the landfill for the four facilities to find an alternative disposal 

or end-use option for their sludge.  In contrast to the urban core, Pixian is essentially a blank-slate 

with respect to wastewater treatment infrastructure2, thus it was an ideal location to pilot the DFS 

framework for the design of new facilities, and to provide recommendations for a future sewage 

handling scheme. I strategically chose Pixian over other unserved peri-urban districts because it is 

located upstream of the urban core and therefore, water quality protection and the expansion of 

wastewater treatment has been prioritized by the Municipality.        

 

                                                      
2 The first wastewater treatment plant, with a capacity of 20,000 m3/d is in the planning phase as of 

February 2007. 
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 Figure 1. 1.  Map of China showing location of Chengdu, the capital of Sichuan Province.  (Map 
reproduced from Schneider et al. 2005). 
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Figure 1. 2.  Map of Chengdu Municipality. Districts of the urban core are shaded; the peri-urban district  
of Pixian is outlined with dashed box.  (Map reproduced from Schneider et al. 2005). 

 

1.3 A Preview of What Follows 

In the subsequent chapters of this dissertation I provide readers with the theory and rationale 

behind the B2C SA and DFS planning approach, detail their components, and present the results 

of piloting them in the Chengdu Municipality.  The first section of the dissertation is dedicated to 

the B2C SA and the latter section to DFS; the DFS component is intended to read much like a 

users’ manual such that readers could adopt the planning approach and apply it to towards the 

retrofit or design of a new sanitation scheme in their own city of interest.  The contents of each 

chapter are briefly described below. 
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• Chapter 2: Burden to Capacity Sustainability Assessment – Theory and Rationale 

This chapter draws from the literature on sustainability indicators to understand why, despite their 

prevalence and seeming potential, sustainability assessments have thus far had limited impact on 

decision and policy-making processes.  I trace the weaknesses of existing indicator frameworks to 

the absence of four characteristics that I argue are critical to the design of sustainability 

assessments which influence stakeholder decision making: non-compartmentalization, site-

specificity, built-in guidance for target setting, and ability to measure active sustainability.  The 

B2C SA is the result of designing a framework that incorporates these attributes; I present a 

version of the B2C SA tailored to evaluating WWTPs in Chengdu at the end of the chapter. 

 

• Chapter 3: Burden to Capacity Sustainability Assessment – Application in Chengdu 

This chapter presents the results and policy implications of applying the B2C SA to one WWTP 

in the urban core of Chengdu.  I also detail the methods for evaluating each ratio, and present the 

rubric and results of subjecting the data used for the Chengdu application to a comprehensive 

quality analysis. 

 

• Chapter 4: Design for Service – Theory and Rationale 

I open Chapter 4 with a discussion of the sanitation community’s current focus on improving 

local-level planning – evidence of the timeliness of, and need for, a tool like Design for Service.  

I go on to argue the particular need for planning approaches that are explicitly reuse-oriented, not 

only as a means of achieving environmental sustainability, but as a means of motivating the long-

term operational sustainability of sanitation schemes, especially in poor cities.  In the latter 

section of the chapter, I outline the five steps that make up the DFS approach, setting the stage for 

the subsequent four chapters where I elaborate on each of the steps. 
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• Chapter 5: Design for Service Step 1 – Comprehensive Overview of Services that 

Wastewater, Fecal Sludge and Treatment Byproducts can Provide 

 

This chapter provides a comprehensive overview of the potential productive uses (or services, as 

they are referred to in the DFS approach,) of wastewater, fecal sludge, and sewage sludge.  The 

chapter includes detailed descriptions of each reuse; potential benefits, risks, and barriers to their 

implementation; a representative range of reuse quality standards (where applicable); and 

references to full-scale examples of different reuses around the world. 

 

• Chapter 6: Design for Service Step 2 – Local Demand for Wastewater and Sludge 

Services, the cases of Pixian and Chengdu 
 

In Chapter 6 I present the methods I developed for conducting a rapid demand assessment for (1) 

agricultural irrigation in a region of interest, and (2) an array of productive end uses for sludge.  I 

present the results of applying these methods to the Pixian and Chengdu case studies, 

respectively. 

 

• Chapter 7: Design for Service Steps 3-4 – Performance Assessment and Design of 

Sanitation Scheme for Wastewater Reuse, the Case of Pixian 
 

This chapter presents the methods for working through DFS Steps 3 and 4 in circumstances 

where DFS users are considering designing a sanitation scheme for reuse in agricultural 

irrigation.  I developed a multi-dimensional performance assessment for evaluating the business 

as usual performance of local agriculture.  A key component of the performance assessment is a 

quadratic optimization and simulation model that can be used to evaluate the business as usual 

spatial equity and profitability of local agriculture; the model can also be used to quantify the 

impacts that supplementing or replacing existing irrigation with wastewater would have on the 
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system.  I provide a detailed description of the model and present the results of applying it in 

Pixian.  

 

• Chapter 8: Design for Service Steps 3-5 – Performance Assessment and Design of Sludge 

Handling Scheme for Reuse, the Case of Chengdu 
 

This chapter picks up with the Chengdu case study of providing recommendations for a reuse-

oriented sludge management scheme for the four WWTPs in the urban core.    I developed a 

protocol for evaluating the environmental and economic benefits of different productive end-use 

options for sludge, as well as for evaluating the tradeoffs among different sewage sludge 

treatment technologies.  Both of these protocols rely on a combination of process-based and 

economic input-output lifecycle analyses (LCA).  In this chapter, I detail the LCA methods I 

employed, and present the results for the Chengdu case study. 

  

• Chapter 9: Policy and Practice in China: Does the Institutional Landscape Accommodate 

Reuse-Oriented Sanitation Planning 
 

While the primary goal of this dissertation was to develop methodologies and tools that can 

inform decision making and foster the planning of reuse-oriented urban sanitation, it would be 

remiss to ignore the role that institutions play in the success of such tools.  Chapter 9 is an 

analysis of the opportunities and barriers to the widespread adoption of DFS in China with 

respect to Chinese policies and practice as they relate to water and the environment.  In this 

chapter I juxtapose an archival review of relevant laws with an analysis of their administration 

and implementation in Chengdu. I use Lipsky’s theory of street-level bureaucrats to explain the 

gap between legal policy and its practice, and as the basis for recommendations towards 

promulgating reuse-oriented sanitation planning in Chinese cities. 
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• Chapter 10: Conclusions 

In this final chapter, I discuss the contributions of my work to two fields in particular: the 

measuring and monitoring of progress towards sustainability, and the planning and 

implementation of urban sanitation infrastructure.  These contributions were themselves a vehicle 

for contributing quantitative rigor to the claim that wastewater, fecal sludge and treatment 

byproducts are resources.  I summarize the results of the three case studies carried out in this 

dissertation and I also discuss future research projects that extend from this body of work. 
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CHAPTER 2 

Burden to Capacity Sustainability 

Assessment – Theory and Rationale 

2.1 Introduction 

This chapter introduces the framework for a novel sustainability assessment, one of two tools for 

evaluating and planning urban sanitation infrastructure that were developed for this dissertation.  

It is true that there exist numerous sustainability assessments (as of a literature review published 

in 2003, there were over 500 [19]), both for measuring regional sustainability quite broadly, and 

specifically for measuring water and sanitation infrastructure.  So why introduce yet another?   

By the close of this chapter, I hope to convince my readers of the need for “yet another” 

framework, and in particular, of the superiority of the Burden to Capacity Sustainability 

Assessment (B2C SA) over existing frameworks.  To make my case, this chapter begins with a 

historical overview of the concept of sustainability and its measuring and monitoring. Next, based 

on a critical analysis of sustainability assessments found in the literature and a deconstruction of 

their weaknesses, I put forth four attributes that I contend indicators must exhibit in order to be 

effective in the decision- and policy-making realms.  The chapter concludes with the presentation 

of the B2C SA including the rationale for each indicator, as well as a discussion of its novel 

attributes, and how those attributes address the shortcomings of previous sustainability 

assessments. 

2.2 Sustainability – The Concept and Working Definitions  

Sustainability has almost as many definitions as it has users of the term.  Since the concept was 

introduced by the World Commission on Environment and Development in 1987 [20] there have 

been numerous governments, international agencies, community groups, and scholars who have 
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put forth definitions of sustainability, as well as methods for measuring and monitoring progress 

towards sustainable development.  There is still no universally accepted definition – instead the 

terms “sustainability” and “sustainable development” remain ambiguous, and operationalization 

of the concepts tends to be in terms of the values, goals, and objectives of the stakeholders, not in 

terms of unequivocal scientific reasoning [19].  Thus, one of the outstanding challenges of 

sustainable development is to converge on working definitions of the concept that are at once 

embraced by local stakeholders, and that have scientific rigor.   

 

The various definitions of sustainability that have emerged over the last two decades can be 

traced back to two distinct views: the Biogeophysical view of sustainability and the Competing 

Objectives view of sustainability [21].  According to the Biogeophysical view, the Earth’s 

systems have an explicit carrying capacity and we as humans must live within those limits so as 

to preserve non-replaceable natural capital assets.  This view treats the socioeconomic system as 

part of the ecological system [22]. From the Biogeophysical view evolved the field of ecological 

economics to develop tools to account for environmental uncertainty and irreversibility, factors 

traditional neoclassical economics ignore when measuring and monitoring economic 

development [22].   According to Collados and Duane (1999), ecological economics has three 

main goals, which I argue also encapsulate the goals of the Biogeophysical view of sustainability: 

“first, assessing and ensuring that the scale of human activities is ecologically sustainable; 

second, ensuring that the distribution of resources is fair within the current generation, between 

future generations, and between species; and third, efficiently allocating marketable and non-

marketable resources under those limits,” (p. 447).  Critics of the Biogeophysical view of 

sustainability argue that there are no natural capital limits, citing technological innovation and our 

ability to substitute goods as reasons humans are not beholden to natural systems [23].  Rather, 
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they argue that economic development is sustainable as long as the overall stock of assets remains 

constant [22].   

The Competing Objectives view of sustainability acknowledges the importance of conserving 

natural capital as a means to human development, but not as an end in itself [22].  Unlike the 

Biogeophysical view that prioritizes economic and social activity within the boundaries of pre-

determined environmental limits, the Competing Objectives view gives equal consideration to 

environmental, social, and economic needs and objectives, and seeks to minimize the tradeoffs 

that inevitably result among them.  

2.3 Sustainability Assessments and Sustainability Indicators 

Since the 1990s, sustainability assessments have become an increasingly common device for 

measuring progress towards sustainable development.  The sustainability frameworks that have 

gained political traction are primarily grounded in the Competing Objectives view of 

sustainability, as cities and nations tend to define sustainability in terms of the triple bottom line: 

economy, society and environment [24-30].  The approach of positioning economic, 

environmental, and social indicators as separate and equally interchangeable tradeoffs in 

sustainability frameworks likely stems from the desire to appeal to a very broad set of interests; 

their inclusion invites wide participation in the development process, creating a platform for 

diverse stakeholders to express their needs and priorities.  Though the “competing objectives” 

view is a widespread interpretation of sustainability, the lack of interaction among these three 

dimensions in existing indicator frameworks means they fail to capture the positive and negative 

feedbacks between the environmental, social, and economic components of sustainability.  Each 

of these dimensions is an important measure of human well-being but much of the added value of 
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applying a sustainability assessment is lost if a multi-objective framework fails to show that a 

deliberate change along one dimension of sustainability inevitably impacts other dimensions. 

Indicators 

Indicators are the common unit of analysis within sustainability assessments.    The term 

‘indicator’ has been defined in many ways, but for the purposes of this research, the OECD’s 

definition of the term is used: “a parameter, or a value derived from parameters, which points to/ 

provides information about/describes the state of a phenomenon/environment /area with a 

significance extending beyond that directly associated with a parameter value,” [31] (where 

parameter is defined as “a property that is measured or observed.”).  According to Agenda 21, the 

first entity to call for sustainability indicators, their purpose is to, “…provide solid bases for 

decision making at all levels and to contribute to a self-regulating sustainability of integrated 

environment and development systems,’’ [32].   

Under the umbrella of the Competing Objectives view, numerous ways of categorizing indicators 

and displaying the tradeoffs between sustainability objectives have emerged.  Many researchers 

have categorized indicators into themes such as Economic, Technical, Environmental, Socio-

Cultural, and Health and Hygiene, among others [33-37].  The Pressure-State-Response (PSR) 

model, initially posed by the OECD (1987) is designed to show causal linkages between natural 

and human dimensions [20, 36, 38].  Finally, the life-cycle assessment approach has been adapted 

to sustainability frameworks and consists of Goal and Scope Definition, Inventory Analysis, and 

Optimization and Results [33]. 

Despite the good intentions of efforts to devise meaningful indicator frameworks, several 

researchers conclude that thus far, indicators have done little to contribute to sustainable 

development  [37, 39, 40].  There is a need to develop indicators that shed light on how human 
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designed and driven systems interact with environmental systems, and to develop indicators that 

can measure the extent to which economic and social development occurs in harmony with, and 

not at the expense of, the environment [22, 41].   

The urban wastewater treatment sector has garnered some attention with respect to sustainability 

assessments [33-37, 42, 43].  The goals of the current research were to develop an assessment for 

wastewater treatment infrastructure that: (1) conveys relationships between environmental, social 

and economic dimensions of sustainability, and (2) specifically evaluates how well tailored the 

infrastructure is to the context in which it functions.  The resultant framework, the Burden to 

Capacity Sustainability Assessment (B2C SA), builds upon the contributions of previous 

research; it is intended to enhance the impact and influence of sustainability indicators in decision 

making associated with designing, implementing and operating a viable sanitation scheme. In this 

chapter I explain the novel features of the B2C SA and present the set of 26 indicators that I 

developed to evaluate existing wastewater treatment infrastructure in urban China.  In the 

following chapter I present the results of applying the B2C SA to a treatment plant in the urban 

core of Chengdu.  

2.4 Proposed Criteria for Designing and Choosing Sustainability 
Indicators  

A number of scholars have proposed sets of necessary criteria for indicator frameworks to be 

influential in the policy realm.  For example, Cash et al. argue that three attributes are essential: 

saliency, the state of being relevant to actual policy choices; credibility, the state of being 

scientifically plausible and technically accurate; and legitimacy, the state of being unbiased and 

politically fair [44].  Lundin et al. pose six criteria for selecting useful sustainability indicators: 

they should be able to demonstrate a move toward or away from sustainability; they should be 

applicable to a broad range (type and scale) of systems; they should have the ability to provide 
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warning of potential problems; they should be amenable to existing data; they should be 

comprehensive; and they should be cost-effective [45].   

I argue that the above characteristics may be important but are not sufficient; adhering to them 

does not necessarily render a set of indicators that expose tradeoffs, and the relative costs and 

benefits, of decisions on different dimensions of sustainability.  I put forth four different attributes 

that I believe are necessary for a set of indicators to become embedded in the policy-making 

process.  Those attributes are non-compartmentalization, site-specificity, built-in guidance for 

target setting, and ability to measure active sustainability, each of which is detailed below.    I 

specifically draw my examples from SAs for wastewater treatment, as it is a sector that has 

garnered much attention in the realm of sustainability [33-37, 42], and they are most germane to 

this dissertation research. However, many of the shortcomings and recommended changes that I 

have identified extend to sustainability assessments more broadly, and can be considered as an 

approach to advancing the state of the field in general.   

Non-compartmentalization 

It was said more than a decade ago that “indicators will not help address urban sustainability 

problems unless clear linkages can be established between urban patterns and the state of the 

natural resource base,” [41].  Today, one of the most common criticisms of sustainability 

indicators is still that they fail to link economic and social metrics to environmental metrics. With 

the absence of these linkages, indicators fail to send clear signals regarding policy responses that 

aim to improve sustainability [22, 40, 41, 46].  The disconnect between different dimensions of 

sustainability is fostered by the common organization of sustainability frameworks that 

compartmentalize indicators into separate categories, leading to the same “fragmented view of the 

world that caused the problems,” [46].  For example, the indicators developed by Ashley and 
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Hopkinson for assessing sanitation systems in the UK, and those developed by Balkema et al. for 

wastewater treatment systems more broadly, are divided into three components: economic, 

environmental and social [34, 38].  Similarly, Hellstrom et al. as well as Bracken et al. suggest 

five categories of indicators for assessing urban water systems: health and hygiene, socio-cultural, 

environmental, economic, functional, and technical [35, 47].  Table 2. 1 shows the typical 

categorization of indicators and a selection of those that are often used. 

Table 2. 1.  Traditional sustainability assessment categories and indicators  
found in the literature for assessing wastewater treatment systems. 
Indicator Source 

Environment  

      BOD, COD, TSS removed (%) [45, 47, 48] 

      energy consumed/ML water pumped to treatment plant [47, 49] 

      solids production (kg/p.e./yr) [45] 

      eutrophication N, P to water (kg/p.e./yr) [35] 

Human health  

      coverage (sewage connection) (%) [30] 

      risk of waterborne infection (#outbreaks/100,000) [35, 47, 50] 

Economic  

      O&M cost per water produced ($/105m3) [51] 

      employees per water produced (#/105 m3/yr)  [51] 

Social  

      households with water bill >3% of their income [52] 

      social acceptance [35, 53] 

Technical Function  

      system robustness (# sewer stoppage/100,000 p.e./yr) [47] 

      complexity of construction and O&M [47] 

      flexibility/adaptability [35, 47] 

 

In the SA construct depicted in Table 2. 1, there is no predicable relationship between any of the 

indicators, particularly those in different categories.  I contend that SAs have potential to be far 

more effective if rather than explicitly segregating different dimensions of sustainability, those 

dimensions are explicitly coupled.  As mentioned earlier, such categorical segregation may 
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perpetuate a false notion that the result of an indicator in one category can change without 

consequence on indicators in other categories. For example, in Table 2. 1, an effort to decrease 

eutrophication is likely to simultaneously increase several other indicators including energy 

consumed, solids production, operation and maintenance (O&M) cost, and flexibility of O&M. 

However, these interrelationships are not captured in the conventional indicators.  

Site-specificity 

Due to the site-specific environmental, social, and economic landscapes, indicators with the same 

value may have different implications in different regions.  For example, it is not sufficient to 

measure and compare the percentage of BOD or nutrients removed: from one watershed to 

another, there can be dramatic differences in the impacts that organic and nutrient discharges 

have on ecosystems. Similarly, it is not adequate to measure and compare how much energy is 

used to treat one cubic meter of wastewater: the impacts of energy intensive treatment systems 

are highly dependent on the local energy portfolio, and the social impact is largely dependent on 

users’ ability to pay.  SAs are often used for comparative analyses between different cities, 

regions, or nations. However, to contrast two locations based on the results of an SA with uni-

dimensional components, such as those shown in Table 1, makes for an apples-to-oranges 

comparison.  A more useful comparison would be between the impacts of the results, not the raw 

numbers.  Thus, indicators should be designed with what might be called local impact factors, a 

type of benchmark that clearly reveals not just a raw number but how the number manifests itself 

locally.  For example, a benchmark for user fees would be average household income.  

Guidance for setting target values 

Users have a wide range of knowledge bases which they employ in the process of conducting 

sustainability assessments, and making decisions based upon their results.  While developing and 

applying SAs is often lauded as a participatory, community-building experience, relying on 
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consensus based targets results in goal-setting that is socio-political and not necessarily scientific 

[54].  It cannot be assumed that the stakeholders involved in the target-setting process possess the 

necessary background for making fully informed decisions about an indicator’s appropriate 

target.  This problem of arbitrary target setting can be eliminated by implementing the suggestion 

made above, that indicators have built-in impact factors. The benchmarks would serve to translate 

the results of indicators requiring specialized knowledge into easily understood local 

consequences by revealing an explicit impact or tradeoff.  For example, a benchmark for the 

global warming impact (GWI) of the treatment process, (a common indicator in sustainability 

assessments,) could be the potential for offsetting the GWI through energy capture at the facility.  

Users can then negotiate over and establish target indicator values based on the local impact they 

are willing to accept or determined to avoid, a decision that properly belongs in the socio-political 

realm. 

Measure active sustainability  

With few exceptions, indicators that populate wastewater treatment sustainability frameworks 

assess what I term the “passive” sustainability of sanitation infrastructure.  That is, these 

indicators measure the extent to which, and how efficiently, the system is preventing human 

waste from spreading disease and degrading the environment.  Examples of indicators that fall 

into this category include: coverage (% of population with access to wastewater treatment, % of 

population with sewer connections), nutrient removal (phosphorous discharge, % nitrogen 

removal), pathogen removal (% pathogen removal, risk of waterborne disease), cost ($ per m3 of 

treated water, operation and maintenance cost per customer) [30, 45, 50, 51, 54, 55]. However, 

wastewater and fecal sludge can be valuable resources if managed properly, and the reuse of 

embodied nutrients, energy, and wastewater itself are seen as fundamental to sustainable 

sanitation [5, 56, 57].  Thus SAs must capture both passive sustainability, and this additional 
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dimension of ‘active’ sustainability, a measure of how a sanitation scheme is contributing to or 

adding value to the local environment, social well-being, and economy.  It is true that some SAs 

include indicators that measure the degree of reuse of a given sanitation system (e.g., % of 

wastewater reused, % of nutrients reused, etc.,) but the local benefits of reuse and/or the costs of 

disposal-oriented sanitation, including direct damage costs and opportunity losses, are never 

revealed or even implied. 

2.5 B2C Sustainability Assessment 

The overarching goal of the sustainability assessment framework presented in this dissertation is 

to develop an approach that can enhance the impact and influence of sustainability indicators in 

decision and policy making.  The B2C SA builds upon existing efforts by capturing similar 

information about the performance of wastewater treatment systems, and contextualizes the 

information to reveal local-level negative externalities and/or lost opportunities at which a given 

level of performance is achieved.  Illuminating this information is accomplished by incorporating 

the four characteristics described above – that are critical but often lacking – into the B2C SA.  

There are several features of the B2C SA that set it apart from existing frameworks, in particular, 

its organization, indicator format, and overall content, each of which is detailed below.  I 

emphasize that the particular indicators presented in this research are tailored to the Chengdu 

context, thus will not be universally transferrable. However, I believe the multi-dimensional 

indicator format, and the organization of the B2C SA, are widely transferable to wastewater and 

non-wastewater sustainability assessments.  Table 2. 2 presents the complete B2C SA that I 

developed for Chengdu, and the novel attributes are detailed below.    
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Novel attributes of the B2C SA  

Life-cycle approach to SA organization  

The structure of the B2C framework is unique, as indicators are not grouped according to the 

dimension of sustainability that they measure, but rather the phase of wastewater treatment that 

they are relevant to, thus avoiding the compartmentalization of different components of 

sustainability.  The categorization used for this framework was chosen to reflect the lifecycle 

approach to sustainability; the three categories – production phase, treatment phase, and end use 

phase – provide a comprehensive picture of the treatment scheme (Table 2. 2). The organization 

of the indicators facilitates analysis of which segment of the wastewater lifecycle is the weakest 

or has the greatest opportunity for improvement.  

 Indicator format  

The B2C indicators represent a shift from one-dimensional metrics that measure a single value, to 

two-dimensional metrics that capture an opportunity, either realized or lost, that results as a 

consequence of a particular decision.   Each indicator is formulated as a ratio with the “burden” 

on the left-hand side, and the “capacity” on the right-hand side.  The burdens are in the form of 

economic costs (e.g., operation and maintenance costs (B2C #12)), environmental stressors (e.g., 

environmental water shortage (B2C #3)), or resource demands (e.g., local demand for nutrients 

(B2C #24)). The capacities are either a measure of the extent to which the associated burden is 

adequately managed or abated in the local context (e.g., user fee collection (B2C #12), available 

GWI offset via energy capture (B2C #6)), or a measure of the extent to which the scheme is 

suitable for, or receptive to, a given burden (e.g., replacement value of existing infrastructure 

(B2C #14), amount of treated wastewater used for agricultural irrigation (B2C #19)) (Table 2. 2).  

The dual function of the ‘capacity’ reflects the give-and-take relationship that exists between a 
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sanitation scheme and the landscape it functions in, and measures the extent to which they are in 

balance.     

One purpose of two-dimensional indicators is to expose the linkages between different 

dimensions of sustainability (e.g., environmental, social and economic). Each of the three 

lifecycle categories in this framework consists of indicators that address economic, environmental 

and social facets of sustainability; many of the B2C ratios address more than one of these 

dimensions simultaneously.  For example, B2C #5 (Energy used to treat wastewater : Empirical 

energy value of wastewater,) simultaneously captures economic and environmental information, 

while B2C #7 (Facility electricity use per person equivalent : Average local per capita electricity 

use,) captures both economic and social information (Table 2. 2).   

Another purpose of the two-dimensional ratios is to provide site-specific context, and thus to 

provide guidance in setting target values.  For each indicator, either the burden or the capacity – 

and in some cases both – is a decision-making variable, meaning that local stakeholders must 

make choices that determine its value.  Target values or limits are not pre-determined in the B2C 

SA framework.  Those choices are left to the users of the SA, but the opportunities revealed by 

the ratios are intended to foster more informed decisions and goal setting.   

To use B2C #6 as an example of how the B2Cs provide guidance in target setting, decision 

makers can use the right-hand side of the ratio, available GWI offset via energy capture, as a 

benchmark of the degree to which GWI could be reduced (Table 2. 2). Thus the GWI offset 

potential can help SA users set realistic targets for the allowable GWI caused by the wastewater 

treatment process, either for the facility in question or for future facilities in the immediate 

vicinity. Rather than arriving at arbitrary target values for each indicator, users of the B2C 

framework can make decisions based on how they leverage the inherent relationship in each of 
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the B2C ratios.  Furthermore, these capacities are designed to be easily understood by any user.  

Thus, while decision makers may lack the training to adequately manage or abate ‘burdens’ 

associated with wastewater from a scientific perspective, the simple but multi-dimensional 

relationships revealed by the B2C ratios are intended to facilitate decisions that favor a 

sustainable development trajectory.  

The B2C SA is designed to be sensitive to a sanitation scheme’s performance in particular 

contexts.  The capacity in the Burden-to-Capacity ratio is operationalized such that its value is 

based on local environmental, economic, and social conditions.  Using B2C #9 as an example, the 

cost of nutrient removal (for disposal) is juxtaposed against the local retail value of  nutrients in 

the influent as a benchmark for the rationality, and the social, economic, and environmental 

sustainability of handling nutrients as waste as opposed to a resource (Table 2).  In regions with 

agriculture in the immediate vicinity, the opportunity cost of nutrient removal and disposal is far 

greater than in regions where there is no easily accessible productive end user of nutrients.   

 B2C SA content  

This assessment is designed recognizing that wastewater and wastewater treatment byproducts 

are resources with quantifiable economic and social benefits.  The overall framework puts 

significant emphasis on assessing the degree to which the embodied energy, nutrients and the 

wastewater itself are put to productive and valuable use in the region. The plausibility of 

collecting the necessary data, and of determining a sound calculation or approximation, was also 

taken into account for the development of each indicator so as to improve the usability and 

adoption of the framework as a whole. Finally, sustainability assessments require one to think of 

systems as being closed-loop, and one must make choices about where the boundaries of any 

system lie. In this assessment, the unit of analysis is the treatment plant and the municipality it 
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operates in, but it is certainly possible to extend the B2C approach upstream or downstream of 

this boundary, or to apply it at the watershed level. 

Table 2. 2.  Burden to Capacity Sustainability Assessment (B2C SA) for evaluating wastewater  
treatment infrastructure.  The assessment is composed of 26 indicators divided into 3 categories,  
production phase, treatment phase, and end-use phase. 

PRODUCTION PHASE Indicator Purpose 

BURDEN CAPACITY  

1.  Domestic Wastewater    

             Produced 

Domestic Wastewater Conveyed 
to Treatment Plant   

Assesses extent to which wastewater is 
safely collected and transported to a 
treatment facility before discharge or 
reuse.  Understanding the magnitude of 
wastewater generated, and the gap 
between generation and conveyance to 
a treatment facility, is a critical starting 
point for future sanitation planning.         

2.  Growth Rate in Water   

                Usage 

Growth Rate in Wastewater 
Treatment   

Assesses extent to which supply of 
wastewater treatment is keeping pace 
with increasing demand for the 
service.  When demand is met, 
capacity to treat wastewater should 
increase proportionally with increases 
in water use.            

3.  Environmental Water  

              Shortage                

Surface Water Withdrawala Measures the environmental 
sustainability of current surface water 
use/withdrawals in the context of 
ecosystem water demand.  Indicator is 
relevant to sanitation planning because 
the water intensity of sanitation (i.e., 
the use of dry toilets versus separating 
toilets versus conventional toilets) 
should reflect local water availability 
to ensure long-term sustainability.    

TREATMENT PHASE Indicator Purpose 

BURDEN CAPACITY  

4.     Current Wastewater  

          Flow to Facility 

Design Capacity of Facility Assesses utilization of the facility.  
When compared to B2C #1, adequacy 
of the sewer network with respect to 
meeting demand for wastewater 
conveyance and supply of treatment 
can be quickly understood. 

5.     Electricity Used to  

         Treat Wastewater 

Empirical Energy Value of 
Wastewaterb   

 Juxtaposes amount of energy directly 
consumed to treat wastewater with 
amount of energy that could be 
captured during the wastewater 
treatment and/or sludge digestion 
processes. The larger the readily 
accessible energy content of the 
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influent, the greater the foregone loss 
associated with using aerobic (energy 
intensive) treatment technologies over 
anaerobic (energy generating) 
technologies.   

6.    Net Global Warming  

  Impact (GWI) Caused by 

  WW Treatment Processc 

Available GWI Offset via 
Energy Capture 

Measures the extent to which 
environmental and economic costs 
(externalities) associated with 
wastewater treatment are offset by 
capturing resources embodied in the 
wastewater. 

7.     Facility Electricity   

Use per Person Equivalent                               

Average Local Per Capita 
Electricity Used  

Contextualizes energy intensity of 
wastewater treatment and its 
appropriateness with respect to local 
electricity consumption. 

8.        Acidification  

         Associated with     

    Wastewater Treatment       

Eutrophication Avoided by 
Wastewater Treatment 

Acidification and eutrophication and 
are proxies for air quality water 
quality, respectively. Their 
juxtaposition measures the extent to 
which environmental burden 
associated with nutrients is shifted 
from the aquatic environment to the 
atmosphere through the treatment 
process.   

9.     Cost of Nutrient  

   Treatment and Removal 

Local Retail Value of Influent 
Nutrients for  Productive Use 

Compares money spent on nutrient 
removal for disposal to the local value 
of nutrients in influent if put to 
productive use.  Reveals monetary 
opportunity loss associated with 
discharging nutrients as waste with 
respect to regional demand for 
nitrogen and phosphorus. 

   10.    Land Area Used for 
Wastewater Treatment  

               Facility  

Habitat Created by Wastewater 
Treatment Facilitye  

Reveals extent to which land used for 
wastewater treatment is also utilized 
for habitat creation.  Land requirement 
of different wastewater treatment 
technologies is often an important 
factor in decision making; it is seldom 
considered that natural systems may 
serve the dual purposes of wastewater 
treatment and wildlife habitat and 
recreation space.   

   11.        Influent  

       Concentration of  

             Pathogens 

Ability of Treatment Scheme to 
Remove Endemic Pathogens          

Reveals appropriateness of chosen 
treatment technologies based on ability 
to remove locally endemic pathogens.     

   12.    O&M Costs  

        (recurring costs)                    

User Fee Collection Assesses extent to which collected 
user fees cover O&M costs. Full O&M 
cost recovery is not always feasible; 
however, the indicator can serve to 
signal economic sustainability of a 
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sanitation scheme or facility.     

   13.      User Fee Average Household Income Assesses user affordability of 
sanitation scheme. 

   14.  Annual Investment  

            in Maintenance 

Replacement Value of 
Wastewater Treatment  

Infrastructure 

Gauges adequacy of maintenance 
investment into treatment facilities.  
As a rule of thumb, the US General 
Accounting Office recommends a 
minimum of 3% of replacement value 
spent per year on maintenance, and 
preferably 6% of the total replacement 
value. They estimate the combined 
cost of annual operation and 
maintenance to be 10% of the capital 
costs. 

   15.    Person Hours per  

        Day Skilled Operator  

           Present at Facility 

Number Days in Previous Year 
Facility Shutdown 

 

Assesses adequacy of facility staffing 
with respect to the annual operation 
efficiency. 

   16.    Sludge Handling  

                    Cost  

Total Cost of Wastewater 
Handling 

Assesses relative economic burden of 
sludge handling. Reveals the potential 
for lowering total wastewater 
treatment costs by improving the cost 
effectiveness of sludge treatment and 
disposal.  

   17.    Daily Average  

        Sludge Production            

Daily Sludge Wasting Reveals extent to which sludge 
handling schedule keeps pace with 
sludge accumulation.   

END-USE PHASE Indicator Rationale 

BURDEN CAPACITY  

   18. Wastewater Treated Wastewater Reused  Compares volume of wastewater 
treated to volume reused. 

   19.   Agricultural Land  

         within 3 km Radius 

Amount of Treated Wastewater 
Used for Agricultural Irrigation 

Provides coarse assessment of local 
opportunity for wastewater reuse in 
irrigation, and measures extent to 
which resource value of wastewater 
for irrigation is captured.   

   20.    Local Value of   

    Resources Embodied in    

             Wastewater 

Value of Wastewater being 
Captured  

Assesses total local value of resources 
(water, energy, nutrients,) in 
wastewater in comparison to the value 
captured. 

 

   21.    Average Metal    

   Concentration in Sludge 

Metal Standard for Sludge 
Land Application 

Assesses whether metal quality of 
sludge meets local standards for land 
application. 

   22.    Local Value of   Value of Sludge being Captured  Assesses total local value of resources 
(energy, soil enrichment, nutrients,) in 
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    Resources Embodied in                                

                Sludge         

sludge in comparison to the value 
captured. 

   23.  Sludge Disposed in  

                 Landfill      

Daily Tipping Capacity of 
Landfill  

Assesses quantity of sewage sludge 
disposed in landfills in the context of 
landfill tipping capacity.   

   24.   Local Demand for  

                 Nutrients  

Unutilized Nutrient Content in 
Wastewater and Sludge  

Reveals local opportunity loss 
associated with handling nutrients in 
wastewater and sewage sludge as 
waste.  The size of local demand may 
also reveal the ease with which a 
productive use could be found for the 
noncaptured nutrients. 

   25.   Effluent Nutrient  

            Concentration          

Nutrient Standard for 
Receiving Water or User  

Assesses extent to which nutrient 
removal matches that necessitated by 
the end use.  Too much nutrient 
removal is unnecessarily costly, and 
too little removal can cause severe 
damage to the environment or other 
processes. 

   26.     Effluent BOD   

            Concentration               

BOD Standard for Receiving 
Water or User  

Assesses extent to which BOD 
removal matches that necessitated by 
the end use.   

 

2.6 Conclusions 

This chapter presented a historical overview of sustainability assessments, and identified a 

number of causes of their limited impact on policy-making despite their prevalence.  Namely, 

existing SAs artificially compartmentalize different dimensions of sustainability; they lack built-

in guidance for target setting; they lack site-specificity; and they fail to emphasize the active 

sustainability aspects of wastewater treatment.  The objectives of this chapter were to present the 

newly developed B2C SA framework for wastewater treatment infrastructure and to convey its 

novel attributes. I believe that its two-dimensional format can provide more concrete decision and 

policy guidance than previously developed assessments that use one-dimensional measures of 

sustainability.  The B2C SA bears four characteristics that I contend are necessary but lacking 

from existing assessments: non-compartmentalization, site-specificity, built-in guidance for target 

setting, and ability to measure active sustainability.  
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The B2C SA does not capture all necessary wastewater treatment planning criteria; rather it is 

intended to supplement traditional engineering analyses. I hope that the unique feature of the B2C 

SA to quantify the local value of resources embodied in wastewater and treatment byproducts will 

facilitate more informed decision making with respect to designing wastewater handling schemes 

for reuse versus disposal.  The next chapter presents the results of applying the B2C SA to a 

wastewater treatment facility in the urban core of Chengdu.  
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CHAPTER 3  

Burden to Capacity Sustainability 

Assessment – Application in Chengdu 

3.1 Introduction 

This chapter presents the results of applying the B2C SA to a wastewater treatment facility in the 

urban core of Chengdu, as well as an interpretive analysis of the information that is revealed by 

the assessment, and policy options that are indicated. A data quality assessment is also included 

such that users can attach an appropriate level of confidence to the value of each of the indicators.  

The Chengdu application of the B2C SA demonstrates the assessment’s potential to expose 

economic, environmental, and social relationships between a sanitation facility and the 

geographic region it was built to serve.  In particular, the results of the B2C SA depict the 

performance of the wastewater treatment plant over the lifecycle of wastewater and treatment 

byproducts, and also quantify the active sustainability of the plant by juxtaposing the local 

economic value of embodied resources with the value being captured.  It is my contention that 

making the linkages more transparent among (1) the resources in waste, (2) treatment 

technologies, and (3) local context, will help to catalyze decision and policy-making that 

promotes reuse-oriented and site-specific sanitation.  

3.2 Methods 

B2C application in Chengdu: wastewater treatment plant description 

The B2C SA was applied to Wastewater Treatment Plant (WWTP) #2, located in the South of 

Chengdu, adjacent to the High-Tech Industrial Development Zone. The facility was built in 2004, 

has a design capacity of 300,000 m3 per day, and is situated on approximately 140,000 m2 or 210 

mu. WWTP #2 is a secondary treatment facility equipped with two-stage activated sludge (AS), 
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and as of 2007, UV disinfection was installed.  The treated effluent is discharged to the Funan 

River. 

Data and calculations 

Data for evaluating the B2C ratios were collected over the course of three trips to Chengdu 

between June 2006 and August 2008.  The sources of data range from official government reports 

and statistics to key informant interviews and surveys. The sources of data corresponding with 

each indicator and methods for computing their values are presented in Table 3. 1.  All of the data 

were subjected to a quality assessment to evaluate its strength and integrity based on acquisition 

method, independence of data supplier, representativeness, data age, and geographic correlation 

(Table 3. 2). 

Table 3. 1.  Methods, data, and assumptions used to calculate the 26 indicators in the B2C SA that was 
designed for, and applied to WWTP #2 in the urban core of Chengdu, China.  

PRODUCTION PHASE 

BURDEN CAPACITY 

1.                   Domestic WW Produced 

Method: Population of drainage district served by WWTP 
#2 (x)  Per capita WW production 

Data & Assumptions:  

-Map of treatment plants and associated drainage districts 
[58] 

-Chengdu district-level population data [59] 

                   1 person equivalent = 0.25 m3/d [60]    

                   Fraction water to WW = 0.85                

Domestic WW Conveyed to Treatment Plant 

Method: Total flow to WWTP #2 x fraction of flow that 
is domestic WW 

Data & Assumptions: 

-Total wastewater flow is based on facility records 

  -Fraction of total flow that is domestic wastewater = 
0.45 [61]  

 

2.       Growth Rate Water Usage (urban core) 

Method: Annual change in water treated and sold for 
domestic, commercial and industrial purposes 

Data & Assumptions: 

-Chengdu tap water company data  for water use 2002-
2007 

            Growth Rate Wastewater Treatment (urban core) 

 Method: Annual change in total volume of WW that 
enters    

 treatment plants in the urban core of Chengdu 

 Data & Assumptions: 

 -Annual report to Chengdu Environmental Protection 
Bureau   
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 by wastewater treatment plants 2004-2006         

           

3.     Envr. Water Shortage  (Chengdu Municipality) 

Method: Sum of the necessary increased flow in the three 
major river systems (Fu, Nan and Tuo,) to achieve 
government’s target water quality standard (Class III) 

Data & Assumptions: 

-Results of a surface water hydrology and quality model 
produced for Chengdu by a Beijing consulting firm [62] 

                          Increased flow demanded (m3/s) 

            Fu                                6 

            Nan                              8 

            Tuo                              6 

          Surface Water Withdrawal  (Chengdu 
Municipality) 

Method: Sum of surface water diversion for industrial, 
domestic and agriculture (-) reuse 

Data & Assumptions: 

-Chengdu Environmental Protection Bureau [60] 

TREATMENT PHASE 

BURDEN CAPACITY 

4.                  Current WW Flow to Facility 

Method: Average daily flow of WW to treatment plant  

Data & Assumptions: 

-Based on facility records 

Design Capacity of Facility 

 Method: Total daily WW volume that the WWTP can 
handle 

Data & Assumptions: 

-Government documents  

5.           On-site Electricity Used to Treat WW 

Method: Sum of all electricity used to operate treatment 
plant 

Data & Assumptions: 

-Based on facility records (monthly data) 

-Chengdu electricity cost = $0.07/kWh [63] 

Empirical Energy Value of WW (as electricity) 

Method: Realistic energy yield from WW entering the 
treatment plant based on COD and BOD concentrations 

Data & Assumptions: 

-Anaerobic pond = 0.23 m3 CH4/kg BOD removed  [64] 

-UASB = 0.23 m3 CH4/kg COD removed   

-Anaerobic sludge digestion = 0.38 m3 CH4/kg VSS 
destroyed 

   kg VSS/d = ���� +  ��	
���  = 

��

���
+  ��	
���  

   where, 

   V = volume of AS = 51,000 m3 

 
   Xa = active cell concentration 



 

34 

 

  SRT = sludge retention time = 5 d 

  Qw = sludge wasting = 317 m3/d 

  BODp = BOD removed in primary settling = 40%      

                BODin 

          �� = 
���

���
×

�(���������� !)

#$%���
 

  where, 

  HRT = hydraulic retention time = 4 hr 

  Y = cell yield = 0.45 g VSS/g BOD [65] 

  b = endogenous decay rate = 0.06d-1
 [65] 

-BODin,out based on daily records 

-VSS removal = 50% [66] 

-Conversion to electricity = 29% [67] 

6.      Net GWI Caused by WW Treatment Process 

Method:  

GWI:  GWI associated with operation energy (+)  GWI 
associated with transportation of sludge (+)  GWI 
associated with inputs into treatment process 

Damage cost: GWI (ton CO2-eq/yr) (x) Damage cost CO2  

($/ton)  

Data & Assumptions:  

-Treatment plant operation energy:  0.27 kWh/m3 (monthly 
records)   

                 GWI = 0.28 kg CO2-eq /kWh  (estimated based 
on Chengdu’s energy portfolio: 35% coal and natural gas, 
65% hydropower)  [68] 

-Lubricant for pumps 

 GWI = 5.36 kg-CO2-eq/kg lube (EIO-LCA sector 
#324191) [69] 

 Lube cost = $1.34/kg   

 Lube consumption = 14.7 kg/month 

-Polymer for dewatering  

 GWI = 27.9 kg-CO2-eq/ton polymer (EIO-LCA 
sector #325211) [69]    

 Polymer cost = $6.7/kg [70] 

Available GWI Offset via Energy Capture 

Method:  

GWI offset:  Realistic electricity yield from sludge 
(kWh/yr) (x) GWI of Chengdu’s electricity (kg CO2-
eq/kWh) 

Damage cost offset: GWI offset (ton CO2-eq/yr) (x) 
Damage cost CO2  ($/ton)  

Data & Assumptions: 

-Anaerobic digestion = 250 m3/DT sludge 

 -Sludge production = 18.5 DT/d 

-GWI offset = 0.28 kg CO2-eq /kWh 

-Damage cost CO2 = $14/ton 
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 Polymer consumption = 0.005 ton/DT [71] 

-Transportation of sludge 

 Diesel consumption = 0.168 kg/km 

 Distance traveled per day = 950 km (distance to 
landfill = 25 km one-way; truck capacity = 20 wet tons; 
daily sludge production = 95 wet tons (@ 20% dry solids))
  

 Diesel emissions =  2.76 kg/L diesel (Chinese 
emissions standards)  

-Damage cost CO2 = $14/ton  [72] 

7.    Facility Electricity Use per  Person Equivalent  

Method: Electricity use at WWTP #2 (kWh/m3) (x) person 
equivalent served by treatment plant (x) days per year 

Data & Assumptions:  

-Treatment plant operation energy:  0.27 kWh/m3 (monthly 
records)  

-1 person equivalent = 0.25 m3/d [60] 

Average Household Per Capita Electricity Use  

Method: Urban domestic electricity use (÷) urban 
population 

Data & Assumptions:  

-2006 Chengdu annual statistics posted online by the 
government [59] 

          Electricity use = 2.8x109 kWh/yr 

          Urban population = 5.7x107  

 8.    Acidification Associated with WW Treatment 

Method:   

Acidification :Electricity use at WWTP #2 (kWh/m3) (x) 
SO2-eq associated with electricity in Chengdu (kg/kWh) 

Damage cost: Acidification (kg SO2-eq/yr) (x) Damage 
cost of SO2 ($/kg) 

Data & Assumptions: 

-Chengdu electricity SO2 emissions  (estimated based on 
Chengdu’s energy portfolio) = 0.007 kg SO2/kWh 

-SO2-equivalents 

     NOx = 0.7 [73] 

     SO2 = 1 

-SO2 damage cost = $2660/ton [72] 

 

                Eutrophication Avoided by WW Treatment 

Method:  Total nutrient removal in PO4-eq from influent 
WW 

Data & Assumptions: 

-2006 daily nutrient influent and effluent (facility 
records) 

-PO4-equivalents 

   NO3 to water = 0.1 

   NH4 to water = 0.33 

   PO4 to water = 1 

9.         Cost of Nutrient Treatment and Removal 

Method:   

Average cost = O&M + Capital (amortized over 20 yr) of 

Local Retail Value of Influent Nutrients for  Productive 
Use  

Method:  Sum of market value of nitrogen and 
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processes associated with nutrient removal 

Marginal cost = O&M of processes associated with nutrient 
remova 

Data & Assumptions: 

Capital Cost: 

     AO activated sludge capital = 616.54 x (m3) + 2x107 
(adjusted to 2007$) [74] 

Operation Cost: 

     2006 daily nutrient influent and effluent (facility 
records) 

     O2 demand = 4.6 g/g NH4 nitrification 

     Natural P uptake = 1 g/100 g BOD removed 

     Nutrient removal electricity demand = 0.06 kWh/m3 

     Electricity cost = $0.07/kWh 

phosphorus in influent WW 

 

Data & Assumptions: 

-Annual sale of nitrogenous and phosphatic fertilizer 
[75] 

-N-value = $0.29/kg; P-value = $0.41/kg, based on 
survey of chemical composition of fertilizers 

 

 

10.       Land Area Used for  WW Treatment Facility  

Method:  Total land taken up by treatment facility 
including administrative offices  

Data & Assumptions: 

-Facility records 

Habitat Created by WW Treatment Facility  

Method:  Amount of land used by the treatment facility 
that is also dedicated to wildlife habitat and park space  

Data & Assumptions: 

-Facility plans, survey of land use 

11.         Influent Concentration of Pathogens 

Method: WWTP #2 does not have any measured pathogen 
data; values are based on best available information for 
infection rates and wastewater pathogen loads 

Data & Assumptions: 

-Bacteria: No data are available for wastewater in 
Chengdu.  The influent concentration is approximated 
based on the concentration in mixed-source (domestic and 
industrial) wastewater in the city of Chongqing, China [76] 

-Helminth:   

        infection rate in Chengdu = 25.4% [77] 

        infection intensity = 5000 eggs/g feces  (equivalent to 
“light” infection) 

        per capita feces = 120 g/d 

        p.e. of wastewater flow = 270,068 (assumes 45% of 
total flow is domestic wastewater) 

           Ability of Treatment Scheme to Remove Endemic   

                                        Pathogens 

Method: Empirical data from performance of similar 
treatment schemes 

Data & Assumptions: 

-Based on performance of similar treatment schemes 
[78] 
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12.              O&M Costs (marginal cost) 

Method: Cost operation energy (+) cost sludge 
transportation and disposal (+) cost labor (+) cost 
maintenance 

Data & Assumptions: 

-Operation costs based on facility records (See B2C#7) 

-Sludge handling: 

          Transportation costs – See B2C #6 

          Tipping fee = $4.7/wet ton        

-Labor: 

              # of shifts = 3 

                                     #/shift          wage ($/shift) 

              Technicians –      1                        25 

              Operators –        13                       50 

              Grounds -            5                       75 

          -wages are estimated based on average local salaries 
for equivalent positions 

          -employees based on personal communication and 
survey of facility   

-Maintenance = $2.97 M/yr (assuming investment of 6% of 
replacement value of treatment plant infrastructure – See 
B2C #14) 

    

         

-Daily WW flow = 150,000 

User Fee Collection 

Method: Exact data are not made available. Value is 
based on sum of user fees collected by the four treatment 
plants in Chengdu with allocation to each plant assumed 
to correlate with each Plant’s volume of wastewater 
treatment 

User fees = WWTP #2 WW flow (÷) WWTP #1-4 WW 
flow (x) Total user fees collected 

Data & Assumptions: 

 -Total user fees collected (4 plants) = $28.5 M/yr  
(personal communication [79])    

       

13.                           User Fee 

Method: Government enacted fee structure  

Data & Assumptions: 

             Domestic WW fee = $0.11/m3 tap water 

 

Average Household Income 

Method: Publically available government data 

Data & Assumptions: 

-2006 Chengdu annual statistics posted online by the 
government  [59] 

14.              Annual Investment in Maintenance 

Method: Exact data are not made available but an 
approximate value was provided by the plant manager 

Replacement Value of Wastewater Treatment Plant 

Method:  

Replacement value = Capital investment (excluding 
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Data & Assumptions: 

-Annual investment = $429,000 [79] 

 

sewers) (÷) (1 + depreciation rate)age of infrastructure 

Data & Assumptions: 

          Total capital investment (2007$) = $55.5 M    

                   sewers = 50% of investment 

          Age of infrastructure = 4 years 

          Depreciation rate = 5% (20-yr lifespan) 

15.   Person Hours per Day Skilled Operator Present at   

                                    Facility 

Method: Number skilled operators (x) hours/person/d 

Data & Assumptions: 

-Skilled operators = 3 at 8 hr/person/d [79] 

 

Number Days in Previous Year Facility Shutdown 

Method: Interview with plant operator  

Data & Assumptions: 

-Number of days shutdown = 0 [79] 

 

16.                    Sludge Handling Cost 

Method: Sludge treatment (dewatering) (+) sludge 
transportation (+) sludge tipping fee at landfill 

  -For capital cost add sum of investment amortized over 20 
yrs 

Data & Assumptions: 

-Capital cost:  

     Belt filter press = $1,555,000 (estimated using a base 
capital cost curve as a function of annual sludge volume 
[71]) 

     Sludge hauling vehicle = $106,000/truck [80]      

-O&M cost:  

     Sludge scraping and pumping = 0.03 kWh/m3 

      Sludge dewatering = 1.25x105 kWh/yr [71] 

     Polymer for dewatering = $0.1 ton/d 

-Sludge transportation: 

     Distance to landfill = 25 km 

     Fuel efficiency = 0.168 kg/km 

     Fuel cost = $0.66/L; fuel density = 0.84 kg/L 

     Truck capacity – 20 wet tons 

Total Cost of WW Handling 

Method: Sum sludge handling (+) wastewater treatment 
operation energy (+) cost of inputs (+) labor 

-For capital cost add sum of investment amortized over 
20 yrs 

Data & Assumptions: 

-Capital cost: 

     Facility cost found in government records 

     Sludge hauling vehicles  

-O&M cost: 

     Total electricity use = 0.27 kWh/m3 (2006 monthly 
records) 

     On-site labor cost = $2700/d (See B2C #12 for 
assumptions) 

     Lubricant use = 0.003 g/m3 (2006 monthly records) 

      Sludge handling = Costs shown on left-hand side less 
electricity cost 
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     Driver wage = $25/d   

-Sludge disposal: 

     Tipping fee = $4.72/wet ton 

 17.                 Daily Average Sludge Production 

Method: Based on the influent and effluent concentration 
of BOD, the theoretical cell yields, and the WWTP’s 
recycle rate 

                =  
 &'�(

).+  

Data & Assumptions: 

-Xr = 

��

&'���
 = VSS 

-VSS is 70% of sludge dry solids content  

-QwXr = based on daily influent quality (see B2C #5 for 
calculation) 

Daily Sludge Wasting 

Method: Value based on facility records 

Data & Assumptions: 

         Daily sludge wasting = 18.5 dry tons 

 

END-USE PHASE 

BURDEN CAPACITY 

18.                            WW Treated 

Method:  Influent flow of wastewater to WWTP #2 

Data & Assumptions: 

  -Monthly flow data from facility  

WW Reused 

Method: Personal communication and site visit 

19.      Agricultural Land within 3 km Radius 

Method: Total area of agricultural land surrounding the 
treatment facility 

Data & Assumptions: 

-This value is based on an informal survey of land use 
around the treatment facility. (Precise land use maps were 
not made available.) 

Amount of Treated Wastewater Used for Irrigation 

Method: Personal communication and site visit 

 

 

 

20.      Local Value of Resources Embodied in WW  

Method: Market value of embodied energy (captured and 
used as electricity) (+) value of water 

Note: value of nutrients in WW was not included because 
there is no irrigated land in the immediate vicinity of the 
plant 

Data & Assumptions: 

Value of WW Being Captured 

Method: 

[Quantity of embodied energy harnessed as electricity 
(x) market value] (+) and [Quantity of water reused (x) 
market value to end user] 

Data & Assumptions: 

-Resources in WW are not being captured – confirmed 
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-Value of embodied energy: 

      UASB = 0.23 m3 CH4/kg COD removed 

      Conversion efficiency (biogas to elec) = 29% 

-Value of water: 

      Industrial water price = $0.14/m3 (existing effluent 
quality meets industrial reuse standards) 

-Value of nutrients: considered $0 because lack of 
agricultural land in immediate vicinity   

through personal communication and site visit.  

 

21.        Average Metal Concentration in Sludge 

Method: Analysis of metals in dewatered sludge 

Data & Assumptions: 

-Facility records 

Metal Standard for Sludge Land Application 

Method: Based on Chinese National policy 

Data & Assumptions: 

-China standard for land application of sludge (GB 
4284) 

22.    Local Value of Resources Embodied in Sludge 

-Daily sludge production = 18.5 DT 

-Value of embodied energy 

     Price natural gas in Chengdu = $0.008/MJ 

     Natural gas = 38.14 MJ/m3 

     Anaerobic digestion = 250 m3 CH4/DT 

-Value of embodied nutrients 

     Nutrient concentration based on facility records 

     N = $0.29/kg; P = $0.41/kg [60] 

  Value of Sludge Being  Captured 

Method: 

[Quantity of embodied energy harnessed as electricity 
(x) market value] (+) and [Quantity of water reused (x) 
market value to end user] 

(Quantity of embodied energy harnessed as electricity 

 market value+Quantity of nutrients used as fertilizer 

× market value to end user  

Data & Assumptions: 

-Resources in WW are not being captured – confirmed 
through personal communication and site visit.  

 

23.                  Sludge Disposed in  Landfill  

Method:  Personal communication [81] 

 

Daily Tipping Capacity of Landfill  

Method:  Personal communication [81] 

Data & Assumptions: 

-Based on design capacity of the landfill 

24.             Local Demand for Nutrients 

Method: Total sales of nitrogenous and phosphatic 
fertilizer in Chengdu Municipality in 2007 (normalized to 
volume of pure nutrients as kg N and kg PO4) 

Data & Assumptions: 

 -2007 sales of nutrient fertilizer in Chengdu Municipality  

Unutilized Nutrient Content  in WW and Sludge 

Method:   

Quantity = sum of nutrients in WW effluent and sludge 

Value = Quantity of nutrients (x) market value (P, N, 
respectively) 
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[75] 

-Concentration of nutrients in fertilizer – See B2C #9 

Data & Assumptions: 

-Nutrient quantity – facility records 

-Nutrient value – See B2C #9 

25.              Effluent Nutrient  Concentration 

Method: Analysis of metals in dewatered sludge 

Data & Assumptions: 

-2006 daily water quality data – facility records           

Nutrient Standard for Receiving Water or User 

Method: Based on Chinese National policy 

Data & Assumptions: 

-China water quality standard for impaired waters (GB 
18918-2002) 

 26.                  Effluent BOD Concentration 

Method: Analysis of metals in dewatered sludge 

Data & Assumptions: 

-2006 daily water quality data – facility records     

BOD Standard for Receiving Water or User 

Method: Based on Chinese National policy 

Data & Assumptions: 

 -China water quality standard for impaired waters (GB 
18918-2002) 

 

 

 

Table 3. 2.  Matrix used for quality assessmenta of data used to calculate B2C ratios. 

 Indicator Score 

 1 2 3 4 5 

Acquisition 
method 

Measured data Calculated data 
based on 
measurements 

Calculated data 
partly based on 
assumptions 

Qualified 
estimate (by 
industrial 
expert) 

Nonqualified 
estimate 

Independence of 
Data Supplier 

Verified data, 
information 
from public or 
other 
independent 
source 

Verified 
information 
from enterprise 
with interest in 
the study 

Independent 
source, but 
based on 
nonverified 
information 
from industry 

Nonverified 
information 
from industry 

Nonverified 
information from 
the enterprise 
interested in the 
study 

Representativeness Representative 
data from 
sufficient 
samples of 
sites over an 
adequate 
period 

Representative 
data from 
smaller number 
of sites but for 
adequate 
periods 

Representative 
data from 
adequate sites, 
but from shorter 
periods 

Data from 
adequate 
number of 
sites but 
shorter periods 

Representativeness 
unknown or 
incomplete data 
from smaller 
number of sites 
and/or from 
shorter periods 

Data age Less than 3 
years of 
difference to 
year of study 

Less than 5 
years of 
difference to 
year of study 

Less than 10 
years of 
difference to 
year of study 

Less than 20 
years of 
difference to 
year of study 

Age unknown or 
more than 20 years 
of difference 

Geographical Data from area Average data Data from area Data from area Data from 
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Correlation under study from larger 
area in which 
the area under 
study is 
included  

with similar 
production 
conditions 

with slightly 
similar 
production 
conditions 

unknown area or 
with very different 
production 
conditions 

aSource: Based on Lindfors et al. 1995 [82]. 

 

3.3 Results 

Table 3. 3 presents the numerical results and brief interpretation of the B2C SA application to 

WWTP #2.  The “brief interpretation” column in Table 3. 3 also includes references to all other 

indicators in the framework that have a linkage to the one in question. Co-analyzing the results of 

several indicators in the B2C SA brings out additional tradeoffs and complementarities that can 

lead to more informed decisions and policy choices.  Table 3. 4 shows the results of the data 

quality assessment for the key economic and environmental values used to evaluate the B2C SA. 

 

Table 3. 3.  Burden to Capacity Sustainability Assessment results table for Wastewater Treatment Plant #2 
in Chengdu, Sichuan Province, China.   

PRODUCTION PHASE Brief Interpretation 

BURDEN CAPACITY  

 1.   Domestic WW Produced  

 
m3/d            220,000 

 Domestic WW Conveyed to   
Treatment Plant 

 
68,000 

Approximately 30% of the domestic wastewater 
generated in the drainage district served by WWTP 
#2 is treated. The treatment deficit indicates an 
enormous need for expanded sewer capacity (see 
B2C #4.) 

2     Growth Rate Water Usage   
                 (urban core) 
 

                %             m3/y 
2004      7.4          1.7x107 

2005      3.1          7.6x106 

2006      5.2          1.3x107 

2007      1.1          3.0x106 

    Growth Rate Wastewater   
     Treatment (urban core) 
 

         %               m3/y                      
2004       16              2.6x107     

2005       49              9.2x107     

2006      -6.7           -1.9x107 

2007       6.6             1.7x107 

In 2004 and 2005, rates of increase in wastewater 
treatment significantly outpaced increases in water 
usage; however, supply of wastewater treatment 
still does not meet demand (see B2C #1.)  Rates of 
increase in wastewater treatment capacity that are 
greater than rates of increase in water usage must 
continue for several years until supply of 
wastewater treatment meets demand. Ultimately, 
sustainability will be depicted by approximately 
equal rates of increase in water usage and 
wastewater treatment. 

3.        Envr Water Shortage      
        (Chengdu Municipality) 

Surface Water Withdrawal A 20% reduction in surface water withdrawal could 
mitigate environmental water shortage.  
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m3/yr           6.3x108      

 

(Chengdu Municipality)        

3.2x109 

Wastewater reuse is one means of reducing 
withdrawals (see B2C #18-19.) Increases in annual 
fresh water usage would further strain aquatic 
ecosystems (see B2C #2.) 

TREATMENT PHASE Brief Interpretation 

BURDEN CAPACITY  

4.      Current WW Flow to   
                  Facility 
 
m3/d           150,000 

Design Capacity of Facility 
 

300,000 

It is not uncommon to design treatment plants with 
a larger capacity than they will initially serve in 
anticipation of future demand.  However, if the 
unsewered domestic wastewater in addition to the 
current mix of industrial and domestic wastewater 
were conveyed to  the facility, the WWTP would 
operate close to capacity  (see B2C #1.)  Expansion 
of the sewer network in this drainage district (#3) 
should be prioritized to maximize the utility of the 
existing wastewater treatment infrastructure. 

5.    On-site Electricity Used to  
                 Treat WW 
 
 
 
MJ/yr             5.2x107 

$1000/yr         630  

Empirical Energy Value of 
WW (as electricity)       

   An Pond  UASB   An. Dig. 

   1.1x107   2.9x107    1.1x107 

      210       550          210  

The potential electricity yields embodied in the 
wastewater, and its economic value, underscore the 
substantial energy recovery opportunity that exists 
in Chengdu’s wastewater and sewage sludge.  The 
anaerobic pond and UASB would replace existing 
activated sludge treatment systems whereas 
anaerobic sludge digestion would be added to the 
existing treatment scheme.  The latter would not 
change the energy consumption at the plant but 
could be used as an on-site energy source.  

6.      Net GWI Caused by WW  
              Treatment Process 
 
kg CO2-eq/yr              4.3x106 
damage cost ($)/yr     61,000 

Available GWI Offset via 
Energy Capture 

2.7x106 

37,000 

Anaerobic sludge digesters can be installed to 
provide more comprehensive sludge treatment than 
exists at the facility, and to generate biogas for 
carbon-neutral heat or electricity production to 
offset the GWI (see B2C #5.)  Numerous other 
opportunities, not included in this indicator, exist 
for reducing or offsetting the global warming 
impact (GWI) of the treatment process.  Installing 
continuous dissolved oxygen monitoring devices 
for tailoring aeration levels to the real-time oxygen 
demand of the wastewater, and adding anaerobic 
selectors to the activated sludge system would 
reduce the GWI. 

7.    Facility Electricity Use per  
              Person Equivalent  
 
kWh/p.e.yr       26 
 

Average Household Per 
Capita Electricity Use  

49 

Electricity intensity of wastewater treatment in 
Chengdu is equivalent to more than 50% of the 
average per capita household electricity 
consumption. By comparison, this ratio is 
equivalent to about 2%for the state of California 
because of substantially higher household 
electricity use.  Electricity for wastewater treatment 
in Chengdu represents a significant burden on total 
consumption in the Municipality. 

8.   Acidification Associated    
         with WW Treatment 
 
kg SO2-eq/yr              1600 

  Eutrophication Avoided by  
            WW Treatment 
 
kg PO4-eq/yr          3.54x1010 

This indicator reveals the air quality expense at 
which eutrophication is being avoided.  The 
adequacy of the current level of nutrient removal in 
the context of assimilation capacity of the receiving 
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damage cost ($)/yr     5000 damage cost ($)/yr       NA water or user is quantified in B2C #25. 

9.   Cost of Nutrient Treatment  
               and Removala 
            
         Marginal          Average  
$/yr       18,000           340,000 

Local Retail Value of 
Influent Nutrients for  

Productive Use  

900,000 

The opportunity cost associated with current 
nutrient handling at WWTP #2 is equivalent to 
more than $1 M/yr, the sum of the total treatment 
cost and value of the nutrients if used productively.   

10.       Land Area Used for   
         WW Treatment Facility  
 
m2                      140,000 

Habitat Created by WW 
Treatment Facility  

0 

None of the space used for wastewater treatment is 
simultaneously used for park or habitat space. 

11.   Influent Concentration of   
                 Pathogens 
 

 

bacteria         1.0x106 CFU/L        

virus                    NA 

protozoa              NA 

helminths       100 eggs/L 

Ability of Treatment Scheme      
      to Remove Endemic   
            Pathogens 
 
log removal               3->7 

log removal                1-6 

log removal                >3 

log removal                1-2 

Removal of bacteria, virus and protozoa is probably 
sufficient, due to the UV disinfection step. 
However, helminths, specifically Ascaris are 
endemic in the Chengdu Municipality.  Ascaris 
eggs are resistant to UV, and only partial removal 
will occur by sedimentation. Adding coagulant to 
achieve advanced primary treatment may be a cost-
effective solution to improving removal of 
helminth eggs. Acceptable effluent concentrations 
of each pathogen type will vary by end use. 

12.           O&M Costs  

   $/m3            $/yr   

Spent    0.13       7,000,000                                      

        User Fee Collection   

         $/m3              $/yr 

         0.11            6,000,000 

The estimated user fee collection covers 
approximately 85% of the invested O&M costs of 
the facility.  Full cost recovery may be possible 
with an increase in user fees that still falls within 
the Asian Development Bank’s (ADB) 
affordability threshold (see B2C #13). 

13.              User Fee 

$/mo.hh         2.6 

Average Household Income 

265 

 

 

On average, about 1% of average household 
income is spent on wastewater treatment.  The 
ADB’s combined affordability threshold for water 
and wastewater services is 5% of household 
income.  See B2C #12, #14 to assess motivation for 
raising user fee.   

14.      Annual Investment in  
                 Maintenance 
 
$/yr              430,000 

Replacement Value of 
Wastewater Treatment Plant 

23,000,000 

The treatment plant appears to be keeping a fair 
maintenance schedule.  The facility is investing 
slightly less than 2% of the replacement value of 
the facility per year.  The US General Accounting 
Office recommends a minimum investment in 
maintenance of 3%, and ideally 6% of the 
replacement value.   Feasible investment in 
maintenance may be limited by user fee collection 
(see B2C #12.) 

15.      Person Hours per Day    
      Skilled Operator Present at   
                     Facility 
person hr/d       24 

Number Days in Previous 
Year Facility Shutdown 

 
0 

The facility has a superior annual operation record 
which can be partially attributed to adequate 
staffing of skilled labor. 

16.      Sludge Handling Cost 

capital ($)                 1,700,000                      

O&M  ($/yr)               490,000          

Total Cost of WW Handling 

57,000,000 

2,400,000 

Due to the absence of on-site sludge treatment prior 
to disposal, sludge handling accounted for only 3% 
of the capital cost of the facility, but accounts for 
21% of the operating costs.  
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 17.       Daily Average Sludge    
                   Production 
 
dry ton/d            22 

 

    Daily Sludge Wasting 
 
 
                18.5         

WWTP #2 has a design sludge retention time 
(SRT) of 5 days.  The facility iswasting 
approximately 85% of the necessary amount to 
maintain steady state.  Insufficient wasting can 
increase aeration requirements and decrease BOD 
removal. 

END-USE PHASE Brief Interpretation 

BURDEN CAPACITY  

18.         WW Treated  

m3/d           150,000  

                   

      WW Reused 

              0 

This indicator reveals uncaptured opportunity to 
reuse wastewater effluent to help mitigate water 
shortage by offsetting demand for surface water 
withdrawal and to capture the local value of the 
wastewater (see B2C #3, 9-10.)  

19.  Agricultural  Land within 3 
km Radius 

ha                    0 

        Amount of Treated   
       Wastewater Used for  
             Agric. Irrigation 
m3/ha             0 
m3/yr             0 

There is no opportunity to reuse treated wastewater 
for irrigation in the immediate vicinity of WWTP 
#2.  Other wastewater reuse options should be 
investigated such as for industrial or domestic 
purposes.  See B2C #3 for sustainability of current 
surface water use. 

20.   Local Value of Resources   
             Embodied in WW 
 
$/yr            8,000,000 
                 

Value of WW Being 
                Captured 
 

  0  
 

The local value of wastewater includes the value of 
embodied energy if biogas generated by anaerobic 
treatment (pond or UASB) is captured and 
converted to electricity plus the value of the treated 
wastewater if sold in place of potable water to 
industrial users.  Since there is no agricultural land 
to discharge wastewater to (B2C #19), the nutrient 
value in wastewater is not included in the value of 
wastewater. 

21.           Average Metal  
        Concentration in Sludge 
 
Pb (g/m3)          290       

Cr (g/m3)          300 

Cd (g/m3)         12 

Ni (g/m3)         1100 

Metal Standard for Sludge 
Land Application 

1000 

1200 

20 

200 

With the exception of nickel (Ni), the heavy metal 
content in WWTP #2’s sludge is well within the 
State Environmental Protection Agency’s (SEPA) 
standards for land application.  Options for 
reducing Ni (like source control) would allow the 
sludge to be land applied, which could supply a 
portion of the local demand for fertilizer (see B2C 
#24) and divert sludge from the landfill (see B2C 
#23).  

22.    Local Value of Resources   
           Embodied in Sludge 
 
$/yr           597,000  
 

     Value of Sludge Being  
                   Captured                 

 
0 

Here the resource value of sludge includes land 
application and on-site energy generation through 
anaerobic digestion. The potential economic value 
is larger than the existing O&M costs of sludge 
handling (see B2C #16.)  Sludge can also serve as 
an input (fuel or material substitute) to cement 
manufacturing, but may require prior heat-drying. 
Note, capturing energy in wastewater and sludge 
are mutually exclusive (see B2C #20.)   

23.        Sludge Disposed in   
                    Landfill  
 

Daily Tipping Capacity of 
Landfill  

Sludge from WWTP #2 accounts for about 3% of 
the total daily tipping capacity of the Longquan 
Landfill where it is being disposed.   WWTP #2 is 
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ton/d             93 3400 one of several WWTPs that dispose sludge at 
Longquan (totaling 400 t/d), and according to 
Chinese national policy, sludge tipping at landfills 
may not exceed 5% of total capacity.  WWTP #2 
and/or other facilities will have to seek alternative 
sludge handling options. 

24.       Local Demand for            
                  Nutrients 
 

                TN                     TP         
ton/yr   1.6x104                   5.2x103    

$/yr     4,500,000       2,100,000 

 Unutilized Nutrient Content    
        in WW and Sludge 
 
               TN               TP 
             2.9x103          180                

              840,000        3300 

Demand for nutrients by the agricultural sector 
within the Chengdu Municipality is quite 
substantial and has potential to be partially satisfied 
by nutrients embodied in wastewater and sludge 
from WWTP #2.  Capturing the resource value of 
the embodied nutrients can also increase revenue to 
the treatment facility (see B2C #12, 19, 21.) 

25.          Effluent Nutrient  
                Concentration 
 
total N (mg/L)      27 

NH4-N (mg/L)      4.6 

total P  (mg/L)      1.5 

           
 
 
 
 

Nutrient Standard for 
Receiving Water or User 

15 

5 

0.5 

Treated wastewater from WWTP #2 is discharged 
to the FuNan River which is an extremely stressed 
ecosystem.  The effluent nutrient concentrations 
exceed the wastewater discharge standards for 
surface waters with very limited nutrient 
assimilation capacity (GB18918-2002.)  Identifying 
alternative end uses for the wastewater is likely to 
be the most economical and environmentally 
beneficial option (see B2C #19-20.)  

 26.           Effluent BOD   
                 Concentration 
 
mg/L                 8.5 

BOD Standard for Receiving 
Water or User 

10 

On average, WWTP #2 is meeting discharge 
standards for BOD to waters with low assimilation 
capacity. 

 

Table 3. 4.  Results of data quality assessment: environmental and economic cost data used for the B2C 
sustainability assessment.  
 Acquisition 

Method 
Independence 
Of Data 

Representativeness Data 
Age 

Geographic 
Correlation 

Average 

Economic Cost Data 

Direct costs of 
wastewater 
treatment 

2 3 1 1 1 1.6 

Local demand 
for nutrients 

3 2 1 1 1 1.6 

Local value of 
sludge 

3 1 1 1 1 1.4 

Local value of 
wastewater 

3 1 1 1 1 1.4 

Average hh 
income 

1 1 1 1 1 1 

User fee 3 2 1 1 1 1.6 
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collection 

Investment in 
maintenance 

3 2 1 1 1 1.6 

Environmental Data 

Eutrophication 
avoided 

2 2 1 1 1 1.4 

Acidification 
caused 

3 2 1 1 1 1.6 

GWI impact 3 2 1 1 1 1.6 

Effluent and 
sludge quality 

1 2 1 1 1 1.2 

Pathogen load in 
influent 

2 1 5 1 2 2.2 

3.4 Discussion 

Key outcomes of B2C SA 

The application of the B2C SA to WWTP #2 reveals a number of new insights, and signals 

several potential policy responses for decision makers; these signals can be used to set priorities 

for water and wastewater management, and to inform the design of future treatment facilities in 

the Chengdu vicinity. In general, WWTP #2 performs fairly well from a technical and economic 

perspective; however, there is huge opportunity to improve the active sustainability of the 

treatment plant to support the environment and economy in and around Chengdu.  In terms of the 

lifecycle phase of wastewater that deserves priority in Chengdu, there are significant 

opportunities to make improvements within each of the phases, although, the sheer lack of 

collection and conveyance of wastewater revealed by the production phase indicators, arguably 

has the most detrimental social and environmental impacts among all of the shortcomings of the 

plant.   
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 Strengths of WWTP #2 

In terms of the production phase, with the exception of the year 2006, the increase in wastewater 

treatment capacity in Chengdu in recent years has occurred at a substantially faster rate than 

increases in water usage (B2C #2).   This is an encouraging trend but one that must continue into 

the foreseeable future, as the supply of wastewater treatment is still not meeting demand.  A 

number of strengths were also identified for the treatment phase, particularly with respect to 

WWTP #2’s technical performance.  The treatment plant did not shutdown for any days in the 

year 2007 which is at least partially attributable to adequate staffing (B2C #15).  BOD5 discharge 

is on average in compliance with the effluent standards for water bodies with limited assimilation 

capacity (B2C #26).  However, it should be noted that the standard is not specifically tailored to 

the quality of the rivers in Chengdu, and thus is not necessarily commensurate with maintaining 

healthy surface water ecosystems.  

 Areas for improvement at WWTP #2 

There is much room for improvement at WWTP #2 and Chengdu at large within the wastewater 

production phase.  The B2C SA reveals that only 30% of domestic wastewater produced in the 

drainage district served by WWTP #2 receives treatment (B2C #1). At the same time, the 

treatment facility has significant excess capacity that is not being utilized in spite of demand for 

wastewater treatment (B2C #4).  In addition, surface water withdrawal in the Chengdu 

Municipality exceeds sustainable limits by approximately 20% (B2C #3). 

In the treatment phase, WWTP #2 spends more than half a million dollars per year on electricity 

to treat wastewater while foregoing approximately a quarter million dollars in embodied 

electricity value that could be captured if the water or sludge were treated anaerobically (B2C 

#5).  The full cost of current nutrient handling at WWTP #2 is more than $1 M/yr, the majority of 

which represents a deadweight loss to society, as the nutrients are of great value locally (B2C #9).  
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WWTP #2 may be sacrificing the future value of the facility, as they are currently investing a 

sub-optimal amount of money in annual maintenance (B2C #14).  Although, that the WWTP is 

investing nearly 2% of its present value in maintenance is laudable given the run-to-failure 

trajectory that is not uncommon in the sanitation sector [83].   

In the end-use phase, the B2C SA reveals numerous opportunities for WWTP #2 to more actively 

contribute to the local region by capturing and allocating the social, economic, and environmental 

benefits associated with embodied resources in the influent. The total local value of the foregone 

opportunities exceeds $1 million/year in the form of nutrients for agriculture and embodied 

energy (B2C #5, 20, 22).  Not only does the disposal of sludge as waste represent a local 

opportunity loss of nearly $850,000/yr, but WWTP #2’s current disposal strategy, when 

considered in conjunction with the other WWTPs in Chengdu, is in violation of Chinese law 

(B2C #23).  Finally, the nutrient concentrations in the effluent do not meet the Chinese standards 

for discharge into surface waters with very limited assimilation capacity (B2C #25). 

 Policy responses signaled 

Expansion of the sewer network to fully utilize existing capacity at WWTP #2 should be 

prioritized.  It may be advisable to consider expanding connections to households located close to 

the facility – that have been built since the plant began operation but which are outside of the 

designated drainage district – in order to save costs on sewer expansion.  Another significant 

outcome of the assessment is that a 20% reduction in surface water withdrawals (6.4x108 m3/yr) 

would alleviate environmental water shortage between the outtake and point of discharge back to 

the river after treatment, and would also enhance the assimilation capacity and water quality of 

the local rivers within the city and downstream.  Achieving this reduction can be approached via 

water conservation and/or wastewater reuse.  At its current level of operation, reusing all of the 

wastewater from WWTP #2 would contribute to a nearly 9% reduction in demand for surface 
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water withdrawals; if operating at its full capacity of 300,000 m3/d, reusing the effluent would 

reduce demand for freshwater by 17%.   

The assessment also reveals that the installation of anaerobic digesters for sludge digestion and 

biogas capture would lead to several beneficial results for the treatment facility.  Not only would 

the plant offset nearly 20% of its electricity demand, but it would simultaneously decrease the 

volume of sludge by approximately 20%, helping to reduce the burden on the local landfill (B2C 

#23) and the costs of sludge handling (B2C #16).  Anaerobic digestion would also contribute to 

pathogen inactivation which is essential if sludge is considered for land application.  Enforcing 

existing industrial wastewater treatment policies in order to keep Ni out of WWTP #2’s influent 

would substantially increase the social and economic value of the Plant’s sludge, and would 

foster a wider variety of end-use options as alternatives to landfill disposal.  For future facilities, 

this analysis demonstrates the monetary and environmental benefits that can be captured through 

the use of anaerobic treatment technologies such as anaerobic ponds or UASBs in place of 

activated sludge.   

The B2C SA reveals that the nutrient effluent quality from WWTP #2 is not sufficient to meet the 

Chinese standards for waters with low capacity for natural remediation such as the FuNan River.  

Several possible policy options are signaled including enhancing nutrient removal to achieve 

environmental discharge standards.  While there is not agricultural land in the immediate vicinity 

of WWTP #2 (B2C #19), the effluent quality meets Chinese reuse standards for industry and 

urban landscape, thus those reuse options could be explored (see Chapter 5, Tables 5.4-5.8 for 

these water quality standards). The additional infrastructure cost of improving nutrient removal 

versus implementing reuse should be compared, keeping in mind the possibility of harnessing the 

economic value of the wastewater through fees to end users if the latter option is chosen.  
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B2C #13 reveals that user fees for wastewater treatment account for approximately 1% of average 

household income (total water fees account for about 2.6% of household income).  According to 

the Asian Development Bank’s National Guidelines for Wastewater Tariffs, 5% of household 

income is recommended as the affordability threshold for the combined costs of water and 

wastewater [84].  Raising user fees from 0.8 RMB/m3 to 1.2 RMB/m3 would raise the fee to 1.5% 

of average household income and would increase annual revenues to WWTP #2 to just over 

$7,000,000.  This fee increase would improve cost recovery for O&M (B2C #12) and enable 

more adequate investment in maintenance (B2C #14).  However, 1.5% of household income may 

be deemed politically unpalatable and therefore not an option to pursue. The role of the B2C SA 

is to reveal these relationships and opportunities, and it is left to the users and the political process 

to decide how they will negotiate the implicit tradeoffs.   

Data quality and requirements for applying the B2C SA 

It must be emphasized that the particular B2C ratios presented in this study are tailored to the 

Chengdu context.  I do not contend that the ratios making up the SA are universally transferable, 

only are the organization and format. Indicators should be added and subtracted to the framework 

based on the local relevance of the information they capture.  At first glance, the 26 indicators 

used in the Chengdu B2C SA may appear highly data intensive.  In China, nearly all of the 

necessary data for applying the B2C SA are already collected by various government agencies.  

Compiling this existing information within the B2C framework adds value and purpose to the 

ongoing data collection, as data are often collected as a formality and archived, rather than used 

to drive decision-making and policy analysis.  A subset of the data requires local investigation, 

such as determination of the retail value of nutrients as fertilizer, and the extent of farmland in the 

vicinity of the treatment facility.  Another subset of the indicators may require approximation 

using the best available information.  For example, GWI can be estimated based on the local 
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energy portfolio, and the treatment scheme’s ability to remove pathogens can be approximated 

using performance data from comparable facilities.  The high data quality marks (Table 3. 4) for 

all of the inputs into the B2C SA are testament to the availability and practicality of accessing the 

data necessary for the ratios presented in this study.  The site-specificity of the data is highly 

reliable. The only exception to representativeness was for influent pathogen loads; I was forced to 

make assumptions about the concentrations of different pathogens because of the scarcity of local 

monitoring in this respect (Table 3. 4).  Highlighting the lack of reliable pathogen data is itself a 

useful outcome of the B2C SA. Given the nature of much of the information used in the 

assessment, data were often supplied directly by the wastewater treatment plant and/or based on 

assumptions; thus, those dimensions of the data performed less well according to the quality 

rubric (Table 3. 3, Table 3. 4).  

As discussed above, the particular indicators used in the Chengdu application of the B2C SA will 

not be suitable for all locations.  In lower-income countries, where there is a dearth of data and 

limited capacity to establish a reliable monitoring scheme, or where there exists a very different 

set of challenges and priorities, the local ecology and economy can drive the design and selection 

of indicators that fit within the B2C SA.   My preliminary application of the B2C SA in Accra, 

Ghana exemplifies how dramatically the indicators might change to suit the specific infrastructure 

and region in which the treatment facility functions.  While the drivers for applying the B2C SA 

to WWTP #2 in Chengdu were to identify options for improving the operational efficiency 

(technical, environmental, and economic) of the plant, and to quantify the extent to which the 

plant could be made more actively sustainable, the drivers in Ghana are to understand why most 

treatment plants fail, and how the facilities could be rehabilitated to be made more actively 

sustainable.  The complete B2C SA framework for Ghana is still under development but Table 3. 

5 shows examples of indicators that will be included. 
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Table 3. 5.  Examples of B2C ratios developed to evaluate fecal sludge treatment  
facilities in Accra, Ghana.  

PRODUCTION PHASE 
BURDEN CAPACITY 

Volume of Fecal Sludge Produced Cumulative Capacity of Fecal Sludge 
Treatment 

TREATMENT PHASE 

BURDEN CAPACITY 

Facility Electricity Use Per Person 
Equivalent 

Average Household Per Capita Electricity 
Use 

% Users Who Pay % Users Who Receive Bill 

# of People A Maintenance Request Passes 
Through 

Average Response Time to A Maintenance 
Request 

END-USE PHASE 

BURDEN CAPACITY 

Volume local fertilizer/ha 

 

Volume Sludge (in fertilizer nutrient 
equivalents)/ha 

    

If a comprehensive B2C SA like that applied to Chengdu is too involved for some applications, 

an approach to minimizing the data intensity of the B2C SA, and the time and resources required 

to apply it, is to allow the ultimate goal or purpose for applying a sustainability assessment drive 

the design and selection of indicators.  For example, the main functions of indicators are often 

classified as, descriptive evaluation of the system or process of concern, and decision support for 

policy or planning by showing the impact of actions on the system of concern and the context in 

which it operates [19, 85].  The B2C ratios that make up the framework applied to WWTP #2 in 

Chengdu can be categorized along two dimensions of decision support – planning and policy 

design – and three dimensions of evaluation – exhibited management capacity, technology 

performance, and socio-economic appropriateness (Table 3. 6). Thus, it is also possible to choose 

to evaluate those indicators that fall into the category(ies) of interest.   
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Table 3. 6.  Categorization of B2C ratios based on the purpose they serve as indicators: decision support  
(e.g., planning, policy design,) or evalutation (e.g., exhibited management capacity, technology 
performance, socio-economic appropriateness.)  Stakeholders could choose to evaluate a sub-set of the  
B2C’s based on their purpose and goals for applying a SA. 

 DECISION 
SUPPORT 

EVALUATION 

PRODUCTION PHASE Planning Policy 
Design  

Exhibited 
Management 

Capacity 

Technology 
Performance 

Socio-
Economic 

Appropriateness 

1. Domestic Wastewater Produced :  
Domestic Wastewater Conveyed to 
Treatment Plant   

X     

2. Growth Rate in Water Usage : 
Growth Rate in Wastewater 
Treatment 

X     

3. Environmental Water Shortage :  
Surface Water Withdrawal          

X X    

TREATMENT PHASE Planning Policy 
Design  

Exhibited 
Management 

Capacity 

Technology 
Performance 

Socio-
Economic 

Appropriateness 

4. Current Wastewater Flow to 
Facility : Design Capacity of 
Facility 

X     

5. On-site Electricity Used to Treat 
Wastewater : Empirical Energy 
Value of Wastewater (as 
electricity) 

 X  X  

6. Net GWI Caused by WW 
Treatment Process : Available GWI 
Offset via Energy Capture 

 X    

7. Facility Electricity Use per 
Person Equivalent : Average 
Household Per Capita Electricity 
Use 

 X   X 

8. Acidification Associated with 
Wastewater Treatment : 
Eutrophication Avoided by 
Wastewater Treatment     

 X  X  

9. Cost of Nutrient Treatment and 
Removal : Local Retail Value of 
Influent Nutrients for  Productive 
Use 

X X   X 

10. Land Area Used for 
Wastewater Treatment Facility : 
Habitat Created by Wastewater 
Treatment Facility 

X X    
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11. Influent Concentration of 
Pathogens : Ability of Treatment 
Scheme to Remove Endemic 
Pathogens 

X   X  

12. O&M Costs (marginal cost) : 
User Fee Collection                    

 X X X  

13. User Fee : Average Household 
Income 

X X   X 

14. Annual Investment in 
Maintenance : Replacement Value 
of Wastewater Treatment  
Infrastructure 

 X X  X 

15.Person Hours per Day Skilled 
Operator Present at  Facility : 
Number Days in Previous Year 
Facility Shutdown 

 X X   

16. Sludge Handling Cost : Total 
Cost of Wastewater Handling                    

X X   X 

17. Daily Average Sludge 
Production : Daily Sludge Wasting 

X  X X  

END-USE PHASE Planning Policy 
Design  

Exhibited 
Management 

Capacity 

Technology 
Performance 

Socio-
Economic 

Appropriateness 

18. Wastewater Treated : 
Wastewater Reused 

X X    

19. Agricultural Land within 3 km 
Radius : Amount of Treated 
Wastewater Used for Agric. 
Irrigation 

X X   X 

20. Local Value of Resources 
Embodied in WW : Value of WW 
being Captured 

X X   X 

21. Average Metal Concentration 
in Sludge : Metal Standard for 
Sludge Land Application 

X X    

22. Local Value of Resources 
Embodied in Sludge : Value of 
Sludge being Captured       

X X   X 

23. Sludge Disposed in Landfill : 
Daily Tipping Capacity of Landfill   

X X    

24. Local Demand for Nutrients : 
Unutilized Nutrient Content in 
WW and Sludge 

X X   X 

25. Effluent Nutrient Concentration 
: Nutrient Standard for Receiving 

 X  X  
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Water or User        

26. Effluent BOD Concentration : 
BOD Standard for Receiving Water 
or User              

 X  X  

 

3.5 Conclusions 

The results of applying the B2C SA to WWTP #2 in Chengdu suggest that the lifecycle 

framework and two-dimensional indicator format of the assessment may be promising ways of 

improving the impact that sustainability assessments have on decision and policy-making.  With 

the two-dimensional format, the B2C ratios very explicitly reveal relationships between 

economic, environmental, and social dimensions of sustainability, and furthermore, quantify the 

magnitude of opportunities to improve the active sustainability of the WWTP by leveraging the 

aforementioned interactive relationships. Furthermore, the content of the B2C SA developed for 

Chengdu attached quantitative values to the claim that wastewater is a resource; these economic 

values should raise awareness among decision makers about that dimension of sustainability in 

the sanitation sector.  Much work remains to further develop and pilot the B2C SA and 

adaptations of it.  To test the strength and sensitivity of the B2C SA for comparative analyses of 

different sanitation schemes, I plan to apply the framework in additional cities in China.  To test 

the adaptability of the B2C SA framework to different contexts, I am working collaboratively to 

develop a set of B2C ratios that are suitable for Ghana. The B2C SA framework may also have 

applications outside of the wastewater treatment sector, where the format of the indicators as well 

as the lifecycle organization could be applied to developing sustainability assessments for a broad 

range of systems or processes. 
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CHAPTER 4 

Design for Service Planning Approach – 

Theory and Rationale  

4.1 Introduction 

Local-level planning has been singled-out at recent global gatherings as the dominant weakness 

towards improving access to urban sanitation.  At the August 2008 World Water Week in 

Stockholm, experts identified three main reasons for failure in urban sanitation, which are all 

problems in planning: 1) mainstream planning processes are based on old principles that neglect 

large parts of the city (e.g., informal and poor settlements);  2) top-down, supply-driven and 

technocratic planning approaches dominate and obscure demand-side needs and preferences; and 

3) regulations and legislation favor centralized wastewater treatment schemes that lock cities into 

technologies that cannot necessarily be afforded or maintained [86].  In October 2008, a group of 

sanitation specialists convened at the World Urban Forum in Nanjing, China to build upon 

discussions held at World Water Week; many of the priorities they outlined relate to improving 

urban planning processes, and in particular, integrating sanitation into the larger planning context.  

For example, they concluded that in the future, there needs to be more attention given to the role 

of water and waste in the urban economy, there need to be better linkages between the provision 

of basic services and provision of livelihoods, and there is a need for novel financing options 

suited to the demographic and economic continuum of urban settlements [87].      

 

The historical emphasis on supply-driven planning processes in the sanitation sector is being 

replaced with demand-driven approaches.  The supply-driven approach has been charged with 

failure to: generate household demand for service, produce services that are viable beyond the 

lifespan of external support, and generate replicable solutions [88].  Advocates of demand-driven 
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approaches encourage abandoning sanitation planning that relies exclusively on demographic 

projections, and replacing it with processes that give voice to the unique interests and objectives 

of all “domains” of the city (e.g., ease and cleanliness at the household level, and minimized 

operating costs at the municipality level) [88-92].  Amidst the failure of top-down planning 

approaches in the sanitation sector to more rapidly and effectively spread long-term access to 

urban sanitation, “user participation,” alternatively called “demand-driven” interventions, has 

essentially become the mantra of the sanitation community. This philosophy is embedded in the 

planning tools described above, and it is widely held that engaging households and/or 

communities in decision making and planning is what is needed to stimulate demand for, and 

long-term commitment to, the operation of sanitation systems [89, 92, 93].  To this end, a few 

planning approaches have emerged in recent years that are recognized by the sanitation 

community as shifts in the necessary direction; these approaches include the Strategic Sanitation 

Approach (SSA), Household Centered Environmental Sanitation (HCES), and the Sanitation 21 

framework [86].   

 

In this chapter I provide a synopsis of the state-of-the-art in sanitation planning, including 

descriptions of the aforementioned approaches.  Despite the emergence of these tools, a 

retrospective on urban sanitation at the close of 2008 concluded that “there is little evidence that 

any overarching approach has had any significant impact in the complex situations faced by the 

urban poor and those charged with delivering sanitation services to them,” (p 30, [94]).  I 

specifically attribute some of this failure to the sanitation community’s well-meaning, but 

potentially futile, emphasis on household and community participation to motivate sanitation. In 

an attempt to further the progress towards an urban sanitation planning process that yields robust 

and lasting sanitation systems, I make the novel case that planning processes must focus on the 
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back-end users of sanitation products (i.e., the users of outputs such as effluent for irrigation or 

sludge for fertilizer,) shifting the imperative from household-level demand to back-end-user 

demand to incentivize sanitation.  I introduce Design for Service (DFS), a novel five-step 

planning approach that does precisely that.  In this chapter, I lay out the details of the DFS 

approach and make the case that because it is reuse-oriented, and shifts the incentives of 

sanitation to target end users, it effectively responds to the current weaknesses in urban sanitation 

planning, implementation, and long-term sustainability. In Chapters 5-8 I demonstrate the step-

wise application of DFS using the Pixian and Chengdu case studies. 

4.2 The State-of-the-Art in Urban Sanitation Planning Approaches 

In recent years, much literature on urban sanitation has focused on building consensus for a 

change from the conventional approach to providing access to sanitation.  The Bellagio Principles 

are the most prominent example. The Principles were developed in February 2000 by a group of 

25 experts convened by the Environmental Sanitation Working Group of the Water Supply and 

Sanitation Collaborative Council (WSSCC).  In the views of these experts, conventional thinking 

and conventional solutions to sewage management are economically unaffordable and 

environmentally unsustainable [57].  Central to the Bellagio Principles are the notions that 

sewage is a resource, that decision making must be informed by diverse stakeholders making 

strategic choices, that the export of waste should be minimized, and that sanitation should equally 

pursue human dignity, human health, and the protection of the environment [57].  

Substantially less literature has been dedicated to the tools, methods, or processes for effecting 

the changes that must accompany this new vision of sanitation.  Parkinson, laments that the 

biggest barrier to implementing a new (decentralized) approach to sanitation is the lack of 

capacity to plan, design, implement, and operate such infrastructure [95].  In a similar vein, 
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Refsgaard describes a lack of local knowledge with respect to the different wastewater treatment 

technologies, and thus a tendency to choose those which are known; she describes a need for 

decision-making tools that can improve access to information [96].  The Sustainable Sanitation 

Alliance (SuSanA) claims that to meet the MDG for sanitation “[w]e urgently need new creativity 

for better planning and implementation…” (p 1, [92]).  In the same publication, SuSanA goes on 

to argue that one-size-fits-all sanitation models imported from the industrialized world need to be 

replaced by planning approaches that facilitate context-specific solutions [92].  The notion that 

the same sanitation schemes that are used in the industrialized world are not appropriate for most 

developing countries is not a new one; yet, the former continue to be replicated.   SuSanA’s novel 

take on this long-held idea is their emphasis on the need to develop innovative planning 

techniques as a means to affecting a shift towards appropriate technology selection and 

implementation.  Three substantive tools have emerged in recent years that begin to respond to 

these calls and they are discussed below. 

Strategic Sanitation Approach 

The SSA was co-developed in the 1990s by the World Bank’s Water and Sanitation Program 

(WSP) and the United Nations Development Programme (UNDP) in response to the consistent 

failure of supply-driven approaches to urban sanitation [97].  The SSA is designed to be demand-

driven – user willingness-to-pay surveys are an early and critical step in the process.  The results 

of those surveys are meant to inform the design of a system that is suited to the users’ needs and 

local financial constraints [97].  Incentives for stakeholders to effectively operate and maintain 

the sanitation scheme are also intended to be a key feature of the SSA, e.g., rewards for effective 

action or sanctions against failure [91].  According to its creators, the prerequisites for 

implementing the SSA are an institutional framework which will put the necessary incentives in 

place to ensure performance of the sanitation system, and a demand-based policy; the stakeholder 
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roles and arrangements defined by the new institutional framework are to give rise to the dynamic 

and responsive demand-based policy  [97].  These prerequisites have been criticized as unrealistic 

because in practice, institutions have proven unmalleable and unresponsive [94].  Indeed 

institutional reform is not easy to effect but to discredit it as impossible is unproductive given that 

the sustainability of a sanitation scheme is only as good as its operation and maintenance, which 

depend on functioning institutions.  A more astute critique of this feature of the SSA is perhaps 

that methods or protocols for developing the institutional framework and demand-based policy 

are not explicitly embodied within the SSA framework.   

The most well documented application of the SSA was for the Kumasi Sanitation Project in 

Ghana between 1989 and 1994 [91, 92, 97].  The WSP-UNDP team partnered with local 

government agencies and the university to develop a Strategic Sanitation Plan and ultimately to 

erect over 150 KVIP (Kumasi Ventilated Improved Pit latrine) blocs and a simplified sewerage 

and septic tank system that combined, served approximately 25,000 people [91].  One would be 

hard pressed to call the project a success story.  In retrospect, the demand assessment, that took 

the form of a contingent valuation survey, was too cost-centric, failing to consider other 

dimensions of users’ preferences [91].  Subsequently, a single technology choice – the KVIP – 

was made available to most households, and the latrines were promoted through door-to-door 

sales with only moderate success [91].  In the community where the simplified sewerage was 

built, the infrastructure was in place before households opted in, and only 60% connected [91].  

Incentives, which are theoretically at the core of the SSA philosophy, were largely absent for all 

stakeholders involved in the project.  With respect to users, there was a financial subsidy for the 

KVIP but the cost was still too high for many households; further, the limited extent of health and 

hygiene education did little to compel households to participate.  In the institutional realm, 

service provision remained highly uncoordinated with no individual accountability [91].  Another 
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key shortcoming of the SSA application, at least in Kumasi, is that it was heavily biased towards 

the front-end of sanitation – user facilities – and did not sufficiently consider the treatment and 

disposal, or ideally, the productive end use of the fecal sludge.   

Household Centered Environmental Sanitation  

The HCES approach was developed in 2000 by an expert group under the auspices of the 

WSSCC in Geneva, and is based on the Bellagio Principles.   The key features of the HCES 

framework are that it facilitates a multi-sector approach to planning: it integrates water supply, 

storm-water and sewage management; facilitates the incorporation of input from diverse actors; 

utilizes the concept of regional zones for enhancing the implementation of decentralized options; 

and it encourages circular waste management, that is, the reuse rather than disposal of human 

waste [98].  HCES comprises a 10-step process that can be divided into three thematic sections: 

appraisal (Steps 1-4), engagement (Steps 5-9) and action/implementation (Step 10) [92].  A 

prerequisite for applying HCES is an “enabling environment,” a situation that fosters the 

inclusion and participation of all stakeholders such that the project outcomes are successful and 

sustained [98].  As the tool’s name suggests, beneficiaries of the improved sanitation are very 

much a part of the planning process, and working through HCES is typically coordinated by local 

NGOs or research institutes, as opposed to by bureaucrats [92, 98].  Between 2007 and 2009 

HCES is being piloted in several towns in Asia, Africa, and Latin America [99].  Limited 

information is available on those projects, though working through the HCES has reportedly been 

a very slow process, and one that will require simplification if it is to be accessible to local 

stakeholders [92].    

Sanitation 21 

The newest among the three frameworks, Sanitation 21 was published in 2007 by the IWA 

Sanitation 21 Task Force, a working group that was convened to address the challenges of 
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improving access to sanitation in urban areas [56].   The Task Force describes the framework as a 

“simple representation of what is a complex process,” and to that end it divides planning into 

three phases: understanding the context, evaluating technical options, and assessing the suitability 

of those options for the context [56].  The primary function of the framework is to guide decision 

makers, first through gaining a comprehensive understanding of the operational context within 

their planning purview, including the objectives, external pressure on, and capacity of each 

domain, and next to help decision makers select sanitation system typologies that are best suited 

to the local context as they have come to understand it.  A clear strength of Sanitation 21 is that it 

adopts a comprehensive definition of sanitation that includes the technology at the user interface, 

collection, transport, treatment, and disposal or reuse of waste.  The Sanitation 21 framework 

provides its users with a series of tables and checklists that serve to provide cues for conducting 

the context analysis, and as reference tools that organize sanitation typologies by their 

management and economic burdens [56].  The actual utility of these tools in practice, and the 

extent to which they facilitate informed and demand-driven sanitation design, remains to be seen 

as the tool has not yet been piloted.   

Summary of current progress towards improved sanitation planning  

The recent spotlight on SSA, HCES, and Sanitation 21 has focused much needed attention on the 

process of bringing about effective and sustained access to sanitation.  An important feature of 

the tools is that they take a position of technology neutrality; they attempt to broaden the set of 

technology solutions that get implemented, such that choices are better matched to the economic 

constraints and management capacity of the region [90].  This feature responds to the calls of 

environmental planners; they promote participatory processes where solutions result from the 

inputs of local stakeholders, and not solely from “conventional wisdom” or “prescriptive” 

planning [100, 101].  Multi-disciplinary participation throughout the planning, decision-making, 
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and implementation processes is seen by many planning scholars as a critical means of achieving 

more thoughtfully and deliberately designed cities [96, 100, 102-105].    

4.3 User Participation: Current Strategies for Ensuring Long-Term 
Viability of Sanitation Systems 

One of the ongoing challenges to increasing access to improved sanitation is that compared to 

other basic services (e.g., safe water supply, housing) sanitation garners limited effective demand 

[56, 88, 106].  A longstanding hypothesis for this is that the benefits of complete sanitation are 

largely public goods (e.g., reduced societal burden of disease, protection of the environment,) yet 

the burden of paying for the service typically falls to the household [56, 83].   To rectify this 

situation, the sanitation community has turned to participation to promote household demand.  

The commitment to participation is not only evidenced in the SSA, HCES and Sanitation 21 

tools, but also in new programs like microfinance for household latrines, and in the language of 

recent documents collectively authored by sanitation experts.  For example, in the International 

Water Association’s (IWA) 2008 Vienna Charter on Urban Sanitation, a document that is meant 

to represent the collective voice of sanitation professionals, there are several references to 

participation and its likeness: 

To ensure proper use and operation every toilet should be a ‘wanted’ toilet; that is, one which 
users have taken a decision to invest in, operate and maintain.  This means that…there may be a 
need to invest in understanding and influencing household demand for sanitation and hygiene 

facilities (Section 2.4.5) 

[Citizens should] [p]articipate actively in the planning, monitoring and delivery of effective urban 
sanitation services (Section 4.4.1)  

Similar language is found in SuSanA’s 2008 publication on urban sanitation [92]: 

It is of great importance to empower local people through raising their skills and capacities  

(p 6/8) 

Wherever possible, one should utilise participatory action planning methods to converge the 
interests of stakeholders and pool resources (p 7/8) 
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In addition to involving users in decision making, sanitation practitioners promote other tactics of 

participatory engagement, including health and hygiene education to raise awareness about 

sanitation’s private benefits, and otherwise appealing to an individual’s personal desires, such as 

status, comfort, and convenience [86, 88, 106].   

The way in which the sanitation community has embraced user participation as a solution to the 

challenge of long-term sustainability is a caricature of what development theorists term 

“functional participation” or the “populist” approach to development [107, 108].  This type of 

participation emerged precisely in response to the failure of top-down projects, and it became 

assumed by many practitioners (e.g., NGOs, World Bank, UN agencies,) that effectively 

involving beneficiaries would solve the sustainability issues that too often plague development 

projects [107-109].    In parallel with the sanitation community, freshwater supply and 

management practitioners similarly adopted participation as a precept for development projects, 

enshrining it in the Dublin Principles3 in 1992. However, since the mid-1990s, a number of 

critiques have been leveled at participation in practice, including skepticism of its impact on the 

long-term sustainability of development interventions [108, 109].  At best, it is said, functional 

participation can lead to interactive involvement by “locals,” but more often it happens that locals 

are co-opted into agreeing to externally defined objectives; and thus, participation achieves little 

in the way of long-term sustainability [108].   

There is extremely limited evidence of the positive impacts of participation on urban sanitation 

projects.  The sole study of its kind appears to be that published in 2007 on the role of 

                                                      
3 The Dublin Principles are a set of four guiding principles for water supply and management adopted a the 

United Nations Conference on Environment and Development (UNCED) in Rio de Janeiro in June 1992. 

Dublin Principle No. 2 states, “[w]ater development and management should be based on a participatory 

approach, involving users, planners and policy-makers at all levels,” (Available at: 

http://www.gwpforum.org/servlet/PSP?iNodeID=1345). 
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participation on the performance of condominial sewers in urban areas of Brazil [110].  Overall, 

these researchers found that good sewer performance was associated with a fairly wide range of 

community participation levels; participation in construction and maintenance was not associated 

with good sewer performance; and that mid-levels of community participation in mobilization 

and decision making phases may improve sewer performance [110].  More research on the 

relationship between participation and the long-term performance of urban sanitation schemes is 

much needed, but the limited findings do call into question the assumption that increased user 

participation over the course of a sanitation project is likely to improve that project’s outcomes. 

It has been argued that while user participation may increase household demand for latrines, it 

does not necessarily translate to households being more willing to finance the latter half of the 

sanitation lifecycle, such as treatment, and disposal or reuse of wastewater and fecal sludge [94].  

In fact, household and community demand for latrines is usually quite high in dense urban areas, 

it is the subsequent absence of disposal services (particularly in poor settlements) that presents a 

bigger challenge [88].  To the extent that target households or communities must be compelled to 

use a latrine/toilet, participation might be useful, if not essential.  However, where the weak links 

in a sanitation project are the subsequent treatment and disposal/end use of wastewater and fecal 

sludge, (as opposed to poor usership,) the heavy emphasis on appealing to the interests of 

sanitation service users is perhaps misplaced. As a tactical approach to improving the efficacy of 

sanitation systems, user participation seems to be a very indirect way of confronting what is often 

the real challenge of poor O&M in the sanitation sector.     

4.4 Going Forward: Redefining Demand-Driven Sanitation 

Based on the strategy documents that have been produced by the community of sanitation 

practitioners, there has yet to be a large-scale concerted effort to leverage end-user demand for 
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wastewater, fecal sludge, and treatment byproducts to motivate and sustain robust sanitation 

schemes.  The current promotion of user needs and preferences is biased towards front-end users; 

there is almost no recognition of the needs of back-end users, despite the fact that the latter have 

greater opportunity to play a direct and active role in the effective treatment and end use of waste.  

With respect to generating demand for sanitation services, the latent demand of back-end users 

for the outputs of reliable sanitation schemes may be easier to tap than is the notoriously low 

demand among consumers at the front-end of sanitation services.  

To this end, I propose a new, two-pronged interpretation of the much promoted “demand-driven” 

sanitation paradigm. It is my contention that reliable demand for the end products and/or 

byproducts of sanitation can serve to support the on-going operation and economic viability of 

sanitation schemes.  As the sanitation community has voiced, there is a need for new financial 

models to improve the long-term viability of sanitation schemes; front-end user willingness 

(and/or ability) to pay is typically too low to cover the full O&M costs of the sanitation system.   

Harnessing back-end user demand creates several financing opportunities that are not available to 

a disposal-oriented scheme.  One opportunity is the ability to institute dual revenue streams where 

both the front-end and back-end users are paying for the service they receive – collection and 

removal of the waste or beneficial use of the treatment process outputs.  There is precedent for 

charging for wastewater effluent and for treated (or composted) sludge as fertilizer, soil 

conditioner, or fuel [111-113], though it has not become a mainstream means of financing a 

sanitation system.   

In poor regions where the monetary recovery potential is especially low, back-end user demand 

can still be leveraged to offset the costs of operating and maintaining sanitation schemes.  To give 

one of many possible examples, in-kind labor to perform the daily maintenance required for a 

pond system (e.g., clearing grit chambers, keeping pond surfaces clear, trimming plant growth 
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around pond perimeters,) could be exchanged for reliable access to quality irrigation water and 

for secure land tenure on an agricultural plot adjacent to, and considered part of the treatment 

system.  This type of in-kind labor should not be conflated with that which might be provided by 

front-end users.    Participation in the form of in-kind labor has been criticized by development 

theorists for many reasons including the presumption and expectation that the poor have time and 

skills to offer in exchange for access to infrastructure they did not necessarily opt for [114].  

While this is a valid objection, in-kind labor from back-end users is a different case entirely.  

Back-end users would self-select for involvement based on their personal demand for a particular 

end- or byproduct of treatment, and work they provide would be in exchange for a monetizable 

resource with direct economic livelihood benefits.  Thus, they would not be substituting time they 

could spend generating income with time spent laboring for no economic benefit. However, to 

capture end-user demand in an economically or socially meaningful way will require targeting 

potential consumers before the system is designed, and tailoring sanitation schemes such that the 

outputs meet the specific needs of those customers in terms of their final location, quality, and 

state.   

Harnessing back-end-user demand for the end-products of sanitation will only be as effective as is 

the marketing; a successful product is one that is “designed for usability” and designed to 

“enhance the customer’s experience,” [115, 116].   To leverage the embodied resources in 

wastewater and fecal sludge as marketable commodities, they must effectively compete with the 

alternatives that currently serve the local market, and offer an additional benefit that entices 

consumers to switch (e.g., lower cost, added convenience, better performance).   Product 

designers invest enormous time and money into in-depth market analyses and consumer 

ethnographies to ascertain opportunities to target a conscious or even unconscious consumer 

concern or desire [116].   Yet, in the sanitation sector, to the extent that reuse is currently 
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incorporated into treatment schemes, it is often an afterthought in the planning process; such 

considerations at the outset are seen as burdensome and unnecessarily complicated [117, 118].  In 

other instances, decision makers have adopted an “if-we-build-it-it-will-thrive” mentality, 

whereby reuse schemes have been built with the best intentions but without ever consulting the 

supposed end users or necessary authorities.  When reuse projects fail it is often because they 

were conceived without due consideration of the local institutions, market demand, and supply 

chains necessary for them to thrive (Box 4. 1).  

Targeting back-end users as a means of incentivizing reliable sanitation may prove easier than 

incentivizing local government agencies to prioritize robust sanitation. The latter often struggle to 

allocate scarce resources over under-performing and under-supplied urban services, and when 

faced with investment tradeoffs, global experiences show that improved sanitation is not at the 

top of most governments’ agendas [87].  In most cases, the government lacks a vested interest in 

maintaining the sanitation systems, particularly in the absence of enforceable environmental 

regulations with sanctions when they are not met. On the other hand, entrepreneurs who can 

wield monetary gains from the end- or byproducts of the sanitation process have a direct 

motivation for maintaining the system.  In the case of publicly run facilities, increasing the role of 

back-end users in the long-term O&M of a sanitation scheme would subsequently position 

government agencies in more of an oversight and managerial role than one of service provision, a 

role that it has been suggested governments are more fit to play [119].  
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Box 4. 1.  Examples of reuse schemes where lack of comprehensive planning prior to implementation may 
have contributed to their failure. 

 

4.5 Reuse is Fundamental to Sustainable Sanitation 

The key to incorporating back-end users into the long-term operation and maintenance plan of a 

sanitation facility is of course, designing sanitation schemes for reuse.  Reuse is widely promoted 

in the sanitation literature [4, 5, 120]; furthermore, the ideals articulated at the World Urban 

Forum also allude to incorporating reuse, namely calling for planning processes that leverage the 

role of water and waste in the urban economy to the benefit of sanitation projects, that help to 

Case 1: Fecal sludge composting facilities in Ghana 

The city of Accra, Ghana attempted the implementation of a fecal sludge and solid waste co-compost 
facility with the intention of selling the finished product to farmers as a fertilizer and soil conditioner. 
The fully-automated facility was built in 1980 by the Ministry of Local Government and Accra 
Municipal Assembly.  It has the capacity to produce 30,000 tons of compost annually; however, it has 
not been operational for many years.  A thorough analysis of the factors which contributed to its failure 
has not been published but an absence of a local market for the compost is said to be largely to blame 
[1].  Prior to building the facility, it was not acknowledged that farmers have a readily accessible, 
convenient, inexpensive and nutrient-packed fertilizer source in poultry manure; thus they did not 
switch to the co-composted sludge and there was not enough cash flow or incentive to maintain the 
facility [1].  Furthermore, there were never any systems in place to transport the co-compost from the 
facility to the farmers’ fields, whereas the poultry manure is available in several locations around the 
city.  This example speaks to the importance of using local market demand and supply chains as the 
point of departure for the design of a reuse project, and using that information to appropriately tailor the 
characteristics of the final product. 

Case 2: Agricultural irrigation in eThekwini Municipality, South Africa 

The second case study in Mnini, a district of the eThekwini Municipality in South Africa, involves a 
reuse scheme conceived to divert wastewater effluent from the Ngane River to stem degradation of the 
natural ecology, and the negative impacts on the river’s users.  In 2002 two proposals were considered, 
including one to divert the effluent for irrigation. By January 2003, an irrigation system was designed 
by a consultant and was installed. A total of 10,000 banana plants were purchased and 75% had been 
planted by 2005 on 2 ha of land. Mango plantations are planned for over 2 ha, and two plots (0.6 ha in 
total but extendable to 2 ha) have been prepared for vegetables and cash crops. Despite the technical 
viability of this reuse project, the system has never been commissioned due to institutional barriers.  For 
example, authorities behind the reuse project did not get permission from the local traditional leader to 
use the land; they did not get permission from local households to install an irrigation system and 
utilize the land for agriculture; they did not get permission from the Department of Agriculture to break 
virgin ground; and they did not secure the necessary permits from the Department of Trade and 
Industry or the Department of Water Affairs and Forestry.  
 
Though well-intentioned, the ad-hoc and insular means of designing and implementing the Mnini reuse 
scheme is arguably to credit for its failure.  Mnini is testament to the need for a systematic planning 
approach that guides practitioners through a process of asking the appropriate questions and engaging 
the appropriate people to avert failed outcomes.  Beyond being technically feasible, a reuse scheme 
must also be socially, economically, and institutionally robust if it is to be sustained, not to mention if it 
is to incentivize appropriate operation and maintenance of the sanitation scheme itself. 
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highlight or develop linkages between basic service provision and provision of basic livelihoods, 

and that help create novel financial schemes to improve the long-term viability of sanitation 

systems.  However, I am not aware of any planning frameworks aside from DFS that necessarily 

lead to reuse-oriented solutions, and which subsequently ensure that the objectives outlined at the 

World Urban Forum are actualized.  The SSA, HCES, and Sanitation 21 approaches, for example, 

may go as far as encouraging reuse as a principle of sustainable sanitation but they fall well short 

of guaranteeing that it is an outcome. It has long been recognized that planning is not a value-free 

endeavor but rather a social and political exercise [121]. Thus, if reuse is an outcome that we as 

sanitation planners value, we must craft planning processes that serve as vehicles for reuse to 

assert itself.  

Design for Service is a planning approach that establishes reuse as a starting point for the design 

of a sanitation system.  There is a lively debate regarding the definition of sustainable sanitation. 

The argument for reuse often has an environmental bias and hinges on the view that sustainable 

sanitation entails reuse of wastewater and sludge to conserve water, decrease reliance on non-

renewable energy, offset commercially produced fertilizers, protect surface water, etc., [4, 5, 122-

124].  With respect to protecting surface water ecosystems, reuse may be a more effective and 

economically efficient means of doing so than the alternative of treating wastewater to meet 

stringent discharge standards.  For example, in the case of Chengdu, where the Municipality is 

under the pressure of a provincial-level mandate to improve local surface water quality, 

wastewater reuse for irrigation would divert effluent from surface waters to fields, and 

simultaneously conserve freshwater in the rivers which otherwise would have been extracted for 

agriculture (this option is detailed in Chapter 7).  Thus, the wastewater would require less 

treatment, since the embodied nutrients benefit agriculture, saving associated economic and 

energy costs, and at the same time, keeping a superior quality water in the rivers.  Where there is 
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not a demand for irrigation water, numerous other forms of reuse exist, and most of them have 

lower quality requirements (and thus treatment requirements) than does safe discharge to the 

environment.  All of these reuse options are described in detail in Chapter 5, including examples 

of global best practices and of water quality standards adopted by different countries and 

international agencies.   

Sewage sludge management is a growing challenge for mechanical wastewater treatment 

facilities around the world.  Sludge is an unavoidable byproduct of primary, secondary, and 

advanced wastewater treatment processes, and is typically generated at a rate of 70-90 g/person 

equivalent, or 1 dry ton/10,000 person equivalents per day [125].  As rates of wastewater 

treatment increase, the capacity of landfills to accept sewage sludge is diminishing, and 

furthermore, sewage sludge can, and should be, treated as a resource and not waste.  Considering 

the immediacy of water shortage in cities around the world, climate change and the need to adopt 

renewable energy sources and eliminate greenhouse gas emissions, and global depletion of 

accessible supplies of phosphorus, it is difficult to rationalize not harnessing embodied resources 

in wastewater and fecal sludge to the extent possible.   

In regions of the world where citizens do not have even the most basic access to improved 

sanitation, environmental protection is seldom a top priority, and subsequently reuse, outside of 

unplanned direct reuse of raw sewerage, is seldom part of a sanitation scheme.  However, in these 

particularly resource constrained circumstances where the economic and operational 

sustainability of sanitation schemes is most precarious, reuse may actually be the incentive that 

keeps a system functioning as a result of harnessing demand exerted by back-end users. 

Recognizing reuse of wastewater and fecal sludge as a means to achieving not only 

environmental sustainability, but long-term operational sustainability, especially in poor cities, is 
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the first step towards reuse-oriented sanitation, but implementing this philosophy remains a 

challenge that is at odds with embedded norms.   Most engineers and planners have been 

educated and trained to design for disposal.  That is, trained to design schemes that convey 

sewage to a centralized treatment plant – often as far from human settlements as land availability 

permits – where it undergoes mechanical purification before discharge to an ocean outfall or 

surface water.  The design of conventional linear treatment systems fit the paradigm of 

prescriptive planning that local engineers know best, or that outside consultants can deliver 

without a comprehensive understanding of the local context; thus they persist [95, 105, 126, 127].  

Arguably, the biggest challenge to expanding reuse will be countering the current momentum 

behind traditional disposal-oriented sanitation planning; doing so will require a new generation of 

engineers, planners, and decision makers who commit to stop thinking of wastewater. 

 

Assuming the reader agrees that a sustainable approach to sanitation – whether the key priority is 

environmental protection, long-term economic and operational viability, or both – converges on a 

reuse-oriented scheme, the remainder of this chapter equips the reader (i.e., engineer, planner, 

local stakeholder) with a systematic means of planning such a system. DFS is intended to 

facilitate a coherent and deliberate decision-making process that will foster a culture of locally 

optimized reuse-oriented sanitation systems.  DFS maintains some of the best qualities of the 

planning tools described above; it is technology-neutral, the approach fosters the inclusion of 

multiple domains of the city, and it is (two-pronged) demand-driven.  In addition, because it is 

reuse-oriented, DFS addresses other objectives that have been associated with the provision of 

urban sanitation: it aims to directly contribute to economic development and poverty reduction; it 

integrates sanitation planning into the larger regional development and land use planning context; 

and it enhances the efficiency of local water resource management [90].  As discussed above, 
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reuse, if considered at all, is often seen as secondary to the primary objective of providing access 

to improved sanitation, and too complicated to include at the outset of a planning process.  Thus, 

to make designing for reuse an accessible and successful option, DFS fosters a process for 

systematically considering and eliminating an exhaustive list of reuse options as rapidly and 

efficiently as possible; and it fosters an inclusive planning process where outcomes are both 

tailored to the back-end users of the waste and treatment byproducts, and also acceptable to all 

other stakeholders.  

4.6 The Design for Service Framework 

DFS is an iterative framework (see Box 4. 2) that consists of the following five steps:   

1) Generation of a list of all of the potential “services” (e.g., irrigation, toilet-flushing, 

fertilizer, alternative energy) that wastewater, fecal sludge, and  treatment byproducts can 

provide;  

2) Assessment of the demand for those services in and around the city of interest;  

3) Assessment of the business-as-usual performance of the provision of those services;  

4) Design of sanitation infrastructure for the provision of that service where it can have 

the greatest marginal impact;   

5) Assessment of the intrinsic environmental and economic characteristics, and user 

suitability of the technology options available for rendering the waste/wastewater suitable for the 

service of choice.    

A unique feature of DFS is its grounding in the user-centered design philosophy [115], where 

sewage is conceptualized as a product and attention to the needs and limitations of its end user(s) 

drives the design of the handling scheme.  The intended reuses of sewage and its embodied 

resources inform technology selection, site-selection, and scale, such that the scheme is tailored to 
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the needs of the end user.   If reuse is to incentivize and motivate robust sanitation, wastewater 

and fecal sludge handling schemes must respond to local market demand for the embodied 

resources, and be sensitive to social norms surrounding their use.    

 

Box 4. 2. Stepwise Design for Service planning approach. 

Design for Service is a five-step planning approach that results in a site-specific, reuse-oriented sanitation 
scheme.  The ultimate reuse (or “service”) of the wastewater/fecal sludge is the starting point for the 
planning process; each of the five steps and corresponding methods are shown below.   

                                        Step                   Method 

 

 

Design for Service is deliberately named for its dual meaning.  In the sanitation sector, the term 

“service” traditionally refers to safe waste removal and/or treatment, and the quality of service is 

measured based on physical coverage and/or satisfaction of the front-end users or beneficiaries.  

In this sense, design-for-service means devising a sanitation scheme that effectively meets users’ 

demands, needs and desires, much like the sanitation community promotes.  The other, less 

conventional meaning of design-for-service refers to the resource value of waste, and the need to 

devise sanitation schemes that maximize the extent to which sewage and its treatment byproducts 

List of services that wastewater/wastewater treatment 

byproducts can provide  
Based on literature review of full-scale case studies 

Analysis of local production/use (interviews, 

government statistics); optimization modeling  

Gap analysis between existing and potential 

performance using optimization modeling; ecosystems 

impact assessment; analysis of institutional stability and 

user satisfaction  

 LCA; mathematical modeling; economic cost benefit 

analysis; determination of realistic and necessary 

institutional and user change  

Process-based LCA in combination w/social and 

institutional indicators  

Assessment of demand for those services in city of 

interest 

Assessment of performance of ‘business as usual’ 

provision of above services 

Design wastewater infrastructure to improve the 

sustainability of those services with lowest 

Assessment of intrinsic sustainability of wastewater 

treatment 
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are utilized for their potential “services.”  For example, wastewater can be used for irrigation, 

toilet flushing, industrial purposes, etc., and sludge (if generated) can be used as a as a 

substitution for chemical fertilizers, or as a replacement for raw inputs in construction products 

and as alternative fuel (see Chapter 5 for complete overview of reuse opportunities).   

 

Working through the DFS framework is intended to yield a plan for urban sanitation that actively 

contributes to local sustainability by not only mitigating public and environmental health risks 

associated with indiscriminate discharge, but by capturing and utilizing the resource potential of 

human waste in ways that have the greatest local benefit to the economy, livelihoods, and/or 

environment. The resultant sanitation scheme should provide optimal service from the 

perspectives of front-end and back-end users.  I envision the framework to be useful on a variety 

of levels, from being used as a philosophical framework to guide more deliberate thinking about 

sanitation infrastructure, to guiding a rigorous, science and knowledge-driven, and local needs-

oriented planning process.  In the following chapters, DFS is used in the latter vein and the 

outcome is a recommended scheme for reuse in agricultural irrigation using wastewater generated 

in a peri-urban district of Chengdu. 
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CHAPTER 5 

DFS Step 1 – Services that Wastewater, 

Fecal Sludge, and Treatment Byproducts 

Can Provide 

5.1 Introduction 

This chapter provides a summary of the wide variety of services that wastewater and sludge can 

provide.  It is intended to be a resource for DFS users, as becoming familiar with the options for 

handling waste and treatment byproducts productively is Step 1 of the DFS planning approach.  

The synopses of reuses in this chapter all include a description of the key benefits reaped from a 

given reuse, potential barriers to implementation, and the human and environmental health risks 

associated with that reuse, as well as regionally recommended and/or enforced quality standards.  

Appropriate quality control regulations are critical to the safe and productive reuse of wastewater 

and sludge; however, standards are only as effective as are the mechanisms in place to ensure that 

they are enforced.  There should be the capacity to halt a reuse scheme in the event that such 

standards are not met.   

The wastewater and sludge services described below represent all of those which I know to be 

practiced on a full-scale.  Often these services are provided at no cost to the beneficiary; however, 

each of them has a quantifiable commodity value that could be collected and used towards 

supporting the long-term operation and maintenance of the treatment facility.  Furthermore, these 

reuses of wastewater and sludge relieve some of the burden of providing the same services with 

other scarce water and material resources, and where sludge is reused, it eliminates the land and 

cost burden associated with disposal.  Thus, as discussed in Chapter 2, integrating reuse into a 
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sanitation scheme would contribute to enhancing the active sustainability of a facility with respect 

to the productive contribution it makes to the region it operates in.   

The services discussed in this chapter are categorized by those associated with wastewater and 

those with sludge, and they are further broken down into services that are harnessed during the 

treatment process (e.g., biogas), and services that are harnessed as final end uses of the 

wastewater or sludge.   

5.2 Wastewater Services 

Wastewater is anything but what its name suggests.  Around the world, the resource value of 

wastewater is increasingly being recognized and captured in the variety of ways detailed below 

and summarized in Table 5. 11.  In fact, there are nearly 2000 known full-scale wastewater 

reclamation projects in more than 60 countries around the world (Table 5. 1).  When measured as 

a percent of total water extraction, Kuwait, Israel and Singapore are the world’s leaders in treated 

wastewater reuse at 35.2, 18.1, and 14.4%, respectively [128].  China reuses 670,000 m3/d, a 

larger volume than Kuwait and Singapore, but it equates to less than 0.1% of their total water 

extraction [128].  

Biogas recovery, for direct use or conversion to electricity, occurs simultaneously with the 

anaerobic treatment processes; all of the other services including, irrigation, aquaculture, non-

potable urban use, industrial reuse, groundwater recharge and environmental enhancement are 

final end uses for the wastewater and must be preceded by an appropriate level of treatment.  This 

overview of wastewater services draws attention to the key environmental, economic, and social 

dimensions of pursuing a given reuse option, but the costs and benefits are ultimately sensitive to 

the local context.  Working through the subsequent steps in the DFS framework will ensure that a 

reuse scheme is appropriately tailored to the region.    
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Table 5. 1.  Overview of wastewater reuse projects and types around the world. (Source: adapted  
from Jimenez and Asano 2008). 
Country 
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Algeria 1        X 
Argentina 51 X       X 
Australia 27 X X  X X X X X 
Austria 29     X    
Bahrain 2 X X      X 
Belgium 30  X  X    X 
Bolivia 53 X        
Brazil 52 X X      X 
Cameroon 49 X        
Canada 61 X X    X   
Chile 54 X    X   X 
China 38 X X X X X X X X 
Colombia 55 X       X 
Costa Rica 56 X       X 
Cyprus 19 X X      X 
Dominican 
Republic 60 X        
Egypt 3 X   X  X  X 
France 24 X X    X X X 
Germany 31  X  X X X  X 
Greece  26 X    X   X 
Guatemala 57 X        
Hong Kong 43  X       
India 37 X  X X    X 
Iran 4 X   X  X  X 
Iraq 5         
Israel 18 X X  X  X  X 
Italy 22 X X  X X   X 
Japan 41 X X   X X X X 
Jordan 6 X   X  X  X 
Kenya 45 X    X   X 
D.R. Korea 36  X   X   X 
Kuwait 7 X X  X X X  X 
Libya 8 X       X 
Malta 20 X    X    
Mexico 58 X X  X X X  X 
Morocco 9 X X      X 
Namibia 46  X  X    X 
Nepal 44 X        
Netherlands 32  X   X X  X 
New Zealand 28  X    X   
Oman 10 X X  X X X  X 
Pakistan 35 X        
Palestine 11 X   X    X 
Peru 59 X   X    X 
Portugal 25 X X   X X  X 
Qatar 12 X X    X   
South Africa 47 X X  X X X  X 
Saudi Arabia 13 X X  X X X  X 
Singapore 42 X X   X   X 
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Spain 21 X X  X  X  X 
Sudan 50 X        
Sweden 33 X        
Syria 14 X   X     
Thailand 39 X  X X X   X 
Tunisia 15 X X  X  X   
Turkey 23 X X    X   
United Arab 
Emirates 16 X X    X  X 
United Kingdom 34  X  X X X   
United States 62 X X  X X X  X 
Vietnam 40 X  X X     
Yemen 17 X X  X X X  X 
Zimbabwe 48 X     X  X 

 

Services harnessed during treatment 

Biogas recovery  

Incorporating energy recovery into the wastewater treatment process has a relatively short history 

but has been becoming increasingly popular with rising interest in renewable energies, 

sustainable development, and climate change mitigation.  In fact, there is often enough energy in 

wastewater for treatment plants to be completely self-sufficient, and even to produce more energy 

than they utilize [129, 130].  Harnessing the embodied energy in wastewater requires the use of 

anaerobic treatment, where the byproduct is biogas, approximately 70% of which is methane 

[131]. Conventional wastewater treatment schemes have tended to favor aerobic processes such 

as activated sludge because they are faster and thus more compact, and are less prone to 

operational problems in cooler climates.  Furthermore, before improvements in solids separation, 

nascent anaerobic treatment technologies were most effective for high strength industrial 

wastewater [132].  The industrial sector was the first to adopt anaerobic treatment on a large 

scale; there has been an upward trend in the use of anaerobic treatment by the food processing, 

paper-making, and chemical processing industries since the 1970s [133].  Recent developments in 

anaerobic technologies, such as the Upflow Anaerobic Sludge Blanket (UASB) that retain a high 
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concentration of biomass have both accelerated the anaerobic digestion process and made it more 

viable for lower strength domestic wastewaters [132].   

 

In comparison to aerobic treatment processes, anaerobic treatment offers numerous advantages.  

With respect to energy, anaerobic digestion conserves approximately 1 kWh/kg COD removed 

(the average energy intensity of aerobic treatment) and in addition, produces energy on the order 

of 1.5 kWh/kg COD removed [129, 133].  Another pertinent benefit of anaerobic treatment is that 

the process produces about 90% less sludge than aerobic processes, and that sludge which is 

produced is stabilized within the anaerobic reactor [133]. This saves considerable capital and 

operation costs and lessens the burden of finding disposal or productive end-use options for the 

sludge.   An emerging use for anaerobic digestion is heavy metal recovery; under reducing 

conditions, oxidized sulfur compounds precipitate out a number of bivalent metals such as Pb, 

Co, Ni, and Zn which can be reclaimed for use in the metal industry [133]. 

 

An often noted drawback of anaerobic treatment is that it does not provide extensive nutrient or 

pathogen removal [129, 132].  Therefore, most anaerobic treatment processes are followed by a 

facultative pond, constructed wetland, trickling filters, or activated sludge [129].  If wastewater is 

to be discharged into surface waters, inadequate nutrient removal is a serious constraint to the use 

of anaerobic treatment; on the other hand, the limited reduction in nutrients makes the process 

ideal for reuse in agriculture, where the nutrients can be put to valuable use.  Of course, pathogen 

removal, which can be achieved through a variety of technology and non-technology-based 

approaches, is critical for safe reuse in agriculture.   
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Operating anaerobic systems without biogas recovery is a potential threat to environmental 

sustainability and specifically climate change.  Ideally, the biogas should be captured and used 

directly for heating or cooking, else converted to electricity which can be done with about 40% 

efficiency.  However, if a system is not well operated, the biogas generation can be suppressed 

and deemed insufficient to warrant recovery; in other cases, the necessary infrastructure for 

recovering the biogas is not always installed for want of saving capital costs.  In some of these 

cases the biogas is flared, thus converted to CO2 and released to the atmosphere in the same form 

it would be through aerobic treatment.  However, in the worst cases, the biogas is released 

directly, thus CH4, with a warming impact 21 times greater than CO2, is released to the 

atmosphere.  Thus, it is very important that the installation of anaerobic treatment systems be 

accompanied by technical training to enable local operators to capitalize on the resource value of 

biogas. And while economic constraints are duly recognized as a barrier to sanitation projects, 

project financers are urged to take a long-term view of the economic, environmental, and social 

benefits of installing the infrastructure to capture biogas. 

 

Services harnessed as final end uses 

Agricultural irrigation 

Agricultural irrigation is the oldest form of wastewater reuse, its history dates back 5000 years to 

the Minoan Civilization in ancient Greece, and it remains ubiquitous in developing and developed 

countries [134]. Today in California, 67% of wastewater is reclaimed for agricultural and 

landscape irrigation, and in Middle Eastern countries 70% of irrigation water is sourced from 

wastewater [135, 136].  On a global scale, there is still great opportunity for increasing reuse in 

agriculture as wastewater-fed irrigation only accounts for 1% of water demand by the agricultural 

sector [128].  There are numerous drivers of reuse for irrigation including water scarcity, 
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protection of surface water ecosystems, increased demand for food, and recognition of the 

resource value of wastewater [136].  In developing countries, direct reuse of untreated wastewater 

often occurs; while this practice is an important source of livelihoods for local farmers and 

contributes to food security, it has been linked to public and environmental health threats [135, 

136]. On the other hand, the use of treated wastewater for irrigation is widely recognized as a safe 

and beneficial practice as long as the potential human health and environmental risks are 

managed [134, 137, 138].   

Studies show that crops irrigated with wastewater have yields 20-50% higher than the same crops 

grown with freshwater supplemented with commercial fertilizer [136, 137, 139-141].  The 

difference is partially explained by the nutrients present in the wastewater and the fact that they 

are in a form that is readily assimilated by plants [141].  Plants generally take up nitrogen in the 

form of nitrates which is the state that most other wastewater nitrogen is converted to in the soil 

[136]. Domestic wastewater has a high nutrient content due to daily human excretion on the order 

of 10-12 g nitrogen, 2 g phosphorus, and 3 g potassium per person [142].  In theory, wastewater 

can be used to offset application of chemical fertilizers (particularly nitrogenous), though in 

practice, most farmers do not change their fertilization habits because they are unaware of the 

nutrient value of the water [143, 144].  The organic matter in wastewater also improves yields and 

crop characteristics by enhancing the soil’s fertility and microbial activity [136, 137, 145]. 

The reliability and frequency of wastewater flow can dramatically improve farmers’ livelihoods 

by providing a year round source of irrigation water, and thus the opportunity to increase the 

number of crop cycles per annum [135, 143, 146].  Other indirect social benefits are attributed to 

wastewater irrigation including increased earning opportunities for local laborers, goods 

transporters, and vendors [135].  Studies have shown that wastewater irrigation can make farming 
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more labor intensive because it increases weed growth and pest proliferation in the fields [146].  

However, these outcomes are likely more detectable when raw as opposed to treated wastewater 

is used.  

Wastewater reuse for irrigation can also be used to avoid the costs of treating wastewater to a 

level that would otherwise be required to meet the standards for discharge into surface waters.  

For example, the province of Mendoza in Argentina has moved away from blanket effluent 

standards to ones that are end-use-specific; agricultural reuse standards are often less stringent 

and costly than those for environmental discharge, thus freeing up resources to provide improved 

sanitation to a much larger fraction of the population [147].  A cost-benefit analysis of wastewater 

reuse for irrigation in Sweden also determined substantial savings in the capital and operation 

costs of treatment infrastructure by incorporating reuse and eliminating the nutrient removal 

process that would be necessary to discharge to local rivers [148]. 

The many benefits of irrigation with treated wastewater do come with certain risks to both human 

and environmental health.  Certainly, the risks are exacerbated when raw sewerage is used, but 

the discussion that follows is constrained to the risks associated with the use of treated 

wastewater effluent.  Wastewater irrigation falls into three categories: unrestricted irrigation 

which includes vineyards, and orchards; restricted irrigation which includes food crops 

(sometimes with the exception of those eaten raw); and non-edible or fodder crop irrigation [149].  

The three different agricultural applications present varying degrees of risk and are subject to 

different water quality regulations. The WHO has set what are considered the minimum standards 

for practicing wastewater irrigation without introducing undue risk to farmers or consumers; their 

guidelines equate to a tolerable burden of waterborne disease of  ≤10-6 disability adjusted life 

years (DALYs) per person per year [136].  As the local economy and institutional capacity 
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permits, some regions have set higher standards to further reduce the public health risk.  Table 5. 

2  is a compilation of agricultural reuse standards including those set by the WHO, China, the 

California EPA, and the EU.   

Table 5. 2.  Compiled water quality guidelines and standards for wastewater reuse in agriculture. Values 
represent maximum levels unless otherwise noted. 

Parameter 
(mg/l 
unless 
noted) 

WHOa  Chinab – 
dryland 
grain/oil crops  

Chinab – 
rice paddy  

Chinab – 
vegetable  

CA EPAc            
(long-term 
use/food 
commerciall
y processed, 
orchards, 
vineyards) 

CA EPAc            
(long-term 
use/food 
eaten raw, 
spray 
irrigation) 

EU 
Comm.d  

BOD  80 60 40 not specified 
not 

specified 
5-45 

COD  180 150 100   20-200 

SS  90 80 60   5-35 

TDS 
(mg/l) 

500 1000-2000 1000-2000 1000   450-4000 

turbidity 
(NTU) 

    not specified 
2 (avg.) 
5 (max) 

 

anion 
surfactant 

 
8.0 5.0 5.0    

total N       <10-15 

total P       <0.1-2 

pH  5.5-8.5 5.5-8.5 5.5-8.5 6-9 6-9  

conductivit
y (dS/m) 

3       

chloride  350 350 350    

free Cl 
(mg/l) 

 1.0 1.0 1.0 ≥1 ≥1 0.5->5 

total Hg  0.001 0.001 0.001   0.001 

total Cd  0.01 0.01 0.01 0.01 0.01 0.01 

total  As  0.1 0.05 0.05 0.1 0.1  

Cr (VI)  0.1 0.1 0.1 0.1 0.1  

total Pb  0.2 0.2 0.2 5.0 5.0  

total Cu   1 1 0.2 0.2  

total Zn   2 2 2.0 2.0  

total 
bascilli 
(#/10mL) 

 
     200 

fecal 
coliform 
(CFU/100 
ml) 

<103 – 
unrestri

cted 
(<104 

for high 
growin
g leaf 

4x103 4x103 2x103   1-104 
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or drip 
irrigatio

n) 
<105 – 

restricte
d (<106 
when 

exposur
e is 

limited) 
No 

standar
d - 

cereal 
crops, 

pastures 
total 
coliform 
(CFU/100 
ml) 

    
23 (avg.) 

240 (max in 
30 days) 

2.2  (avg.) 
23 (max is 
30 days) 

 

ascaris 
ovid (#/l) 

1 2 2 2    

aSource: WHO 2006 [136]; these are considered minimum international guidelines.  bSource: Chinese National 
Committee and Standardization Administration of China 2007 [150]; these are considered mandatory.  cSource: CA 
Department of Health Services 2001 [151].  dSource: in Jimenez 2008 [128]; these are guidelines, not enforceable 
standards.  

 

The most often cited concern related to wastewater irrigated crops is human exposure to 

pathogens via cultivation, handling or consumption.  However, two seminal studies in California 

in the 1970s and 80s demonstrated that existing wastewater treatment technologies could produce 

pathogen-free effluent and that crops eaten raw could be safely irrigated with treated wastewater 

[134].  The California studies employed rather high cost technologies to render the effluent void 

of pathogens.  But alternatively, the WHO in their recently published reuse guidelines, details an 

array of treatment options (e.g., maturation ponds, chlorine disinfection, UV disinfection,) and 

non-treatment options (e.g., drip irrigation, vegetable washing,) that can be combined to achieve a 

tolerable level of risk at a cost that is locally affordable [136]. The WHO also has differential 

water quality guidelines for unrestricted irrigation which includes crops eaten raw, and restricted 

irrigation which includes crops that are always cooked or those that the wastewater is unlikely to 

contact such as orchards.  The most persistent pathogens in the environment are helminth eggs, 

(e.g., Ascaris) as they can survive in the soil for many years.  Settling and filtration are the most 
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effective removal methods for these pathogens; waste stabilization ponds  have proven highly 

effective for parasite removal, and superior to most conventional treatment technologies because 

of their long retention times [152].  

Heavy metals are another concern and their fate in wastewater effluent has been studied 

extensively.  It is found that heavy metals are largely immobilized in the surface layers of the soil, 

affording very little uptake by plants; however, there are threshold heavy metals for sludge that 

should not be exceeded (Table 5. 3) [136, 141].  The WHO concludes that wastewater with 

“average” metal concentrations could be applied as irrigation for hundreds of years without 

exhausting the absorption capacity of the soil [136].  Similarly, pharmaceuticals are bound tightly 

to soil particles and no studies have found uptake by plants that would cause a human health risk 

[136].  Although, pharmaceuticals are considered emerging contaminants and their presence and 

fate in wastewater effluent warrants further research. 

Table 5. 3.  Recommended maximum concentrations of trace elements in  

wastewater effluent used for irrigation.  These criteria are based on long-term  

research by the FAO, National Academy of Sciences and scholars in the field.  

(Source: adapted from Lazarova and Bahri 2005) 

Element Permanent Irrigation 
(mg/l) 

<20 Years Irrigation 
(mg/l) 

Aluminum (Al) 5.0 20 
Arsenic (As) 

0.10 2.0 
Beryllium (Be) 

0.10 0.50 
Cadmium (Cd) 

0.01 0.05 
Chromium (Cr) 

0.10 1.0 
Cobalt (Co) 

0.05 5.0 
Copper (Cu) 

0.20 5.0 
Fluoride (F) 

1.0 15 
Iron (Fe) 

5.0 20 
Lithium (Li) 

2.5 - 
Manganese (Mn) 

0.20 10 
Molybdenum (Mo) 

0.01 0.05 
Nickel (Ni) 

0.20 2.0 
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Lead (Pb) 
5.0 10 

Selenium (Se) 
0.02 0.02 

Vanadium (V) 
0.10 1.0 

Zinc (Zn) 
2.0 10 

 

 

Salinization of the soil is perhaps the most inevitable risk of wastewater irrigation; controlling it 

requires careful monitoring of wastewater application.  In domestic wastewaters, salts are 

introduced by detergents and water softeners; certain food and meat processing industries as well 

as textile industries also impart high salt concentrations in wastewater [136].  The key problems 

associated with salinity include soil erosion and soil clogging which can inhibit oxygenation, root 

development, and ultimately plant growth [136].  Salinization is most problematic in arid regions 

where salts are not as quickly flushed from the soil [136]. Though the degree of salinization is 

hard to predict, and largely dependent on soil and climate conditions, as a rule of thumb it is 

recommended that water with a conductivity greater than 3 dS/m, or a dissolved solids 

concentration greater than 500 mg/l not be used for irrigation [136].  Blending wastewater 

effluent with freshwater is one way to decrease the salinity of water applied to fields [117]. 

Ground and surface water contamination are also potential consequence of wastewater irrigation.  

Depending on the porosity of the soil and level of the groundwater, nitrates can travel to the 

aquifer where they are very stable [136].  And while approximately 50% of ammonia and 30% of 

organic nitrogen in wastewater are assimilated by plants, nitrates are highly water soluble and can 

runoff into surface waters at rates that depend on the nutrient demand of the crops and nitrogen 

content present in the soil.  Excessive soil nutrient loads and thus runoff of nutrients in the 

wastewater can be enhanced when farmers do not adjust their fertilizer application rates upon 

switching from fresh to wastewater irrigation [117].  Pathogens, such as Giardia and 

cryptosporidium can also travel through the soil column and make their way to groundwater 
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aquifers [136]. Likewise, pathogens present in irrigation water can runoff into surface waters and 

present a health hazard to downstream users.  

Aquaculture 

The use of wastewater for aquaculture is a common practice around the world, particularly in 

Asian countries where its history dates back centuries [153]. The practice is driven by a scarcity 

of nutrients (or resources to purchase them,) water scarcity, and a desire to protect receiving 

water bodies [154].  The city of Calcutta in India began using its wastewater to fertilize fish 

ponds in the 1930s, and the city’s system is now considered the largest wastewater-fed 

aquaculture scheme in the world [155].  Aquaculture as a practice has been growing rapidly for 

several years, and it is predicted that farmed fish will soon be the dominant source of animal 

protein in developing countries [156].  Thus, end use of wastewater in fish and aquatic plant 

ponds promises to be a solution with long-term application, and one that simultaneously serves as 

a means of pollution control, and of recovering the nutrient value in wastewater for fish and/or 

plant growth.  The nutrients in wastewater effluent stimulate the growth of plankton which the 

farmed fish feed on, and aquatic plants will take up the nutrients directly [157].  Well operated 

waste-fed fish ponds, including examples in Calcutta, Hanoi and Lima, consistently yield 3-8 

t/ha/yr without supplementary feed [157]. 

For the vitality of the fish and to mitigate potential human health risks associated with consuming 

the fish or plants reared in waste-fed ponds, raw wastewater should be treated to reduce BOD, 

ammonia, and pathogen levels prior to its release into fishponds. Specific water quality 

requirements are dependent on the fish species, local climate, and pond design, but guidelines 

based on the current state of knowledge are shown in Table 5. 4 [155, 157]. The WHO 

recommends an E. coli count of <104/100 mL in the influent water to an aquaculture pond to 

protect aquaculture workers and consumers [154].  Other researchers have suggested that total 
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bacteria should be used instead of E. coli because the latter can be an unreliable indicator 

organism in fish tissue [157].  Pre-treatment of the wastewater is also important for reducing the 

initial nitrogen reduction; a recent study suggests that fish which are exposed to excessive levels 

of ammonia and nitrates are more susceptible to bacterial infections which can increase fish 

mortality [153, 157].  Typical pre-treatment schemes consist of a series of anaerobic and 

facultative ponds prior to discharge into the fish ponds [155].  The fish ponds also play a role in 

the wastewater treatment process; studies in the Calcutta ponds show a reduction in both nutrients 

and pathogens between the inlet and outlet of the fish ponds [154, 155, 158].  In fact, the negative 

environmental impacts that are often associated with aquaculture are linked to freshwater systems 

that are overloaded for high input and output, not the dual purpose sanitation and aquaculture 

facilities [154]. 

It is critical that wastewater fed aquaculture ponds are stocked with fish species that are suited to 

that environment; in particular, the fish must withstand low oxygen conditions. For optimal fish 

growth, BOD loading rates should be between 10-30 kg/ha/d, although this is often greatly 

exceeded when wastewater is the source water [157]. Some of the most suitable species for 

waste-fed ponds include several varieties of carp, catfish, largemouth bass, freshwater prawn and 

tilapia [155].   The latter are particularly tolerant of low oxygen levels and a wide range of pH 

and salinities [155].  Numerous types of aquatic plants can be grown in waste-fed ponds including 

water chestnuts, water spinach and watercress [154].    The recent WHO guidelines for reuse of 

wastewater in aquaculture provide a lengthy list of fish and plants that are commonly grown in 

such ponds [154]. The fish do not require additional nutrition nor is aeration necessary [155]. 

Heavy metal accumulation in the flesh of fish raised in waste-fed ponds in comparison to 

freshwater ponds has been studied and in general, there is not a significant difference between the 
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two [154].  While it is true that metals can bioaccumulate in fish tissues, the metals in wastewater 

tend to precipitate out as insoluble sulfides or hydrated oxides [154].  Mercury is an exception to 

this rule and can only be prevented from bioaccumulating by controlling its concentration in the 

influent [154].  

Table 5. 4.  Water quality standards for wastewater-fed  
aquaculture. (Source: adapted from UNEP-IETC 2002). 

Parameter  Standard 
BOD (kg/ha/d) 10-30 

Total N (kg/ha/d) 4 

NH3 (un-ionized ammonia) (mg/L) 0.5 

Total P (kg/ha/d) 1 

Nighttime DO (mg/L) ≥2-3 

Total bacteriaa in water (SPC/mL) ≤105 

Total bacteria in fish muscle  

(SPC/g muscle) <50 

Salmonella (SPC/g muscle) none detectable 
aTotal bacteria refers to standard plate count (SPC), and not to  
fecalor total coliform.  E. coli has been determined to be an unreliable 
indicator for the quality of fish grown in waste-fed ponds [157]. 

Urban reuse 

Wastewater reuse to meet non-potable urban demands such as irrigation of gardens and parks,  

ornamental water features, road cleaning, car washing, fire fighting, and toilet flushing is 

increasingly common in many parts of the world [118].  Japan is at the forefront of this type of 

reuse, with more than 60% of non-potable demand met with reclaimed water, including nearly 

1500 buildings plumbed to use wastewater effluent for toilets, in addition to hundreds of other 

urban reuse projects throughout the country [159, 160]. Wastewater reuse for toilet flushing can 

amount to significant freshwater savings given that toilets account for 30% of residential water 

use, and about 60% of commercial building water use [161]. Water scarcity and drought 

preparedness are primary drivers of urban reuse, but it is also pursued as a symbol of 

environmentally friendly and sustainable development [159].  As urban growth exceeds the 

capacity of existing wastewater treatment infrastructure, on-site reclamation can also be a less 
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expensive management option than building new centralized treatment plants and/or expanding 

the sewer network [159, 162]. 

Where wastewater is used for toilet flushing, the collection, treatment and reuse would normally 

occur on-site, for example, in the basement of an apartment building [159].  Often, greywater 

(i.e., wastewater from all sources but toilets) is separately collected and treated for recycling back 

to toilets but numerous examples of reusing all wastewater for toilet flushing also exist [161].  In 

several rapidly growing cities faced with water scarcity, such as Tokyo and Beijing, new 

buildings over a certain size are required to implement on-site reuse for toilets and landscape 

[159]. Cost-benefit analyses of dual reticulation systems conclude that buildings should be fitted 

with the necessary plumbing during construction in order for the system to be economically 

viable [163].  Reusing wastewater for toilet flushing can be very cost-effective relative to local 

water scarcity and the alternative cost of achieving local discharge standards; among urban non-

potable reclamation systems around the world, a study found 30% to have been initiated as a 

means of reducing the costs of meeting wastewater disposal standards [162].  The most common 

on-site treatment options for wastewater are membrane bioreactors (MBR) and activated sludge 

because they are compact, and produce a high quality effluent; however, these technologies are 

also among the most expensive employed for reuse applications [160, 161].  

There are no internationally accepted guidelines for urban wastewater reuse, though in regions 

where it is practiced, regulations are well established; some examples are reproduced in Table 5. 

5.  In general, water quality standards will depend on the extent of (or risk of) human contact as 

well as functional requirements for the water. 
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Table 5. 5.  Compiled water quality standards for urban wastewater reuses.  Values represent maximum 

level unless otherwise noted.  

Parameter  
(mg/L 
unless 
noted) 

China a - 
toilet 
flushing 

China a - 
street 
cleaning 
 

China a - 
urban 
landscape  

China a -
car 
washing 

China a 
– 
constru
ction  

Japanb -
restricted 
e.g., 
landscape 

Japanb -
unrestricted 
e.g., car 
washing, 
toilet 
flushing 

USc - 
restricted 

BOD 10 15 20 10 15 - - 
not 

regulated 
to 20 

COD 50 50    - - - 

SS 10 5    - - 
not 

regulated 
to 5 

TDS  1500 1500 1000 1000 - - - - 

Anion 
surfactant 

1.0 1.0 1.0 0.5 1.0   - 

NH4-N 10 10 20 10 20    

pH 6.0-9.0 6.0-9.0 6.0-9.0 6.0-9.0 6.0-9.0 5.8-8.6 5.8-8.6 6-9 

Turbidity 
(NTU) 

5 10 10 5 20 - - 
not 

regulated 
to 2 

Free Cl ≥0.2 ≥0.2    
trace 

amount 
≥0.1 ≥1 

Hardness 450 450       

Fe 0.3 - - 0.3 -    

Mg 0.1 - - 0.1 -    

DO ≥1.0 ≥1.0 ≥1.0 ≥1.0 ≥1.0    

Fecal 
coliform 
(CFU/100 
mL) 

     - not detected 
23-200 

(avg.) 25-
800 (max) 

Total 
coliform 
(CFU/L) 

3 3 3 3 3 10,000   

aChina reuse guidelines based on: GB/T 18920-2002 [164].  The “GB” stands for guobiao, meaning national standard, 
and “T” stands for tuijian, meaning recommended; therefore, these are not mandatory standards.  bSource: Japan 
Ministry of Land, Infrastructure, Transport, and Tourism [165]. cValues represent the range of standards in the six US 
states that regulate wastewater reuse for urban purposes [138].  

Industrial reuse 

Industrial reuse is the third largest form of wastewater reuse after agricultural and landscape 

irrigation [166].  A Japanese paper-making mill was one of the first industries to adopt the use of 

reclaimed water in 1951, and since then the practice has become a global phenomenon: China had 

a rate of industrial reuse of 56% by the end of the 1980s, and there were several examples in the 

US and Europe by the end of the 20th-century [167]. Cooling water accounts for the majority of 
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industrial water demand, and it has become a common reuse application.  Treated wastewater is 

also used for a wide variety of industrial processes in the electric power generation, paper-

making, steel and semiconductor industries, among others [166, 167].  Industrial wastewater 

reuse is driven by increasing water scarcity, high costs of tapping new water sources, and by the 

high costs of expanding sewer networks to treat and dispose of industrial wastewater offsite 

[167].   

Unlike reuse in agriculture, where international and often local bodies have set public-health-

driven guidelines and/or requirements for water quality, the standards for industrial wastewater 

reuse are largely determined by functional requirements, like the prevention of clogging, 

corrosion, or sedimentation (Table 5. 6) [168].  A small number of countries have established 

regulations for industrial reuse including the US, Australia, and Japan but there has yet to be an 

international corollary to the WHO guidelines for reuse in agriculture for the industrial sector 

[128].  The parameters that are of particular importance for industrial reuse are ammonia and total 

dissolved solids (TDS) because they can cause corrosion; minerals (e.g., calcium, magnesium, 

iron) and phosphorus because they can promote scaling; and residual organics and total 

suspended solids (TSS) because they can promote microbial growth, as will ammonia and 

phosphorus [167].   

Cooling water systems have low water quality requirements compared to process water 

applications like cleaning or manufacturing. The water quality requirements for the latter often 

demand more than can be achieved by secondary treatment but significant advances in membrane 

and reverse osmosis (RO) technologies have made industrial reuse both feasible and more 

affordable.  The combination of membranes and reverse osmosis (RO) has become the norm for 

rendering wastewater suitable for a range of industrial uses from cooling to processing [169].  
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Membrane filtration usually precedes RO to remove larger particles in the wastewater, thereby 

increasing the interval between cleanings and the lifespan of RO membranes, while also lowering 

total energy consumption [170].   

Industrial reuse occurs on municipal scales, where wastewater from a centralized treatment plant 

is conveyed to an industrial plant, as well as on a localized scale, where wastewater is reclaimed 

and reused within an industrial park.   Unlike reuse in agriculture and aquaculture, industrial 

reuse of municipal wastewater does not take advantage of the resource value of the embodied 

nutrients.  On the other hand, where industries circulate wastewater internally, reuse relieves the 

burden on municipal wastewater treatment plants of treating wastewater that may contain heavy 

metals or other toxic materials. Segregating industrial and municipal wastewaters conserves the 

latter for reuses that entail greater human and environmental contact [171]. 

Table 5. 6.  Compiled water quality standards for wastewater reuse in industry  
as cooling water and general process water uses.  

Parameter 

(mg/L) 

Chinaa – 

(cooling) 

Chinaa – 

(washing) 

Chinaa – 

(manufacturing) 

USb  

BOD 10   
not 

regulated 
to 20 

COD 75    

SS 10   
not 

regulated 
to 20 

TDS  1000 1000 1000  
Chloride 300    
NH4-N - 10 10  
TP - 1 1  
pH 6.5-9.0   - 

turbidity  
(NTU) 

5   
not 

regulated 
to 3 

free Cl 0.1-0.2   >1 
hardness (as 
CaCO3) 

350 350 350  

fecal coliform 
(CFU/100 mL) 

200 200 200 

23-200 
(avg.) 

200-800 
(max) 

aChinese reuse guidelines based on: GB/T 1923-2005 [172].  The “GB” stands for guobiao,  
meaning national standard, and “T” stands for tuijian, meaning recommended; therefore,  
these are not mandatory standards.  bValues represent the range of standards in the seven  
US states that regulate wastewater reuse for industrial purposes [138]. 
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Groundwater recharge 

Groundwater recharge through direct injection into aquifers or by spreading basins, is the fourth 

most common form of wastewater reuse  [166].  The drivers of this form of reuse are to replenish 

groundwater resources, store water for future use, or to stem saltwater intrusion in coastal areas 

[173].  As competition for scarce water resources increases, particularly in urban areas, 

groundwater recharge with reclaimed wastewater is expected to become even more common 

[174].  Unintended groundwater recharge with wastewater also occurs quite regularly as a 

consequence of conventional handling and disposal practices [175].  

In regions where wastewater storage to offset temporal water shortage is a priority, decision 

makers often weigh tradeoffs between above ground storage of effluent and storage in 

underground aquifers. There are arguably numerous benefits associated with the latter.  For 

example,  underground storage is often less expensive; water stored below ground is not subject 

to evaporation, malodors, or algal growth; and storage in aquifers can serve to naturally distribute 

the water without the construction of a pipe network [173].  Groundwater recharge is also touted 

as a more socially acceptable means of wastewater reuse than more direct forms because it breaks 

up the toilet-to-tap cycle [173, 174].   

The most critical water quality parameters with respect to aquifer recharge are pathogen and 

heavy metal concentrations, mineral content, and presence of stable organic compounds (see 

Table 5. 7 for sample regional regulations) [173].  With respect to the latter, water quality 

requirements tend to be precautionary because many organic compounds are difficult to detect 

and there is limited understanding of their long-term impact on human and environmental health.  

Furthermore, compromises in groundwater quality are particularly difficult to reverse and thus it 

is typically best to take a precautionary approach to ensuring the quality of the reclaimed water 

that is added to the aquifer [174].   
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The two means of groundwater recharge are surface infiltration and direct injection.  Surface 

infiltration systems have the benefit of serving as a form of treatment for the wastewater, 

eliminating the need for extensive treatment beforehand [173].  In fact, the process is sometimes 

referred to as soil-aquifer-treatment (SAT) because it so effectively reduces pathogen and organic 

matter content, facilitates denitrification, and also removes most phosphates and heavy metals 

[174].  However, pretreatment (e.g., primary settling, a waste stabilization pond, and not 

uncommonly disinfection) is critical in order to avoid blockage, and even then, it is typically 

necessary to allow surface percolation systems to dry periodically to remove the clogging layer 

that is formed by solids and microbial growth [174].  Conversely, the process of direct 

groundwater recharge requires wastewater to be highly treated prior to injection into the aquifer.  

If the reclaimed wastewater is to be injected into drinking water aquifers, it is typically treated to 

meet drinking water quality standards; however, if the groundwater is used strictly for non-

potable purposes, a lower quality reclaimed water is sometimes injected [174].  Commonly 

employed treatment technologies include microfiltration, RO, activated carbon, air stripping and 

UV disinfection [173].  Despite the higher treatment costs compared to surface infiltration, direct 

injection is the favorable method in cases where there is not enough land for surface infiltration, 

soils are rather impermeable, or aquifers are very deep or confined [174]. 

Table 5. 7.  Water quality standards that must be met in the US,  
in addition to meeting drinking water standards, for  
groundwater recharge with treated wastewater.  Treatment 
requirements include secondary (e.g., activated sludge,  
trickling filters,), filtration, and disinfection.  

 
Parameter (mg/L) US EPA Guidelines (2004) 

TOC 3 
TOX  
(Total organic halide) 

0.2 

pH 6.5-8.5 
Turbidity (NTU) 2 
Free Cl ≥1 
Total coliform  
(CFU/100 mL) 

none detectable 
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Environmental enhancement 

Wastewater reclamation to augment stream flow is another means of reuse.  It is distinct from the 

common practice of surface water disposal of effluent in that it often entails conveying the 

wastewater upstream from the treatment plant, rather than discharging it directly to downstream 

communities.  The benefits that can be reaped from this type of reuse depend upon the water 

qualities and flows of the receiving body and the effluent.  Under certain circumstances, 

environmental augmentation with wastewater effluent can serve to improve the vitality of aquatic 

ecosystems; although, it is probably more often the case that wastewater reuse (e.g., irrigation, 

non-potable urban uses,) is pursued to avoid the discharge of effluent into local rivers.  Even 

when effluent quality meets discharge standards (see Table 5. 8 for example standards,) the 

wastewater may have a debilitating effect on a surface water that has limited assimilation capacity 

[176].  For environmental enhancement with wastewater to be beneficial to the integrity of 

aquatic ecosystems, it is critical that nutrients in wastewater are removed to the extent possible 

prior to injection into surface water, otherwise, eutrophication will likely ensue.  However, 

nutrient removal is not only a costly and energy intensive process, but their removal undermines 

the value they could have if put to productive use. 

Table 5. 8.  Example water quality standards for wastewater reuse for environmental  
enhancement and augmentation. 

Parameter 
(mg/L) 

Chinaa – 
(natural 
protection 
river, lake) 

Chinaa – 
(recreational 
use river, 
lake) 

Japanb 
(recreational 
use water) 

USc 

BOD 10 6 10 
not regulated to 

5 

SS 20 10  
not regulated to 

5 
TDS  1000 1000   
chloride 300    

TN 15 15  
not regulated to 

3 
NH4-N 5 5   

TP 1 0.5  
not regulated to 

1 
pH 6.0-9.0  5.8-8.6  



 

99 

 

turbidity  
(NTU) 

 5 ≤10  

free Cl 0.05 0.05 ≥0.1  
hardness (as 
CaCO3) 

350 350   

fecal coliform 
(CFU/100 mL) 

10,000 500 0 
not regulated to 

2.2 (avg.), 
23(max) 

aChinese reuse guidelines based on: GB/T 18921-2002 [177].  The “GB” stands for guobiao,  

meaning national standard, and “T” stands for tuijian, meaning recommended; therefore,  
these are not mandatory standards.  bSource: Japan Ministry of Land, Infrastructure, Transport, 
and Tourism [165].  cValues represent the range of standards in the seven US states that regulate  
wastewater reuse for environmental augmentation [138]. 

5.3 Sludge Services 

In this section, the term “sludge” is used to encompass both sewage sludge (a byproduct of 

wastewater treatment,) and fecal sludge (the contents of septic tanks and pit latrines.)  If a 

particular process or end use is not applicable to both types of sludge, a distinction is made.  A 

variety of productive sludge end uses are detailed below and summarized in Table 5. 12.  

Services harnessed during treatment 

Energy recovery  

Anaerobic digestion is an effective means of stabilizing sludge and simultaneously generating 

methane which can be captured and used directly for heating and cooking, or converted to 

electricity.  Thus, in the case of sewage sludge, if aerobic wastewater treatment is employed, 

anaerobic digestion of the sludge is an opportunity to capture some of the embodied energy that 

entered in the influent wastewater. Anaerobic digestion is a biological stabilization process that 

entails reduction of organic matter (including pathogens), odor, and overall mass of the sludge.  

There are two types of anaerobic digestion commonly used for sludge: mesophilic which occurs 

at a temperature of 35°C, and thermophilic which occurs at a temperature of greater than 55°C.  

The thermophilic process is more complex to operate, but entails superior pathogen removal 

affording safer land application in agriculture.  The average CH4 recovery from sludge digestion 
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is 227 m3/dry ton (DT) which equates to about 8800 MJ/DT as heat or cooking fuel, or 980 

kWh/DT if converted to electricity [131].  

Services harnessed as final end use 

Sustainable sludge management, as defined by the European Commission is a method that meets 

requirements of efficient recycling of resources without supply of harmful substances to humans 

or the environment [178]. 

Land application 

Land application of treated sludge is practiced widely in many regions of the world; in the US, 

about 45% of “biosolids” (the term used in the US for stabilized sewage sludge) are applied to 

land [179].  The use of treated sludge as a soil amendment for agriculture, forestry, or urban 

landscape is subject to meeting heavy metal and pathogen standards, and where sludge is applied 

to edible crops – particularly those eaten raw – even stricter standards apply.  

Applying sludge to land is an effective way of utilizing the resource value of nutrients in the 

sludge.  The nutrient content is dependent on the source of the sludge, and if a byproduct of 

wastewater treatment, the nutrient content also depends on the wastewater treatment technologies 

employed.  Table 5. 9 provides some representative values of the nutrient content of different 

types of sludges.  The average N, P, K as a percent of dry weight of sludges in the US and UK is 

2.8, 1.6, and 0.3, respectively; the average in China is 2.5, 1.0, 0.7%, for N, P, and K respectively 

[180].  Sludge is typically digested or composted prior to land application and each of these 

methods offer very different benefits to the land: digested sludge decomposes and mineralizes 

quickly, and nutrients are in a state that is readily available to plants. Conversely, composted 

sludge is very stable and nutrients are slowly released making it a long-term investment in the soil 

renewal [179].  Composted sludge is particularly effective for improving soil structure, water 
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holding capacity, and promoting beneficial microbial growth [179].  Numerous studies have 

documented improved agricultural yields as a result of sludge application in comparison to 

control plots treated with commercial fertilizer [180-182]. 

Table 5. 9.  Typical nutrient content of sewage and fecal sludges from different geographic regions. 

Nutrient Content 
as % of Dry Solids 

Sludge Generated By Wastewater 
Treatment Processesa 

Fecal Sludgeb 

Average in US and 
UK 

Average in 
China 

N  
2.8 2.5 9-12 

P 1.6 1 3.8 (as P2O5) 

K 0.3 0.7 2.7 (as K2O) 

aSource: Wang 1997 [180]; bSource: EAWAG-SANDEC 1998 [183]. 

In spite of the many benefits of land application of sludge, there are human health, environmental, 

and logistical constraints that may make it difficult to employ as the single sludge management 

strategy in many regions.  For example, applying sludge to land during rainy seasons can lead to 

excessive run-off of nutrients into surface waters; under such climate conditions sludge must be 

stored or alternatively handled.  The amount of sludge that can be applied to a parcel of land is 

usually regulated to protect the health and safety of people and the environment, for example, the 

US EPA allows up to 10 dry tons/ha/yr for 100 years, or until maximum contaminant levels are 

reached.  The US also categorizes sludge into two classes, Class A and Class B biosolids.  To 

achieve Class A status, which allows for unrestricted use, digested sludge must undergo 

additional treatment such as heat drying to achieve the necessary pathogen reduction. The influent 

wastewater quality is also a determining factor in whether sludge can be applied to land.  If there 

are heavy metals in the influent wastewater they will tend to accumulate in sludge, creating one 

of the biggest barriers to land application in agriculture due to the threat that heavy metals pose to 

human health [125].  Sludge quality standards for the US and China are shown in Table 5. 10. 
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A number of social factors may also dictate the regional viability of land application of sludge.  

Public perception plays a large role in the marketability of sludge for land application. Farmers’ 

willingness to use sludge also varies based on their access to commercial fertilizers, as the latter 

are more convenient to apply to land. Odor is another major social obstacles to land application of 

sludge; it is a problem that is faced on occasion by even the best run operations [179].  Odor 

control measures do exist, and include lime stabilization, biofilters, and neutralizing solutions 

[179].  Finally, transportation of sludge can be costly; it is critical to evaluate the economic and 

environmental tradeoffs between the costs of transport and benefits of land application prior to 

pursuing such a scheme. Local markets for sludge should be prioritized over those that are far 

from the sanitation facility.   

Table 5. 10.  Compiled sewerage sludge standards for land application.  Values represent  
maximum values unless otherwise noted. 

Parameter (mg/kg) US EPA –  
Class A 
 biosolids  
(limit for 
unrestricted  
use)  

US EPA - 
Class B 
biosolids 
(limit for 
unrestricted 
use) 

China  
(limit for soil 
pH < 6.5)  

China  
(limit for soil 
pH ≥ 6.5) 

As 
41 41 75 75 

Cd 39 39 5 20 

Cr 1200 1200 600 1000 

Cu 1500 1500 800 1500 

Pb 300 300 300 1000 

Hg 17 17 5 15 

Ni 420 420 100 200 

Se 36 36 - - 

Zn 2800 2800 2000 3000 

B - - 150 150 

petrol oil - - 3000 3000 

pathogens  
(/4g dry solids (DS)) 

 
 

<3 MPN 

 
 
- 

- - 
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   Salmonella 
   enteric virus 
   viable helminth ova 
 

<1 PFU 
<1 

<2x106/g DS 
- 

 

Cement manufacturing 

The cement industry is capable of utilizing a wide variety of liquid, solid and gaseous waste fuels, 

among them, sewage sludge.  The sludge is injected into a high-temperature kiln that is used to 

make clinker, an intermediate product in cement production made from a mix of limestone and 

other raw materials.  The embodied energy can be harnessed as fuel, and the noncombustible 

material in sludge is directly incorporated into the clinker without compromising the structural 

integrity or quality of the end product [184, 185].   

The use of sewage sludge is a recent trend; it currently accounts for about 2% of fuel substitution 

but it is increasing with rising rates of wastewater treatment around the world [125].  The amount 

of sludge that can be used to substitute for conventional fuel, such as coal, is primarily dependent 

on the water content of the sludge, but as a rule of thumb is about 20% of the total energy 

requirement  [186-188].  Sewage sludge has a range in lower heating values (LHV) from about 

10-29 GJ/DT (compared to an average coal LHV of 26 GJ/ton) which is dependent on the source 

of the wastewater and the treatment processes employed [189].  

Since the LHV is proportional to the organic content in sludge, all else equal, raw sludge has a 

higher energy value than activated sludge followed by digested sludge [125].  Thus, when 

designing a sludge handling scheme that includes end use in cement, there are treatment tradeoffs 

to consider that will impact total sludge volume, water content, transport cost and energy content.  

A lifecycle analysis of the economic and environmental costs and benefits is important for 

arriving at a locally optimal solution.   
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Though the end use of sludge in cement does not make use of the embodied nutrients, it can still 

be considered in line with sustainability objectives, particularly in regions where there is no 

agriculture in the vicinity, or where sludge does not meet the quality standards for land 

application.  Injecting sludge into cement kilns results in a fully closed-loop handling scheme 

since the non-combustible material can be incorporated into the clinker. Within the production 

chain, sludge provides the chemical components such as CaO, SiO3, Al2O, and Fe2O3 which are 

traditionally supplied by lime, clay and iron ore [188].   

Where heavy metals are a barrier to land application, use of the sludge in cement is an effective 

way to contain them; most metals become incorporated in the lattice structure of the clinker and 

are immobilized even when exposed to acidic conditions [190, 191].  Volatile metals like Hg and 

Cd are an exception to this rule.  Their emissions are best controlled by controlling their 

concentrations in the sludge, especially if chlorine were used in the wastewater treatment process, 

as the compound can enhance the volatility of metals like Hg and Cd [192].  Injecting sludge in 

cement kilns is far superior to incineration of sludge.  Not only is there no incineration ash to 

dispose of (because it is incorporated into the clinker) but the scheme also makes use of existing 

infrastructure in lieu of building incinerators dedicated to the sole purpose of sludge disposal. 

Clay brick manufacturing 

Another productive end-use option for sludge is to use it as a substitute for raw materials in clay-

brick. Whereas in cement manufacturing dewatered sludge can be substituted directly, ash is the 

more common substitute in clay-brick manufacturing in order to maintain the structural integrity 

of the brick [193, 194].  Similar to cement, within the clay-brick production chain, sewage sludge 

ash provides the chemical components such as CaO, SiO3, Al2O, and Fe2O3 which are 

traditionally supplied by clay [188].  End use in clay brick is a particularly good option for 
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existing sludge incineration schemes, allowing the resultant ash to be used productively rather 

than disposing of it in a landfill.  

Landfill cover 

Applying sludge as landfill cover is distinct from landfill disposal. The former entails using the 

sludge as a daily layer on top of the compacted waste to prevent escape of other solid materials, 

the spread of disease vectors, fires, and odors [195].  Traditionally, soil is used as the daily final 

cover but a number of alternative materials are also used, and the use of sludge has been credited 

with notable benefits [195].  Using sludge offsets the need for excavating or importing soil, and it 

can enhance methane oxidation in landfills, a process that can dramatically reduce methane 

emissions [196].  In many industrialized countries, landfills are recognized as the largest source 

of methane emissions. Efforts are being put in place to curb those emissions but even at landfills 

where the gas is collected and utilized or flared, a non-trivial fraction of methane escapes [197].  

To serve as landfill cover, sludge must be dewatered such that it contains a soil-like fraction of 

dry solids; therefore, this end use is not a way of avoiding sludge treatment costs [179].  In 

addition, the use of sludge as landfill cover has an opportunity cost since it does not make use of 

the embodied energy or nutrient value of the material.  Thus, among the productive end-use 

options for sludge, using it as landfill cover is probably inferior. 
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Table 5. 11.  Overview of services that treated wastewater may provide including quality considerations for safe and sustainable use of the effluent,  
drivers for a particular reuse, and global best practices for respective reuses.  Services are categorized by those which occur during the treatment  
process and those which are final end uses. 
Service Quality Considerations Driving Force/Rationale Notable Case Study 

Services Harnessed During Treatment  

biogas generation and 

collection as cooking fuel, 

heat, or electricity 

-requires anaerobic digestion 

-suspended solids may hinder biogas 

production 

-offset non-renewable fuel use 

-energy cost savings 

Western Treatment Plant, Melbourne, 

Australia: collect ~38,000 m3 biogas/d 

from anaerobic ponds [198] 

Services Harnessed as Final End Uses 

irrigation – agriculture (food 

and non-food crops, livestock 

watering) 

-heavy metal presence in source water 
must be below threshold  
-degree of pathogen inactivation/removal 
dictates which crops may be irrigated  
-salt management, particularly in arid 
regions -chlorine residual can form 
disinfection byproducts  
-boron (in some detergents - perborate) is 
phytotoxin at concentration >1-2 mg/l  
-marketability of crops; consumer 
preference 
-clogging of sprinkler or drip irrigation 
systems 

-dependable water supply 

-decrease chemical fertilizer use 

-increase in crop yield 

-decrease adverse effects of effluent 

discharge to environment 

Monterey WW Rec; Israel – 72% of 

wastewater; Mendoza, Argentina – 

160,000m3/d for unrestricted irrigation 

following lagoon treatment [147, 199]  

aquaculture -pathogens (Trematodes, in particular, can 

penetrate fish flesh), toxic chemicals;  

-nutrients can cause eutrophication and 

suffocate fish 

-low-cost wastewater treatment 

option 

-Decrease adverse effects of effluent 

discharge to environment 

- Dependable water supply 

Calcutta, India: largest wastewater-fed 

system in world [154, 155]) 

irrigation – urban landscape 

(parks, playgrounds, 

cemeteries, commercial and 

residential yards) and golf 

courses 

-salinity management; sodium 

management (can decrease permeability, 

particularly on turfgrass), particularly in 

arid regions;  

-nitrogen (groundwater pollution) 

-water conservation 

-watershed protection 

-nutrient recovery 

El Kantaoui Golf Course, Tunisia 

[199] Bahri et al. 2000) 

non-potable urban use  (toilet 

flushing, car washing, road 

flushing, construction sites, 

snow melting, fire 

protection) 

-pathogen removal/inactivation to protect 

users 

-scaling or corrosion of pipes and fixtures 

-aerosol pathogen spread (when used for 

fire protection)  

-cross-connections between potable and 

-water scarcity; avoid cost of new 

water source  

-decrease necessary diameter of 

domestic water distribution pipes 

(often limited by fire fighting 

requirements) 

Municipal Scale: Shinjuku District, 

Tokyo[159]; Irvine, CA (Asano 1998) 

Community Scale: Blackburn, UK 

(Thorne 1998), Rouse Hill, Sydney, 

Austrailia (Law 1996) 
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non-potable networks -decrease demand for potable 

quality water 

industrial – cooling -Aerosol transmission of pathogens in 

cooling towers 

-Corrosion, algal growth, scaling. 

-Total dissolved solids can build-up in the 

cooling system  

-Blow-down water can not be returned 

directly to wastewater treatment plant 

because will inhibit continued reuse and 

decrease treatment capacity 

-avoided cost of new water source 

-decrease adverse effects of effluent 

discharge to environment 

Curtis Stanton Energy Facility, 

Orlando, FL (US EPA 2004) 

-Gaobeidian WWTP, Beijing, China – 

250,000m3/d to industry 

 

industrial – process water 

(tanning, pulp & paper, 

textiles, metal fabrication) 

-corrosion, algal growth, scaling. 

-total dissolved solids can build-up in the 

cooling system  

-blow-down water cannot be returned 

directly to wastewater treatment plant 

because will inhibit continued reuse and 

decrease treatment capacity 

-avoided cost of new water source 

-decrease adverse effects of effluent 

discharge to environment 

SAPPI’s Enstra Mill, South Africa (US 

EPA 2004) 

indirect potable reuse – 

groundwater recharge 

-pathogens 

-organic constituents (hh products, 

pharmaceuticals) and salts have potential 

for clogging injection systems 

-heavy metal contamination 

-barrier to saltwater intrusion 

-treatment for future reuse 

-augment aquifers 

-control/prevent ground subsidence 

-avoided cost of new water source 

Montebello Forebay, Los Angeles 

County, USA [200] 

environmental and 

recreational use (stream flow 

enhancement, artificial lakes, 

marsh/wetlands) 

-pathogen removal/inactivation will dictate 

appropriate reuses 

-nutrient removal to avoid eutrophication 

-toxicity to aquatic organisms 

  

direct potable reuse – 

drinking 

-pathogen removal/inactivation to protect 

users 

-cross-contamination with industrial 

wastewater that contains heavy metals or 

other hazardous compounds 

-taste and odor 

-supplement potable water supply Windhoek, Namibia, Africa [201] 
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Table 5. 12.  Overview of services that treated wastewater sludges and fecal sludges may provide including quality considerations for safe and  
sustainable use of the effluent, drivers for a particular reuse, and global best practices for respective reuses.  Services are categorized by those which  
occur during the treatment process and those which are final end uses. 

Service Quality Considerations Driving Force/Rationale  Notable Case Study 

Services Harnessed During Treatment 

biogas generation and 

collection as cooking fuel, 

heat, or electricity 

-requires anaerobic digestion 

 

-offset non-renewable fuel use at 

WWTP 

-energy cost savings 

-reduce sludge volume and render 

safe for land application (subject to 

local standards) 

East Bay Municipal Utility District, 

Oakland, CA [130] 

Services Harnessed as Final End Uses 

fertilizer and soil 

amendment – agriculture, 

forestry, urban landscape 

pathogens (particularly in feces and 

combined human waste) 

-recover nutrients  

 

 

alternative fuel and material 

in cement manufacturing 

-sludge substitution rate limited by water 

content and lower heating value (LHV) 

-high water content can increase fuel 

requirement of cement manufacturing 

-LHV affected by wastewater and sludge 

treatment processes 

-replace non-renewable energy 

-offset raw material inputs into 

cement 

-no local agriculture or prohibitive 

metal concentrations in sludge 

Lafarge Shui On Nanshan Cement 

Plant in Chongqing, China [202]  

alternative material in clay 

brick manufacturing 

-must be incineration ash  Elliott’s Brick Ltd., UK [203] 

landfill cover -water content of sludge -alternative to daily soil cover 

-may reduce CH4 emissions at 

landfill 
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CHAPTER 6 

DFS Step 2 – Local Demand for 

Wastewater and Sludge Services, the 

Cases of Pixian and Chengdu 

6.1 Introduction 

Once DFS users have familiarized themselves with the array of options for productively utilizing 

treated wastewater, fecal sludge, and/or treatment byproducts in Step 1, the next task is to assess 

the market demand for those services in their city of interest.  The goals of Step 2 of the DFS 

framework are (1) to rapidly eliminate the consideration of reuses that would be locally infeasible 

based on an absence of demand, and (2) among those reuses for which there is demand, to 

quantify the magnitude of demand for each service in comparison to the volume of end- or 

byproduct that is likely to be produced.   

The geographic boundary, or the maximum distance from the urban settlement where the waste is 

generated to its point of end use (where a service is provided), is at the discretion of local DFS 

users.    Some reuses will naturally be further from the point of WW/FS generation than others.  

For example, agricultural irrigation and land application of sludge are likely to take place on the 

outskirts of the city, whereas industrial reuse or injection of sludge into cement kilns may occur 

in closer proximity to the urban settlement.  There will always be tradeoffs in choosing between 

different reuses with respect to transportation and infrastructure costs, environmental impacts, 

and social benefits, among others; these must all be weighed and negotiated by local stakeholders, 

and DFS can help to uncover these tradeoffs. 

For this dissertation, the methods for assessing local demand for agricultural irrigation were 

developed and piloted in Pixian.  The methods for assessing demand for different sludge end-use 
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options were also developed, and the methods were applied as a case study for the urban core of 

Chengdu. The latter work was driven by the fact that the Chengdu government was seeking an 

alternative to landfilling sludge produced by the four wastewater treatment plants in the urban 

core at the time of my research.  This chapter provides the methods for rapidly assessing demand 

for both agricultural irrigation and for productive end uses of sludge, and presents the results from 

those assessments for Pixian and Chengdu, respectively. 

6.2 Methods for Demand Assessment 

Demand for agricultural irrigation 

Reuse of wastewater for irrigation provides two important services: water, and nutrients which 

are essential to crop growth. However, in the case of effluent reuse, nutrients are likely to be the 

limiting factor; irrigation demands will be met before nutrient demands, since the concentration 

of nitrogen and phosphorus in wastewater effluent are usually lower than the amount required by 

crops4 [199].  Thus, the quantitative demand assessment for reuse of wastewater effluent in 

agriculture is limited to that for water. This is not to say that the nutrients applied through effluent 

are insignificant.  The embodied nutrients can reduce the necessary chemical fertilizer 

application, a benefit that is accounted for in Step 3 of DFS when evaluating the marginal impact 

of reuse in irrigation versus the business-as-usual provision of irrigation water.  

In addition to conducting a quantitative demand assessment, it is also important to assess the 

social response to wastewater reuse for irrigation, as well as the institutional feasibility.  At this 

stage of the DFS process, users will identify any clear barriers and/or exploitable opportunities 

                                                      
4 This was specifically confirmed for the case of the Chengdu Municipality, where even irrigating with raw 

wastewater would provide no more than 40% of the nitrogen that farmers apply to land.  However, nutrient 

concentration will vary by location and wastewater treatment schemes; over-exposure to nutrients will 

cause crop damage, thus care must be taken to avoid such circumstances. 
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with regard to implementing an agricultural reuse scheme (or other reuse scheme when a full 

suite of options are being considered).  In regions where wastewater reuse does not have a long 

history, and where farmers have access to a high quality source of irrigation water, the idea of 

irrigating with wastewater effluent may initially be met with resistance [204]. A negative public 

reaction should not necessarily preclude the scheme, but champions of the reuse project should be 

prepared for social marketing and awareness campaigns to win its acceptance.  The failure to 

address and  appease public opposition has caused numerous reuse projects to collapse despite 

their technical integrity [205].  The literature shows there is great regional disparity with respect 

to the public’s perception of reuse for agricultural irrigation, a testament to the importance of 

DFS users assessing social acceptance for their own context [205, 206].  

It should be emphasized that in Step 2 of the DFS planning process, the aim is to, as easily and 

rapidly as possible, include or exclude reuse options that are locally feasible from the array of 

possible reuses.  The methods presented below should be viewed in that spirit, and DFS users 

should employ one or more of the assessment methods depending upon the availability of 

information and its reliability.  If the data are accessible, it may be useful to assess the 

quantitative demand for irrigation using at least two of the three approaches to converge on a 

more accurate estimate. 

Method 1: current supply equals demand  

One method for assessing demand for irrigation is to assume that the current supply of irrigation 

water to fields equals the demand.  In water-stressed regions this method will likely yield a 

conservative estimate of the optimal irrigation application from the perspective of yields.  The 

supply-equals-demand approach is applicable for areas with a formal irrigation scheme; it cannot 

be used for regions that are rain-fed, or where farmers informally access groundwater, surface 

water, or water from open sewers because the method does not capture unmet demand. Further, 
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the volume of water taken from these aforementioned sources is unlikely to be monitored and 

realistic to quantify.   

The supply-equals-demand approach entails accessing data from the authority in charge of 

irrigation, be it a dedicated office or local agricultural or water agency.  The essential data to 

collect include the total volume of water supplied and the land area that water is supplied to, as 

well as the temporal demand for irrigation over the course of a year.  Understanding temporal 

demand will allow DFS users to estimate potential storage requirements for the effluent. 

 In the case of Pixian, irrigation diversion to Pixian can be estimated based on data from the 

Dongfeng Channel Irrigation (DCI) office which manages irrigation allocation for the Chengdu 

Municipality. The office bases irrigation allocation to different districts on the quantity of land 

dedicated to rice paddy, wheat, rapeseed, miscellaneous dry land crops, and orchards.  The 

irrigation schedule from the Dongfeng office is reported by irrigation canal, and data include the 

total land area of each of the aforementioned crop types served at a given time, and the flow per 

surface area (in mu) in 10-day increments over the course of the year.  Out of the total water 

made available for irrigation in the Chengdu Municipality at any given time, the fraction 

allocated to Pixian was assumed to be commensurate with the fraction of crops designated for 

irrigation that are grown in Pixian versus the Municipality as a whole.  This fraction was 

multiplied by the total amount of water that is used to irrigate a given crop category during a 

given irrigation period to come up with an estimate of how much went to Pixian.  Four out of the 

Municipality’s five major irrigation canals flow through Pixian:  Baitiao, Xuyan, Zouma, and 

Jiangan.  Each of these water systems originate northwest of Pixian in Dujiangyan, and flow 

southeast through the district.  The division of water among the four irrigation canals that flow 
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through Pixian was weighted based on an estimate of the respective fraction of cultivated land 

area each serves in the district.  

Method 2: empirical estimate of water requirement based on local crop patterns 

Another approach to measuring demand for irrigation is to quantify the theoretical demand based 

on empirically derived irrigation requirements for the crops that are locally grown.  This is a 

useful method if data on cropping patterns are more accessible or reliable than data for irrigation 

supply, and/or if the region has substantial agriculture that is currently rain-fed or informally 

irrigated but that might benefit from additional water.    

For Pixian, the DCI office uses water demand estimates for “rice paddy” and “upland crops.”   

Data for cropping patterns in Pixian are available from both the DCI office and the Pixian 

Agricultural Bureau (PAB). A weakness of using this approach is that there is a large margin of 

error in the gross estimate of water needs for upland crops, as orchards, wheat, and vegetable 

crops in reality, have different water requirements. 

Method 3: extrapolating water requirement from farmer surveys  

Assessing demand for irrigation based on farmer surveys is the most time intensive of the three 

methods, but it may also provide the most insight into the upper-limit of local water demand for 

agriculture.  The surveys can be used to assess the farmers’ theoretical irrigation rates if they 

were to have access to the water necessary to achieve maximum yields (water price 

notwithstanding.)  The time and resources available to the DFS users will determine the survey 

size but the sample should consist of farmers randomly located throughout the agricultural region 

in question.  The surveyor’s task is to generate a crop calendar for each farmer that consists of the 

crops the farmer grows, and the respective water application requirements over a one-year period.  

The average water requirement per month per land area for all of the crops is then used as the 

water requirement per land area for a given month.  That value is multiplied by the quantity of 
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cropland in the region to determine monthly water requirements.  If it is known, the area of 

cropland should be disaggregated by type, (e.g., rice paddy, dry land/vegetable, orchard) and 

multiplied by the corresponding water requirement reported by farmers, to yield a more accurate 

estimate.     

In Pixian, after developing and piloting a survey in a non-participating village, I conducted 39 

field surveys among households in 19 villages throughout the district between March 5, 2007 and 

May 16, 2007 (see Appendix 1 for complete survey).  An average of three households were 

randomly selected in each village; respondents were both male and female, ranged from 

approximately 30-75 years of age, and individuals and groups answered the surveys.  I conducted 

surveys in Chinese and was accompanied by a Chinese field assistant who aided with translation 

when necessary.  

 The field survey consisted of two parts, one of which served the purpose of generating a local 

crop calendar.  (The other component of the survey contributed to Step 3 of DFS, evaluating the 

business as usual performance of irrigation from the farmers’ perspectives, discussed in Chapter 

7.)  Thirty households answered the crop-specific portion of the survey which elicited information 

about planting, harvesting, irrigation and fertilization.  Farmers answered the survey for up to two 

different crops, and a total of 38 crop-specific surveys were collected.  To ensure that data were 

representative, multiple farmers were asked to respond to the crop-specific survey for the same 

crop.   

Social perceptions of reuse for agricultural irrigation 

Gauging the social acceptability of reuse for irrigation requires communication with farmers and 

other relevant stakeholders, including consumers and any government agency that has a stake in 

the decision process.  If farmers are surveyed to extrapolate the regional demand for irrigation 
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water (i.e., Method 3 above), questions about their willingness to use treated wastewater for 

irrigation can be incorporated into the same survey.  An approach that has been used by 

researchers to evaluate the public’s perception of reuse for irrigation is to deliver questionnaires 

to households by way of school children [206].  The presence of reuse for irrigation schemes 

within the region or country of interest, as well as formal legislation and water quality policies for 

wastewater reuse, may also be used as an indication of the social viability of such a project.  It is 

also useful to consider the existing source of irrigation water; in some instances, treated 

wastewater may be seen as a clear environmental and health improvement over the current 

source. 

Willingness to use treated wastewater for irrigation was a component of the surveys I conducted 

among the 39 farmers in Pixian (see Method 3 above).   The survey probed farmers on their 

perceptions of the quality of their current irrigation water source, and how they would feel about 

using treated wastewater for irrigation (see Appendix 1 for complete survey).  I also conducted 14 

semi-structured interviews among officials at government agencies, research institutes, and 

private companies in Pixian and Chengdu involved in wastewater and agricultural planning and 

management including.  

Demand for sludge end use 

Land application 

Land application of sludge can be rapidly excluded as an end-use option if heavy metal 

concentrations in the influent wastewater are known to be above land application standards.  

Unlike other potentially harmful constituents like pathogens that can be safely managed, heavy 

metals are very expensive and often impossible to adequately remove from sludge with existing 

technologies.  Source control is the most effective method for reducing heavy metal 

concentrations such that sludge can be applied to land.  Chapter 5, Table 5.9 provides examples 
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from several countries of standards for heavy metal concentrations for different types of land 

application such as landscape and edible crops.   

Assuming heavy metal concentrations are not an imminent concern there are two approaches the 

DFS user can use to assess opportunities for land application.  To start, the user can quantify the 

amount of local land dedicated to agriculture, forestry, and urban landscape.  In countries that 

officially regulate land application of sludge, most have an upper-limit on the quantity that can be 

applied annually and over the long-term (see Chapter 5).  The upper-limit on land application can 

be multiplied by the land area dedicated to the aforementioned uses to arrive at a coarse estimate 

of potential for land application. The second approach is to quantify demand for land application 

from a nutrient perspective; sludge is a significant source of nutrients and should be viewed as a 

replacement for commercial fertilizer.  Thus, the DFS user can assess the volume of sludge that 

would be required to meet the local demand for nitrogenous or phosphoric fertilizer, whichever is 

limiting.   

Using an approach similar to Method 1 above for assessing demand for irrigation water, demand 

for nutrients can be estimated by assuming that existing fertilization rates equal the demand.  

Depending on local record-keeping, information on fertilizer sales or usage may be available 

from the local agricultural bureau, and/or farmers can be surveyed about their fertilizer use, and 

the data can be scaled-up for the region.  Alternatively, the local agricultural agency may have 

empirical data for the optimal nutrient application rates given the soil, climate, and cropping 

conditions.  Nutrient concentrations in sludge can be measured or estimated depending on local 

resources, and whether DFS is used to rehabilitate an existing facility, or to design a future 

facility where the sludge is not yet available to measure.   See Chapter 5, Table 5.8 for average 
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nutrient concentrations in sludge from different regions and sources (i.e., as a byproduct of 

different wastewater treatment processes and as fecal sludge.)    

As with using wastewater effluent for irrigation, it is critical to assess the social viability of 

applying sludge as an alternative fertilizer.  From the perspective of farmers, a critical difference 

between commercial fertilizer and sludge is the volume of the latter required to meet nutrient 

requirements.  The concentration of nutrients in sludge is substantially lower than in 

manufactured fertilizers, thus sludge is more labor intensive to spread on land.  The difference is 

particularly exaggerated in regions that practice manual rather than mechanized agriculture. 

In Chengdu, the wastewater treatment plants in question receive a mix of domestic and industrial 

wastewater with a subsequent heavy metal content that is too high for land application of sludge.  

There are policies in place – though ill-enforced – that require industries to treat their own 

wastewater rather than discharging into the municipal sewers.  Thus, if enforcement improves, 

land application of sludge may be a viable option in the future.    

Injection into cement kilns 

As discussed in Chapter 5, sludge can serve as an alternative fuel and raw material for cement 

manufacturing.   Where metal concentrations in the sludge prohibit land application, end use of 

sludge by the cement sector can improve the environmental and potentially economic profile of 

the sludge handling scheme compared to disposal.  To evaluate the viability of the cement 

industry as an end user, the first step is to determine the number of local cement factories that 

make their own clinker.  Cement plants that import clinker would have no use or capacity for 

receiving sludge.   

The DFS user must consult the cement plant directly about the volume of sludge the factory is 

willing and able to accept.  However, based on global experience with sludge injection into 
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cement kilns, it is possible to calculate a reasonable estimate based on a plant’s daily production.  

As discussed in Chapter 5, for sludge with a dry solids content of about 20% (typical for 

dewatered sludge,) a sludge substitution rate of 20% on a thermal energy basis is a good rule of 

thumb.  The energy requirements for clinker production range from about 2.9-6.5 GJ/ton 

depending on the technology used.  Coal has an average LHV of 26 GJ/ton and sludge ranges 

from 10-29 GJ/DT (see Chapter 5.)  Thus, this equates to a substitution rate of roughly 1 DT 

sludge/50 tons of clinker production.  Ultimately, it is critical to determine the average LHV of 

the sludge that would be injected into the kilns such that an appropriate substitution rate can be 

established.  As discussed in Chapter 5, depending upon the LHV and water content of the 

sludge, injecting it into the kilns may offset or require additional fuel, a difference that will 

impact negotiations regarding a tipping fee versus payment for sludge by the WWTP and cement 

factory, respectively. 

After researching the existence and locations of cement plants in the Chengdu Municipality, the 

Lafarge Shui On plant in Dujiangyan stood out as that with the largest capacity, and thus most 

likely to accept the approximately 84 DT of sludge produced daily by the four wastewater 

treatment plants in the urban core of Chengdu.  I held several meetings with the Resources 

Recovery Manager for Lafarge Shui On China to determine their ability and willingness to accept 

Chengdu’s sludge at the Dujiangyan plant.  The Lafarge plant in Chongqing, a city in close 

proximity to Chengdu, had recently completed an extensive feasibility assessment of injecting 

sludge from Chongqing’s WWTPs into their kilns.  It was agreed that the characteristics of 

Chongqing’s sludge would be a reasonable proxy for Chengdu’s.  I used the LHV of Chongqing’s 

sludge to evaluate the fuel offset or deficit at the cement kiln assuming various sludge treatment 

scenarios that result in different sludge water contents.  Subsequently, we held joint meetings 
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with representatives from Lafarge Shui On and the Chengdu government to discuss the details of 

a potential cooperation. 

6.3 Results and Discussion 

Demand for agricultural irrigation in Pixian  

 Method 1: current supply equals demand  

Based on data within the 2006 DCI Plan, the total allocation of water to Pixian is approximately 

110 Mm3 per year.  Table 6. 1 presents the land area dedicated to different crops in Pixian, and 

the Municipality as a whole; those data were used to approximate the allocation of water to 

Pixian.  Table 6. 2 shows the irrigation schedule over a one year period, including the 

Municipality-wide allocation and estimate for Pixian. 

Table 6. 1.  Area of upland, orchard, and paddy crops planted in Pixian and the Chengdu Municipality 

according to the Dongfeng Channel Irrigation Plan for 2006. 

 Upland  

Orchard  

(mu) 

 

Rice 
Paddy 
(mu) 

 Wheat  

(mu) 

Rapeseed  

(mu) 

Pea 
Shoots 
(mu) 

Potato  

(mu) 

Pea  

(mu) 

Other  

(mu) 

Pixian  124,947 107,113 0 0 0 89,646 102,000 396,869 

Chengdu total  937,596 499,096 14,174 55,391 45,779 713,876 651,294 2,370,774 

Pixian fraction 0.13 0.21 0 0 0 0.13 0.16 0.17 
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Table 6. 2.  Irrigation schedule for upland, orchard and paddy crops in Pixian and Chengdu Municipality 
according to the 2006 Dongfeng Channel Irrigation Plan. Total area irrigated, and the flow rates are based 
directly on the Plan; allocation to Pixian was estimated based on the fraction that crops grown in Pixian 
represent of total for Municipality (percentage reported in parentheses and based on Table 6. 1).  
 Upland Orchard Paddy 

  Total 

Area 

(mu) 

Irrig. 

Alloc. 

(m3/mu) 

Pixian 

(14% 

total) 

(m3) 

 Total 

Area 

(mu) 

Irrig. 

Alloc. 

m3/mu 

Pixian 

(16% 

Total) 

(m3) 

 Total 

Area 

(mu) 

Irrig. 

Alloc. 

m3/mu 

Pixian 

(17% 

Total)  

(m3) 

Jan – 

March 1,725,022 20 4,898,248 1,519,686 15 3,040,194 - - - 

 

March 
 

10-20th 752,096 20 2,250,139 217,098 15 434,314 33,518 176 945,869 

21-31st 915,610 20 2,739,344 238,808 15 477,743 163,818 176 4,422,042 

 

April 
 

1-10th 811,380 15 1,820,629 217,098 15 434,314 63,265 176 593,949 

11-20th 499,713 15 941,283 217,098 15 434,314 100,674 80 1,281,047 

21-30th  356,938 15 672,345 217,098 15 434,314 103,861 80 1,323,727 

 

May 
         

1-10th 356,938 15 672,345 217,098 15 434,314 103,861 80 1,026,932 

11-20th  250,012 15 470,934 217,098 15 434,314 251,707 80 5,388,120 

21-31th  275,014 15 518,029 238,808 15 477,743 1,332,459 80 34,099,923 

 

June 
 

1-10th  500,025 15 941,870 217,098 15 434,314 931,056 80 14,391,968 

11-20th  214,163 15 403,407 217,098 15 434,314 843,088 80 10,753,298 

21-30th  214,163 15 403,407 217,098 15 434,314 843,088 80 10,753,298 

TOTAL 
  1.67x107   7.90x106   8.50x107 

                                

Based on maps showing the irrigation canal courses through Dujiangyan, I approximated the 

fraction of all irrigated land that a given river serves.  I used that fraction to weight the allocation 

of water among the canals (Table 6. 3). 
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Table 6. 3.  Distribution of water among four irrigation canals through Pixian: Baitiao, Xuyan, 
Zouma and Jiangan Canals.  Allocation based on the area of cultivated land each serves,  
reported in parentheses for each canal.  
 Pixian Total 

Irrigation 
(Mm3)  

Baitiao Canal 
(25% Cultivated 
Land) (Mm3) 

Xuyan Canal 
(24% Cultivated 
Land) (Mm3) 

Zouma Canal 
(43% Cultivated 
Land) (Mm3) 

Jiangan Canal 
(8% Cultivated 
Land) (Mm3) 

Jan – 

March 7.9 2.0 1.9 3.4 0.65 

 

March 
     

10-20th 3.6 0.90 0.88 1.6 0.30 

21-31st 7.6 1.9 1.9 3.3 0.63 

 

April 

     

1-10th 2.8 0.70 0.69 1.2 0.23 

11-20th 2.7 0.66 0.65 1.1 0.22 

21-30th  2.4 0.60 0.59 1.0 0.20 

 

May 
     

1-10th 2.1 5.3 0.52 0.91 0.18 

11-20th  6.3 1.6 1.5 2.7 0.52 

21-31th  35 8.7 8.5 15 2.9 

 

June 
     

1-10th  16 3.9 3.8 6.7 1.3 

11-20th  12 2.9 2.8 5.0 0.95 

21-30th  12 2.9 2.8 5.0 0.95 

TOTAL 110 27 27 47 9 

 

Method 2: empirical estimate of water requirement based on local crop patterns 

According to the DCI office officials, paddy and upland crops require an average of 450 and 300 

m3/mu, respectively.  The 2006 prospective crop data from the DCI Plan and the 2006 

retrospective crop data from the PAB (published in 2007) were both used to estimate irrigation 

water requirements in Pixian (Table 6. 4).  Note, there is a large difference between the water that 
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would be required for irrigation in Pixian according to the DCI empirical estimates (306 Mm3), 

and the quantity that is estimated to be allocated by the DCI Plan to Pixian (110 Mm3) (Table 6. 

3, Table 6. 4). It is further noteworthy that the irrigation requirement based on the PAB data (181 

Mm3/yr) is much closer to the volume that is estimated to have been allocated to the district based 

on the DCI plan (110 Mm3).  While parcels of agricultural land in Pixian are no doubt being 

converted for industrial use, thus explaining some of the discrepancy between the DCI and PAB 

statistics, it is also likely that farmers respond to water availability and choose not to cultivate 

agricultural land when irrigation water is insufficient. 

Table 6. 4. Dongfeng Channel Irrigation District (DCI) estimated water demand by crop type for  

the Chengdu Municipality, and resultant water requirement based on crop area data from the DCI  
office and the Pixian Agricultural Bureau (PAB).    
Crop Water 

Demand 
(m3/mu) 

Crop Area 
(DCI Office 
Data) (mu) 

Water 
Requirement 
(Mm3/y) 

Crop Area 
(PAB Data) 
(mu) 

Water 
Requirement 
(Mm3/y) 

Paddy 450 396,870 179 225,720 102 

Wheat 300 124,950 38 95,700 34 

Rapeseed 300 107,110 32 72,670 25 

Orchard 300 102,000 31 0 0 

Other 300 89,650 27 56,520 20 

TOTAL   307  181 

 

Method 3: extrapolating water requirement from farmer surveys  

Farmers in Pixian are divided among those who grow primarily trees and ornamental flowers, and 

those who grow vegetables and other edible crops.  Both types of farmers were surveyed; 

however, farmers reported very low irrigation demand for flowers and trees, thus village selection 

was biased towards those which grow edible crops, and results from those villages are presented 

herein.  Farmers in Pixian reported growing 19 varieties of vegetables, one traditional Chinese 

medicinal herb (chuanxiong), two varieties of grains, and one oil crop.  The crop-specific surveys 

captured the planting, irrigation, harvesting and yield schedules and trends for 17 of the most 
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common crops, plus two crops grown in greenhouse conditions in addition to outdoors (Table 6. 

5). 

 Farmers were unable to state the precise quantity of water they apply to each crop; however, they 

were able to provide descriptions of their practices, from which I was able to make reasonable 

estimates of the volume of water they used (Table 6. 6 and Table 6. 7).  Farmers in Pixian 

primarily use two methods to irrigate: flooding, and manual application using 20 L buckets.  

When flooding their fields, farmers showed with their hands that they added about 10 cm of water 

to the field; this correlates to 66.7 m3/mu.  To manually water their fields, farmers use a bamboo 

pole that holds a 20 L bucket on either side, and they refer to the whole apparatus as a tiao.  Each 

tiao is equivalent to 0.4 m3, and farmers could generally describe irrigation frequency and 

demand in the number of tiao used for a given crop.  Again, based on illustrative descriptions, 

“enough to make the crop wet,” was equated to a depth of 2 cm, or 13.3 m3/mu. Farmers reported 

that rapeseed did not require irrigation. With respect to rice cultivation, farmers reported a very 

wide range of water application rates.  The farmers all described flooding the field with 

approximately 10 cm of water, and reported re-flooding the fields anywhere from 3 times over the 

course of cultivation, to every three days, to as often as everyday from April through the end of 

July.  It is noteworthy that of the three farmers who described their rice cultivation practices, the 

two who flooded with the greatest frequency were located at the head of the canal in Youai and 

Xinminchang (Chapter 7, Figures 7.3 and 7.4), and the farmer who flooded the least was located 

at the tail of his canal in Deyuan (Chapter 7, Figure 7.4).   



 

124 

 

Table 6. 5.  Crop calendar for Pixian based on interviews with 30 households throughout the district between March and May 2007.    

KEY 

  Flood 

  Wet fields 

  Plant 

  Harvest 

Month 

Crop 3 4 5 6 7 8 9 10 11 12 1 2 

Rice   seed shoots                   

                        

Rapeseed                         

                      

Wheat           

            

Eggplant                         

                        

Greenhouse Eggplant     

                

Green Onion  seed shoots                     

5-6 Year Cycle           add water if available August - February     

Garlic Shoots YR1 - transplant           

YR1 - 

seed         
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 2 Year Cycle       

                    

Cabbage   shoots         

                      

Chinese Cabbage                         

                          

Cucumber                         

                        

Greenhouse Cucumber         

        

Garlic                         

                        

Tomato                 seed       

                        

Cauliflower                         

                      

Green Beans                         

    if very dry weather             

Celery Lettuce                         

                          

Hot Pepper   transplant             seed       
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    if very dry                 

Chuanxiong (Tcm)                         

                

Bitter Melon seed shoots                     

          

                          

 

Table 6. 6.  Estimated water requirements for crops grown in Pixian.  Water application rates based on farmer description of their irrigation practices:  
“flooding” ≈ 67 m3/mu, “one tiao” = 0.04 m3, “enough to make wet” ≈ 13 m3/mu.    
 Vegetable Crops  (m3/mu) 

 Eggplant  Spring 
Onion  

Chuanxiong  Cabbage  Chinese 
Cabbage  

Cucumber  Garlic  Garlic 
Shoots  

Tomato  Beans  Celery 
Lettuce  

Bitter 
Melon  

Average 
Monthly 
Demand  

March 17 67 33 13  67 33 33 67    40 

April 17 27 33   33   67 6 4  27 

May  17 27 33 13  67   33 12 14 67 31 

June  13    33   33 12 4 66 27 

July  13  13      6  67 25 

Aug  13          67 40 

Sep  27 33 13 2       33 19 

Oct  27 33  3        17 

Nov   33 13 16        20 

Dec   33  4   33     19 

Jan   33 13   33  67    37 

Feb   33      67    50 

TOTAL             351 
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Table 6. 7.  Pixian irrigation demand based on crop-specific water demand reported by local  
farmers (see Table 6. 6).    
Crop Water 

Demand 
(m3/mu) 

Crop Area 
(DCI Data) 
(mu) 

Water 
Requirement 
(Mm3/y) 

Crop Area 
(PAB Data) 
(mu) 

Water 
Requirement 
(Mm3/y) 

Paddy 200-1300 396,870 79-515 225,720 45-293 

Wheat 33 124,950 4 95,700 3 

Rapeseed no irrigation 107,110 0 72,670 0 

Vegetables/Other 351 191,650 67 148,030 52 

TOTAL   150-586  100-348 

 

Ultimately, the three different methods for assessing irrigation demand converged on fairly 

similar approximations when taking into account different assumptions about the cultivated land 

areas (i.e., assuming DCI versus PAB data).  The estimated supply of irrigation water (Method 1) 

is in the range of water requirements estimated for Methods 2 and 3 using the PAB data, and 

excluding the higher-end estimates reported by farmers for rice; similarly, Method 2 and and the 

average result from Method 3 yield similar demand estimates using the DCI data (Table 6. 8).      

 

Table 6. 8.  Summary of irrigation demand estimates using three different methods (assuming 
current supply equals demand, based on empirical requirements for paddy and dry land crops,  
and farmer surveys,) and two data sources for cultivated land (Dongfeng Channel Irrigation  
(DCI) office and the Pixian Agricultural Bureau (PAB)). 
 Method 1 – 

Current 
Supply 

Method 2 – Empirical 
Estimate 

Method 3 – Farmer Surveys 

 DCI Data PAB Data DCI Data PAB Data 

Mm3/yr 110 307 181 150-586 100-348 

 

Social perceptions of wastewater reuse for agricultural irrigation 

The surveyed farmers in Pixian were largely in favor of using treated wastewater for irrigation.  

Out of the 39 survey respondents, 37 responded to the question regarding their willingness to use 
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treated wastewater for irrigation; 51% (n=19) were enthusiastically in favor, 8% (n=3) said 

maybe, 5% (n=2) were absolutely opposed, and 35% (n=13) had no opinion.  Among those who 

were most accepting of wastewater reuse, they commonly explained that it would help mitigate 

water shortage, and that it would allow them to stop using groundwater (which is expensive due 

to pumping costs).  Farmers who were against the idea of using wastewater for irrigation 

expressed concern that it would kill their plants and that it would be a way for industrial pollution 

to destroy their fields.  A number of farmers did not feel they understood the implications of 

using treated wastewater for irrigation well enough to decide if it would be safe for their health or 

crops.  In light of these outcomes, if wastewater reuse were to be implemented in Pixian, a farmer 

education campaign would be important, though it does not appear that irrigation with wastewater 

effluent would be met with significant opposition.  As described above, the perceptions of 

wastewater reuse among other local stakeholders including government agents were also 

evaluated.  Their opinions are included in Chapter 9, which is an institutional analysis of the 

practicality and feasibility of using DFS in China, given the existing legal and operational 

context.  

Demand for land application of sludge 

Land application of sludge generated at the four treatment plants in the urban core of Chengdu 

was immediately eliminated as an option due to the heavy metal content in influent water and 

thus the sludge.  The manager for all of the plants opposed applying the sludge to land and the 

limited data on the sludge quality confirms that the concentrations of some metals exceed the 

Chinese government standards.   
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Table 6. 9.  Heavy metal content of sewage sludge from samples taken in two different months in 2006 
from Wastewater Treatment Plants #1-4 in the urban core of Chengdu.  Chinese standards for land 
application of sludge are shown for reference; numbers in bold exceed one or both of the soil pH-dependent 
standards. 
 Chinese 

Standard 
Plant #1 Plant #2 Plant #3 Plant #4 

Heavy 
Metal 
(mg/kg) 

Soil 
pH 
<6.5 

Soil  
pH  
≥6.5 

Sample 
1 

Sample 
2 

Sample 
1 

Sample 
2 

Sample 
1 

Sample 
2 

Sample 
1 

Sample 
2 

Zn 2000 3000 1140 1080 1140 1630 870 931 900 931 

Cu 800 1500 215 233 589 503 181 1640 923 1640 

Pb 300 1000 468 157 419 159 484 173 419 173 

Cr 600 1000 418 83.4 301 295 335 241 328 241 

Cd 5 20 32.1 2.01 23 <0.75 10.3 0.75 35.6 0.75 

Hg 5 15 NA 8.27 NA 4.75 NA 9.84 NA 8.27 

As 75 75 NA 7.38 NA 6.83 NA 3.66 NA 7.38 

Ni 100 200 23.7 103 2110 96.2 43.3 103 45.8 103 

B 150 150 96.8 38.2 131 1280 119 51.1 270 51.1 

 

Demand for sludge as fuel replacement in cement kilns 

The Resources Recovery Manager for Lafarge Shui On determined that their Dujiagyan plant 

could accept up to 135 wet tons of sludge per day, assuming a dry solids content of 20% .  Based 

on the sludge generation rates for the WWTPs in Chengdu, this rate of acceptance by Lafarge 

would accommodate a WWTP with a daily capacity of about 200,000 m3.   Alternatively, the 

manager expressed that the cement plant could accept a nearly unlimited quantity of sludge if its 

dry solids content were 90% or more, a level that is achievable by heat drying the sludge or with 

sludge drying beds (but the latter requires land, and no rain or covers.)   
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6.4 Conclusions and Summary of Outputs from DFS Step 2 

Upon completing Step 2, DFS users should have generated a list of wastewater and sludge reuse 

options that preliminary analysis suggests would have social and economic viability in the region 

of interest.  For the case study in Pixian, it is clear that agriculture exerts significant demand for 

water in the district. The demand for irrigation water is distributed among four irrigation canals, 

lending spatial flexibility to the point of injection of the wastewater depending upon where it 

originates.  This outcome signals that irrigation should be included among the potential reuse 

options as DFS users advance to Step 3 of the planning process, an analysis of the business as 

usual (BAU) performance (i.e., without supplementation or use of wastewater) of each contender 

for wastewater effluent or treatment byproducts.  With respect to sludge, land application was 

ruled-out as an end-use possibility; however, its use as an alternative fuel and raw material in 

cement manufacturing appears very promising and is further analyzed in subsequent steps. 
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CHAPTER 7 

DFS Steps 3 & 4 – Performance 

Assessment and Design of Sanitation 

Scheme for Wastewater Reuse, the Case 

of Pixian 

7.1 Introduction 

Upon arriving at Step 3 of the DFS approach, users have restricted their consideration of different 

reuse options to those services for which there is a demonstrated demand in the region of interest.  

To proceed with the reuse selection process, the objective of Step 3 is to identify the service 

among those still under consideration which performs the weakest under the business as usual 

provision (i.e., no reuse) based on a set of economic, environmental and social performance 

indicators.  Step 4 of DFS is the logical next step in the planning process, where decision makers 

identify the location and scale of a reuse-oriented sanitation scheme tailored to supplement or 

replace water supply to the aforementioned service, so to improve its performance across the 

same set of economic, environmental, and social indicators (Figure 7. 1).  This chapter presents 

the methods for working through Steps 3 and 4 of the DFS framework for wastewater reuse in 

irrigation, and the results of doing so in Pixian.   

Business as usual performance assessment – DFS Step 3 

As previously stated, agricultural irrigation is the focal wastewater reuse option considered in this 

dissertation.  The performance of irrigation schemes can be measured using a variety of methods, 

and from a range of perspectives depending upon the stakeholders involved, and the intent of the 

assessment.  For example, performance can be evaluated from the point of view of different 

actors, such as the farmer, village, district, and/or municipality; each of these tiers of stakeholders 
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is likely to have different priorities and expectations for an irrigation system.  Likewise, there are 

several dimensions of performance that may be considered, from the technical operation of the 

system, to the economic and yield efficiency, to social perceptions regarding the quality and 

quantity of water [207].   

A streamlined performance assessment of the BAU provision of irrigation water was developed 

for the purposes of the DFS approach. This performance assessment is designed to evaluate 

attributes of an irrigation system and its operating context that would be directly impacted by 

supplementing or replacing an existing irrigation scheme with wastewater.  For example, water 

quantity is an important indicator in the DFS performance assessment because it would inevitably 

be altered with the introduction of wastewater.  On the other hand, indicators related to the 

maintenance of conveyance infrastructure, while important for a comprehensive performance 

assessment of irrigation, are not included in the DFS performance assessment because the status 

of the canals is not necessarily going to be impacted by the introduction of wastewater.   To 

further inform the design of a potential reuse scheme, the performance assessment is structured to 

identify characteristics of the irrigation system that users like and dislike.  This latter feature is for 

the purpose of tailoring the reuse scheme to back-end users, thereby enhancing their acceptance 

of the scheme, and ideally, leveraging their demand for the irrigation service to incentivize robust 

operation and maintenance of the sanitation system (see Chapter 4).   

The centerpiece of the irrigation performance assessment is an optimization model for analyzing 

the profitability, and spatial equity of the existing irrigation system and water supply.    There are 

two other dimensions of the irrigation system that are taken into account in the DFS performance 

assessment: farmer satisfaction, and regional water management goals and objectives (Figure 7. 

1).   



 

 

 

Reuse scenario analysis 

The aforementioned optimization model is also a powerful tool for simulating optimal cropping 

and yields under alternative irrigation scenarios, includi

existing irrigation water with wastewater effluent

system.  The model can be used to depict changes in profit and spatial equity over the course of 

an irrigation canal that result from injecting the wastewater. The expected impact of the 

alternative scenarios on user satisfaction and the regional aquatic environment can then be 

compared to the BAU case.  Step 4 goes as far as determining the location and scale, and 

necessary effluent quality of the treatment facility based on the results of Step 3; these decis

are also informed by the supply

quantity, and quality.   

Figure 7. 1.  Schematic overview of the methods and performance indicators used to work through 
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Steps 3 and 4 of the DFS planning approach for evaluating reuse for agricultural irrigation. 

As the cornerstone of the performance assessment and alternative scenario analysis, the 

optimization model is the primary focus of this chapter.  What follows is a brief literature review 

of the use of optimization models for irrigation planning, and a detailed description of the model 

developed for the DFS framework, including the mathematical formulation and data inputs.  The 

methods for assessing user satisfaction with the existing irrigation scheme and for understanding 

the regional water management context that irrigation operates within are also described.  Finally, 

the results of the performance assessment of Pixian’s existing irrigation regime and the 

comparative results of alternative reuse scenarios to supplement and replace the scheme are 

presented and discussed. 

7.2 Methods Part 1: Agricultural Irrigation Performance Assessment 
(DFS Step 3) 

Table 7. 1 presents the key attributes of the irrigation scheme that are included in the DFS 

irrigation performance assessment, the corresponding stakeholder tier targeted by the 

performance assessment, and the evaluation methods used. The methods and tools for developing 

and applying the three-part performance assessment are detailed below in the order that they 

appear in Table 7. 1. 

Table 7. 1.  Key irrigation scheme attributes measured by the performance assessment developed 
for DFS, corresponding stakeholder tier, and assessment method. 
Irrigation Scheme Attribute Assessed Stakeholder Tier Evaluation Method 

Agricultural Profitability and Spatial 

Equity 

     -yields 

     -temporal distribution 

     -spatial disparity in access 

village and district -optimization modeling 

User Satisfaction 

     -water quality 

     -access  

farmer households -farmer interviews 

Regional Water Resources Management 

Goals and Objectives 

municipality -key informant interviews 
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     -surface water quality 

     -water quantity 

-policy analysis 

 

Agricultural profitability and spatial equity  

Literature review of optimization models for agricultural irrigation 

Optimization models are a common approach to aid decision making in the agriculture sector, 

particularly in light of competing demand for scarce water resources by the domestic and 

industrial sectors which are growing especially rapidly in developing countries.  Models are often 

designed to  optimize cropping patterns (e.g., crop mix and land allotment) and irrigation 

allocation to maximize profits and/or water conservation [208-217].  Most of the models are 

aimed at irrigation planners, and are intended to inform water policies and the distribution of 

water resources in an irrigation network. The Northern China Plain, an important agricultural 

zone in China despite acute water scarcity, is one location where agricultural models have been 

applied extensively.  For example, the model developed by Mo et al. focuses on predicting 

regional crop yield and water use efficiency in Hebei Province, Campos et al. apply the ISAREG 

model to identify irrigation schedules that optimize yields with minimal irrigation along the 

Yellow River Basin, and Kang et al. use the WAVES model to generate irrigation schedules with 

the highest yields given a fixed and limited volume of water along the Loess Plateau [218-220].   

Like the models cited above, the majority of those found in the literature assume constrained 

freshwater resources as the source of irrigation water; few examples seem to exist of models that 

have been designed to optimize direct reuse of wastewater for irrigation.  Among the irrigation 

models that include wastewater, Darwish et al. developed a linear programming model for 

southern Lebanon to determine the cropping pattern that utilized the largest fraction of the locally 

produced wastewater and its embodied nitrogen [221].  Another example is the model developed 
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by Amir and Fisher which includes recycled water among other water sources that are available 

to farmers in eight different districts of Israel [215].   

The broad objective of the work herein was to develop a model that will help bridge sanitation 

planning and irrigation planning to the benefit of both ends.  A novel feature of the model 

presented below is the versatility with which it has been designed; it can be used to optimize 

cropping patterns over the existing irrigation scheme and/or to simulate scenarios which 

incorporate reuse of locally generated wastewater.  Thus, the optimization model presented below 

has stand alone utility, but it was developed for use within the larger DFS framework for planning 

and rehabilitating wastewater treatment schemes for productive reuse.  The direct objective of the 

modeling exercise for DFS Step 3 is to measure the profitability and spatial equity of the existing 

irrigation scheme. The model has been calibrated for the peri-urban district of Pixian; however, 

the framework can be easily adapted to other regions.   

The model is written in MS Excel as a quadratic optimization program for allocating a user 

defined amount of land and water over a choice of 13 crop varieties and/or cultivation seasons: 

rice, rapeseed, winter wheat, corn, fall vegetables (average of radish and cabbage), tomato, spring 

vegetables (average of cucumber, eggplant hot pepper, green beans), Chinese cabbage (three 

different seasons), garlic, green onion, and chuanxiong (a traditional Chinese medicine.) These 

crops were selected based on their popularity among farmers in Pixian.  The model framework is 

made up of a set of fixed cultivation schedules for each of the crops.  The crop cultivation and 

coinciding water requirement calendars were generated using the FAO’s CropWat model and 

were informed by surveys of farmers in towns throughout Pixian (described in more detail 

below.)  Total water availability and irrigation application is resolved in 10-day increments for 
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one calendar year.  The model is solved using the Standard GRG nonlinear engine in Frontline’s 

Risk Solver Platform V9.0 for MS Excel. 

Linearization of the objective function and crop production functions is a common simplification 

of agricultural optimization models. However, a drawback of this approach is that it necessitates 

that the water supply and yield responses in an irrigation optimization model are pre-defined step 

functions [222]. Where water availability during the irrigation season can vary dramatically from 

day to day, as in the case of Pixian, this structure is particularly unsatisfying; if there is just one 

day in the crop irrigation schedule where water requirements for a given total yield cannot be 

met, the model must drop down to the next step.  For example, if the irrigation requirements to 

meet 75% of potential yield cannot be fulfilled, the model is forced to opt for the irrigation 

regime with the next lower yield potential, or to eliminate the crop from the optimization.  This 

approach will not produce realistic crop growth or water usage results.    

One way to control for coarseness in the optimization solution is to have small step sizes, such as 

10 or 15% differences, but this quickly leads to an unwieldy data set.  Alternatively, a quadratic 

objective function can be employed, as was done for this model, which allows the model to 

choose the water application rate (from zero up to the amount required for maximum yield,) at 

each time-step (i.e., every ten days) and then the yield becomes a function of the total amount of 

water added over the course of the irrigation season.  Quadratic programs are a common method 

for measuring fertilizer yield response, and they have also been used to model land allocation to 

different crops; in cases where the results have been compared to those from other model 

formulations, they have proven a superior fit to empirical data [222, 223].  Quadratic 

formulations do have their shortcomings, most notably is the tendency of the solver to construe a 

“local optima” – a set of results that satisfy all constraints, and represent a regional peak along the 
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solution frontier – as the overall, or “global optima.”  Sophisticated solvers, like that used for this 

model, improve the likelihood of finding the global optima by using “multistart” and 

“topographic” search methods [224].  These methods work by choosing several randomly 

selected starting points between the bounds of the variables in the model, and then look for the 

optimal solution within each of those clusters, ultimately choosing the best solution among all of 

them [224].  

Model components 

Objective function 

The objective function is the sum of the area of each crop planted multiplied by its gross profit 

per unit area.  Based on my surveys among Pixian farmers, the objective function is not strictly 

profit maximizing; the model assumes that farmers are risk averse, and thus prioritize a degree of 

crop diversification over planting the single crop that commands the highest market price (see 

constraints 5 and 6 below). Based on surveys throughout the region, with very few exceptions, 

farmers do not have hired help; therefore, the cost of labor was assumed equal across households 

and not included in the model. The model can be easily adapted to include labor costs in other 

regions where hired labor is common.  Among the farmers who planted edible crops (as opposed 

to ornamentals which are not included in this model) labor was never mentioned as a constraining 

factor; this is likely explained by the relatively small land-holdings among rural Chinese 

households. 

 

∑ CD
E
D=F GD         (1) 

where  n = total number of crops, from 0 to 13 

           Ai = area of crop i (mu);  
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           Pi = gross profit crop i ($/mu). 

 

Gross profit for each crop is subject to total irrigation allocated to the crop over the course of the 

cultivation season, and the cost of fertilizer, as follows [225]: 

GD = GHIF −IKL(F −
MNO

MNP
)]]-CF,i                   (2) 

where PM = maximum gross profit with complete irrigation requirements met ($/mu); 

            ky = crop yield coefficient for total growing period; 

            ETa = actual effective water supply to crop over growing period, including rain (m3/mu); 

            ETm = required effective water supply to crop over growing period (m3/mu); 

            CF,i = cost fertilizer for crop i ($/mu). 

Decision variables 

Decision variables include the area of each crop planted and the amount of irrigation water 

applied to each crop per day of its cultivation period in 10-day increments.  The model consists of 

186 decision variables: 13 for land allocation to different crops, and the remainder for water 

allocation during each crop’s cultivation period. 

Constraints 

The decision variables and subsequent objective function are subject to a number of constraints 

that render the baseline and wastewater supplemented model results closer to the existing reality 

in Pixian.  Based on my surveys among the farmers, it is evident that they are risk averse in terms 

of choosing crop diversification over profit maximization.  Thus, the objective function is 

constrained by the following terms: 
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1.  Non-negativity: the minimum area of a given plant must be greater than or equal to zero. 

RD ≥ 0         (3) 

2.  Total land availability: the sum of crops planted at any given time must not exceed the land 

area.  This constraint is evaluated for every 10-day increment such that once a crop is planted it 

utilizes that land area until its designated harvest date. 

 

∑ RD,V
E
DWF  ≤ RY,Z                    (4)  

where Ai,d = Total land area allocated to crop i per day during 10-day increment d (mu); 

           AT,R = Total land area in irrigation system R (mu). 

 

3.  Irrigation requirement:  the water applied to a given crop during a given 10-day increment 

must be less than or equal to the irrigation requirement to achieve maximum yields. 

                     MN[,V,P ≥ MN
D,V,O

≥ \       (5) 

where ETi,d,m = irrigation water requirement for crop i per day during 10-day increment d 

(m3/mu); 

           ETi,d,a = water applied to crop i per day during 10-day increment d (m3/mu). 

 

4.  Water availability: the sum of water applied to the total area of each crop during each 10-day 

increment must be less than or equal to the water available in the canal during a given period. 

∑ CD,V
E
DWF MND,V,O ≤ ]V,Z       (6) 
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where Ai,d = area of crop i planted during a given 10-day increment d (mu); 

           Qd,R = quantity of water in irrigation system R during each day of 10-day increment d (m3).   

 

5.  Crop diversification (optional):  the sum of crops planted over the course of the year must be 

greater than or equal to three different non-grain crops (out of ten non-grain crops in the model 

with overlapping cultivation periods), each with a minimum area that is equivalent to 0.1 mu per 

farmer served by the irrigation system.  The purpose of this constraint is to prevent the model 

from allocating all land to the highest grossing crop, thus under-representing the tendency of 

farmers to spread their risk over several crops.  The selected land requirement is based on 

extensive interviews with farmers in Pixian where it was found that 0.1 mu is the smallest area of 

land that a farmer will dedicate to a given crop. 

 

RD ≥ \. F^_               (7) 

and        ∑ D\.F^_
 ≥ 3                                                            (8)                                                  

where NF = number of farmers served by the irrigation system 

           i0.1NF = number of crops planted with area greater than or equal to 0.1NF mu. 

            

6.  Rice, rapeseed, wheat floor constraint (optional): the model must allocate a minimum land 

area to each of these staple crops.  The minimum land allocation is based on actual cropping 

statistics from the Pixian Agricultural Bureau; the average fraction of cultivated land dedicated to 

these crops in towns across each irrigation system was determined and used as a multiplier. The 

user is not required to enforce this constraint; however, in the case of Pixian it renders results that 

are more consistent with observations on the ground. 
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R`D ≥  a`D RY,Z               (9) 

R`b ≥  a`b RY,Z        (10) 

Rc ≥  ac RY,Z        (11) 

where Ari, Ara, Aw = area of rice, rapeseed and wheat, respectively; 

           βri, βra, βw = fraction land allocated to rice, rapeseed and wheat, respectively. 

Model data 

Crop yields, prices, and irrigation requirements 

The FAO’s geographically sensitive ProdStat model was used to determine the maximum yield of 

each crop per mu, and that yield was multiplied by the crop’s retail price in Chengdu, to 

determine the maximum gross profit per mu (Table 7. 2) [226, 227].  Farmers in Pixian are 

assumed to be price takers in the region as a whole.  Crop yield coefficients (ky) for each of the 

crops used in the model are shown in Table 7. 2 [225].  While ky values do vary over the course of 

a crop’s growing period, with the middle stages, flowering and yield formation, typically more 

sensitive than the vegetative and ripening periods, a single ky value for the entire growth was used 

for the sake of model tractability.  The yield results are thus a first approximation, and will tend to 

underestimate the actual yield because the coefficients used overestimate the impact of irrigation 

deficit during the early and final stages of the crop cycle [225].  

 

The FAO’s CropWat V4.0 was used to determine the crop water requirement – millimeters per 

day in 10-day increments – over the growing period.  CropWat’s output was tailored to Pixian by 

entering the region’s climate characteristics including monthly rainfall, evapotranspiration rates 

(ET0), and soil conditions [228, 229]. Based on empirical data for flood irrigation, irrigation 
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efficiency was assumed to be 50% [230].   There is very likely some recharge of the irrigation 

canals occurring; however, the quantity and location is completely uncertain and was not included 

in this iteration of the model.  The conservative estimate of water availability in the canals that 

this assumption renders may be partially counteracted by the generous assumption that farmers do 

not over-water their crops when and if water is available (see constraint 3, Equation 5).  An 

irrigation schedule was generated for each crop included in the optimization model by entering 

the planting date and allowing CropWat to determine the harvesting date and crop coefficients. 

Planting dates were chosen based on actual practices by farmers in Pixian, as gathered by the 

surveys conducted throughout the district, and survey data were also used to confirm that the 

CropWat harvesting dates approximately coincided with those reported by the farmers. 

 

Table 7. 2.  Crop yield coefficients (total growth period) (ky), retail price and 

maximum yields for the crops included in the optimization model. 

Crop ky
a Retail Priceb 

($/kg) 
Maximum Yieldc 
(kg/mu) 

Rice 
1.35 0.37 420 

Rapeseed (seeds) 0.08 0.32 98 

Winter Wheat 1.15 0.24 320 

Corn 1.25 0.19 360 

Fall Vegetable (radish, cabbage) 1.05 0.20 1200-1370 

Tomato 1.05 0.30 1540 

Spring  Vegetable (eggplant,  1.15 ~0.33 1000-1400 

Chinese Cabbage  0.95 0.27 1370 

Garlic 1.0 0.60 1170 

Green Onion 1.1 0.40 2180 

Chuanxiong (dried)  
(Traditional Chinese Medicine) 

1.0 1.40 700 

aSource: FAO Irrigation and Drainage Paper #33 1979 [225].   
bSource: China Food and Beverage Net (in Chinese), August 2008 (assumes $1 = 7 CNY) [226].  
cSource: FAO Prodstat  2008 [227]. 
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Table 7. 3.  Climate characteristics for Pixian (E103º52’ N30 º48’). 

Month Precipitationa 
(mm/d) 

ET0 (Evapotranspiration)b 
(mm/d) 

January 0.25 1.1 

February 0.37 1.5 

March 0.66 2.3 

April 1.62 3.1 

May 2.98 3.6 

June 3.50 3.5 

July 7.69 3.8 

August 7.36 3.8 

September 4.19 2.8 

October  1.41 2 

November 0.51 1.5 

December 0.17 1.1 

aSource: Weather2Travel 2008 [229].  
bSource: FAO CropWat [228]. 

 

Crop fertilizer requirement 

The cost of fertilizer for each crop was determined based on surveys of farmers in Pixian.  

Farmers self reported the quantity of nitrogen, phosphorus and potassium they added per mu for 

each crop they planted.  Farmers provided the price of fertilizer per jin (0.5 kg) and the accuracy 

of the prices was validated by surveying the local retail market for fertilizer. Average prices were 

$7.4, 6.3, and 8.6/100 kg as N, P, and K, respectively. For most crops, two or more households 

reported the quantity of fertilizer they used, and the average application rates were used for the 

purposes of the model (Table 7. 4). The total cost of fertilizer per mu for each crop was deducted 

from the gross profit per crop per mu to give the net profit per mu (PM).   
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Table 7. 4.  Fertilizer requirements reported by farmers in Pixian for  
each crop included in the model. Quantities are the average value  
given by farmers;  n = number of farmers surveyed per crop. 
Crop Nitrogen 

(as N) 
(kg/mu) 

Phosphorus 
(as P) 
(kg/mu) 

Potassium 
(as K) 
(kg/mu) 

n 

Rice 48 28 9 3 

Rapeseed 7 4 4 1 

Wheat 15 7 4 2 

Corn 15 7 4 1 

Fall Vegetable 21 4 12 3 

Tomato 44 10 30 1 

Spring 
Vegetable 

43 7 8 3 

Celery 
Lettuce/Cabbage 

21 4 4 2 

Garlic 14 3 5 2 

Green Onion 47 29 24 2 

Chuanxiong 50 20 24 1 

 

Total land availability (AT,R) 

The PAB’s cultivated land statistics for the year 2006, broken down by each town within Pixian, 

were used to constrain the model.   For towns served by a single river system, the land area 

served by the river is synonymous with the total cultivated land area.  In cases where two or more 

irrigation river systems flow through a town, the land area served by a given river was estimated 

based on the geography of each system with respect to the town boundaries.  

Total water availability (Qd,R) 

The estimated water quantity and temporal distribution of water in the four major irrigation canals 

in Pixian is based on the 2006 DCI plan and was previously described in Chapter 6 (see Method 
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1).  Table 7. 6 shows the initial water availability for each system.  For the model, the bulk water 

flow between January and March was evenly divided into seven 10-day increments.  

BAU irrigation simulation and optimization 

The optimization model was calibrated to depict the existing agricultural patterns in Pixian along 

each of the four river irrigation systems, including an assessment of cropping patterns, water 

consumption, and yields.  As described above, there are four major river systems that serve 

agricultural areas in Pixian.  The Baitiao and Xuyan Rivers ultimately flow into the Fu River 

which flows through the urban core of Chengdu; the Zouma River forks into the Tuo and 

Qingshui Rivers, the former flows into the urban core of Chengdu, and the latter flows into the 

Qingshui River which eventually becomes the Nan River in the the urban core of Chengdu.   

The river systems were divided into sub-sections according to geopolitical boundaries and 

sequential simulations were run for each sub-section along the river; towns that share a border 

with the river and are drawing off water simultaneously were grouped into the same sub-section.  

The sequential flows of the irrigation canals through the towns that make up Pixian are depicted 

in Figure 7. 2 to Figure 7. 5; Table 7. 5 characterizes each irrigation system including the urban 

and farmer population, and land area the system serves.  The justification for basing the divisions 

on political boundaries rather than land area is primarily so the results conform to planning norms 

in Pixian, where wastewater treatment planning is conducted at the township level.  Dividing the 

rivers up by townships also facilitated proper model calibration since the government collects 

cropping and yield data at the township level.  Each sub-section of a river system was run as an 

independent simulation and the difference between water fed into the sub-section and water used 

for irrigation was assumed to be the water availability for the subsequent sub-section.   

 

  



 

 

147 

 

 

Figure 7. 2.  Baitiao River course through Pixian; transition to Fu River occurs between Sandaoyuan and Tuanjie.  Dashed lines represent shared 

borders.
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Figure 7. 3.  Xuyan River course through Pixian; transition to Fu River occurs between Sandaoyuan and Tuanjie.  Dashed lines represent shared 

borders. 
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Figure 7. 4.  Zouma River course through Pixian. At Youai a canal delivers water to regions on upper branch (represented by thin line), main river 

continues on lower branch.   Zouma River transitions to Tuo River between Pixian center and Hongguang; Qingshui River begins at border of Deyuan 

and Hezuo.   
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Figure 7. 5.  Jiangan River course through Pixian. 
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Table 7. 5.  Four irrigation river systems in Pixian and characteristics of the regions they serve. 

Town Urban 
Population 

Urban Wastewater 
Generation (m3/d)a 

Farmer 
Population 
Servedb 

Cultivated Area 
Served (mu)c 

Baitiao River Irrigation System 

Tangchang 11005 2.3x103 11462 25282 

Tangyuan 519 1.1x102 9470 22630 

Sandaoyuan 1749 3.7x102 2219 7967 

Xinminchang 18029 3.8x103 1421 4132 

Tuanjie 6462 1.4x103 4933 13031 

Xipu 2044 4.3x102 1200 1883 

Anjing 869 1.85x102 2980 7433 

Xuyan River Irrigation System 
Tangchang 11005 2.3x103 5789 12769 

Ande 6898 1.5x103 6700 15974.5 

Xinminchang 18029 3.8x103 4263 12395 

Sandaoyuan 1749 3.7x102 2219 7967 

Tuanjie 6462 1.4x103 4933 13031 

Xipu 2044 4.3x102 1200 1883 

Anjing 869 1.85x102 2980 7433 

Zouma River Irrigation System 

Huayuan 1874 4.0x102 3692 9974 

Ande 6898 1.5x102 6700 15974.5 

Youai 1317 2.8x102 7749 19472 

Pixian center 59460 1.3x104 9657 21084 

Deyuan 678 1.4x102 8959 26551 

Hongguang 4070 8.7x102 11528 13031 

Xipu 2044 4.3x102 1200 1883 

Jiangan River Irrigation System 

Huayuan 1874 4.0x102 3692 9974 

Youai 1317 2.8x102 7749 19472 

aWastewater generation was estimated assuming per capita water consumption of 0.25 m3/d  

and return rate as wastewater (k) 0.85.  

bThe number of farmers served is the total number of farmers in the town multiplied by the  

fraction of land in the town that is served by a given river irrigation system. 
cThe area of land served by a river system in a given town is an estimation of the land served  
by a river system versus others that flow through the town, and is based on geographical proximity.   
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For each sub-section (town or cluster of towns,) there are two baseline scenarios, one is a profit 

maximizing scenario with the requirement that at least three different non-grain crops are grown, 

each with an area greater than or equal to 0.1 mu per farmer served by the irrigation system 

(hereafter the 3C scenario) (Equations 7 and 8).  As discussed above, this constraint is intended to 

represent the tendency of farmers in Pixian to spread their risk over at least three different crops 

in favor of allocating all of their land to the one crop that commands the highest market price.   

The second profit maximizing scenario lifts the minimum of three non-grain crop condition, but 

enforces a floor constraint on rice, rapeseed, and wheat that equals the average faction of land 

allocated to these crops in each irrigation system (hereafter the RRW scenario) (Table 7. 6).  Prior 

to January 1, 2006, the Chengdu municipal government had a minimum quota on grains.  In fact, 

China has a history dating back to the 1950s of enforcing grain self-sufficiency policies in order 

to supply inexpensive food to urban industrial workers [231].   These quotas have been slowly 

lifted across China since the 1990s and farmers have responded to market signals by shifting to 

more lucrative crops [231].  However, based on surveys throughout Pixian, farmers in that region 

are still growing a roughly subsistence quantity of rice and wheat as well as rapeseed to produce 

oil.  Thus, running the model assuming a minimum quantity of the aforementioned crops 

produces results that are more closely aligned with the existing reality than does the 

unconstrained scenario. 
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Table 7. 6.  Model input data for four irrigation river systems in Pixian.  Crop floor coefficients refer to 

fraction of total cropland in each sub-section that is dedicated to rice, rapeseed and wheat (based on 

government reported averages for the towns in each rivershed [232].  Initial irrigation schedule is the 

volume of water fed in at the head of the river system in Pixian.  Sub-sections are in sequential order from 

the head to foot of the irrigation system. 

 Baitiao River Xuyan River Zouma River Jiangan River 

Crop 

Floor 

Coeff. 

rice rpsd wht rice rpsd wht rice rpsd wht rice rps

d 

wht 

0.70 0.30 0.20 0.80 0.34 0.37 0.74 0.22 0.2

8 

0.60 0.1

5 

0.30 

 sub-section: 

towns 

land 

area 
(mu) 

sub-section: 

towns 

land 

area 
(mu) 

sub-section: 

towns 

        land  

area          
(mu) 

sub-section: 

towns 

land        

area        
(mu) 

1: Tangchang 
Cum. Area 

25282 
25282 

 

1: Tangchang, 
Ande 
Cum. Area 

28743 
28743 

1: Huayuan         9974 

Cum. Area         9974 

 

2: Ande             15975 

Cum. Area      25949 

 

3: Youai            19472 

Cum. Area        45421 

 

4: Pixian,          47635 

Deyuan 

Cum. Area        93056 

 

5: Hongguang     3031 

Cum. Area      119118 

 

6: Xipu               1883 

Cum. Area      121001 

1: Huayuan 

Cum. Area 

19381 

19381 

 

2: Tangyuan 
Cum. Area 

22630 
47912 

2: Xinminch. 
Cum. Area 

12395 
41138 

2: Youai 

Cum. Area 

39734 

59115 

3: 
Sandaoyuan, 
Xinminchang 
Cum. Area 

12099 

60010 

3: Sandaoyuan  
Cum. Area 

7967 
49105 

  

4: Tuanjie 
Cum. Area 

13031 

73041 

4: Tuanjie 
Cum. Area 

13031
62136 

  

5: Xipu, 
Anjing 
Cum. Area 

9316 
82357 

5: Xipu, 
Anjing 
Cum. Area 

9316 
71452 

Initial 
Irrig 
Sched 
(m3) 

1-Jan 

11-Jan 

21-Jan 

31-Jan 

10-Feb 

20-Feb 

1-Mar 

 

 

2.80x105 

2.80x105 

2.80x105 

2.80x105 

2.80x105 

2.80x105 

2.80x105 

8.97x105 

 

 

2.75x105 

2.75x105 

2.75x105 

2.75x105 

2.75x105 

2.75x105 

2.75x105 

8.82x105 

 

 

4.85x105 

4.85x105 

4.85x105 

4.85x105 

4.85x105 

4.85x105 

4.85x105 

1.55x106 

 

 

9.32x104 

9.32x104 

9.32x104 

9.32x104 

9.32x104 

9.32x104 

9.32x104 

2.98x105 
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11-Mar 

21-Mar 

31-Mar 

10-Apr 

20-Apr 

30-Apr 

10-May 

20-May 

30-May 

9-Jun 

19-Jun 

29-Jun 

9-Jul 

19-Jul 

29-Jul 

8-Aug 

18-Aug 

28-Aug 

7-Sep 

17-Sep 

27-Sep 

7-Oct 

17-Oct 

27-Oct 

6-Nov 

16-Nov 

26-Nov 

6-Dec 

16-Dec 

26-Dec 

1.89x106 

7.04x105 

6.56x105 

6.00x105 

5.27x105 

1.55x106 

8.67x106 

3.90x106 

2.86x106 

2.86x106 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1.86x106 

6.92x105 

6.45x105 

5.90x105 

5.18x105 

1.53x106 

8.52x106 

3.83x106 

2.82x106 

2.82x106 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

3.27x106 

1.22x106 

1.14x106 

1.04x106 

9.13x105 

2.69x106 

1.50x107 

6.75x106 

4.96x106 

4.96x106 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

6.28x105 

2.34x105 

2.18x105 

2.00x105 

1.75x105 

5.17x105 

2.88x108 

1.30x106 

9.53x105 

9.53x105 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

 

User satisfaction 

As described in Chapter 6, I conducted field surveys with 39 farmers from villages throughout 

Pixian.  The objective of one component of that survey was to elicit farmers’ satisfaction with and 

perceptions of the existing irrigation scheme.  The questions relevant to this component of the 
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survey addressed the subjects of access to (e.g., “For each month, please assess water availability 

for irrigation,” “more than enough,” “just enough,” “not enough,”) and quality of (e.g., “How 

would you describe the (color, smell, turbidity) of your irrigation water?”) irrigation water (see 

Appendix 1 for complete survey).  Questions to farmers were chosen and formulated to promote 

an understanding among DFS users of the features of the irrigation system that should be 

maintained with the onset of wastewater reuse, as well as features of the system that a reuse 

scheme should aim to improve.   Farmers’ satisfaction with the quality of existing irrigation water 

may also lend insight to their likely willingness to use wastewater effluent. 

Regional water management goals and objectives 

Regional water management goals and objectives are crucial towards informing the design of 

reuse-oriented sanitation infrastructure, and are important metrics for evaluating the impacts of 

alternative reuse options.  To return to the case made in Chapter 2, a well designed sanitation 

scheme should not only prevent harm to the local environment and public health, but, through the 

provision of services, should actively contribute to the setting in which it operates.  To achieve 

this objective and to optimize the returns on a reuse scheme, its planning and design must be 

integrated into the larger water resources management agenda. 

Prevailing institutional structures often compartmentalize water and wastewater planning and 

management into several specialized agencies (e.g., domestic water supply, water quality, 

infrastructure planning,) with no mandate or real incentives for communication [88].  Therefore, 

this component of the performance assessment is intended to ensure that DFS users – those 

making decisions about sanitation infrastructure – are well informed of regional water 

management goals and objectives.  The methods employed for doing so include semi-structured 
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interviews with key informants in water-related government agencies and national and local-level 

policy analysis.   

7.3 Methods Part 2: Design of a Reuse-Oriented Sanitation Scheme 
(DFS Step 4) 

The optimization model described above is the engine for working through Step 4 of the DFS 

planning approach for assessing reuse of wastewater for irrigation.  By simply changing the water 

availability input, the model is easily adapted to evaluating options for supplementing or 

replacing existing irrigation regimes with treated effluent.  The model is intended for use by 

stakeholders in the sanitation sector in order to evaluate the marginal impacts of wastewater reuse 

for irrigation, and to inform the scale and location of treatment infrastructure. The outcomes of 

alternative reuse scenarios – be they increased yields to farmers or offsets in surface water 

diversion that lead to conservation of surface water – can be juxtaposed with the performance 

indicator results from the BAU scenario to choose the reuse design that maximizes the economic, 

environmental and/or social returns on effluent reuse in agriculture.  

Reuse scenario simulation and optimization analysis 

Maps of Pixian were used to conceive realistic reuse options in terms of the geographic feasibility 

of combining wastewater from multiple towns, and injecting it at specific points along the 

irrigation system.  Two different types of reuse optimizations were run, one that maintains the 

existing withdrawals of irrigation water and supplements it with wastewater effluent, and one that 

replaces existing surface water diversion with wastewater effluent for irrigation. For the former 

scenario, the relevant quantity of wastewater was added to a sub-section’s water availability in 

10-day increments over a calendar year.  It is therefore possible that the wastewater injected into 

a sub-section can also positively impact downstream sub-sections.   
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The rationale for supplementing the current irrigation scheme with wastewater would be to 

enhance agricultural yields, and thus to improve farmer livelihoods; if the baseline scenario 

shows a location effect with respect to water access, wastewater injection could also be used to 

improve equity among farmers. The optimization model was used to quantify the impact on net 

profit to farmers over the entire length of the irrigation system, and to assess likely changes in 

cropping patterns, as a result of both additional water quantity and the modified flow schedule.     

The second type of wastewater reuse scenarios – replacement of surface water – was modeled 

with and without wastewater storage. The optimizations run without storage assume that 

wastewater effluent has to be used when it becomes available or else it is lost; the storage 

scenarios allow water to accumulate, and the sum of unused effluent from the current and prior 

time increments is available for irrigation.  Unlike the supplementation scenarios that assume 

wastewater is integrated into the system from the point where it is injected, the replacement 

scenarios consider discrete parcels of land where wastewater will substitute for surface water.  

The maximum fraction of land that could be served exclusively by wastewater is dependent on 

the level of economic loss the government is willing (and politically able) to inflict on the 

farming system; in most regions of Pixian, the volume of wastewater available per area irrigated 

land is less than the volume currently supplied by surface water.  For the results presented in this 

chapter, the model was constrained to allow up to a 10% loss in profit per sub-section from the 

business as usual irrigation scenario. Local stakeholders should of course determine for 

themselves the maximum allowable reduction in farmer profits.  Further, the model was allowed 

unlimited storage to grant farmers maximum irrigation flexibility, though the cost and land-use 

feasibility of the resulting storage requirements would have to be assessed by local stakeholders.     
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Compared to the wastewater supplementation scenarios, the wastewater replacement scenarios 

respond to a different priority – environmental protection. If wastewater production is sufficient 

to implement this scenario, it would offset demand for surface water diversion, and thereby 

enhance the volume and quality of water which remains in the local freshwater ecosystems.  

Where individual towns are served by more than one irrigation system, the reuse schemes 

modeled along the irrigation systems are mutually exclusive.  For example, wastewater which is 

generated by an urban settlement and used to supplement water in, or offset diversion from, the 

Baitiao irrigation or River systems cannot also be used for the same purposes in the Xuyan 

Irrigation or River systems.    The differential impact of various reuse scenarios on the measured 

irrigation performance indicators – profitability, spatial equity, regional water management goals, 

farmer satisfaction, and any other indicators stakeholders want to include – can be compared to 

each other and the BAU case to determine where and how reuse can have the greatest marginal 

impact. 

Baitiao River wastewater reuse scenarios 

Based on analysis of local urban settlements and estimates of their wastewater production, four 

towns served by the Baitiao River irrigation system have large enough urban populations to 

warrant consideration of wastewater reuse to supplement or offset surface water diversion: 

Tangchang, Sandaoyuan, Tuanjie, and Xipu, corresponding with sub-sections 1, 3, 4 and 5 (Table 

7. 5-Table 7. 6,  Figure 7. 2). (Xinminchang also has a sizable urban population but only a 

marginal amount of its land is served by the Baitiao River; thus, reuse in Xinminchang is 

considered among the Xuyan River reuse scenarios.)  The model was used to depict cropping 

patterns and changes in profit compared to the base case if wastewater were used to supplement 

the Baitiao’s irrigation regime or replace a fraction of surface water diverted to the irrigation 

canals.  For each town, the 3C and RRW scenarios were modeled, and in simulations where 
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wastewater was used to replace surface water for irrigation the model was run with and without 

wastewater storage.   

Xuyan River wastewater reuse scenarios 

The Xuyan River irrigation system is the one system with opportunities for wastewater reuse in 

each of the five sub-sections, comprising the towns: Tangchang, Ande, Xinminchang, 

Sandaoyuan, Tuanjie, and Xipu (Figure 7. 3).  Due to the small volume of wastewater produced 

compared to irrigated land in Sandaoyuan (Table 7. 5), the wastewater from this town was 

considered in the supplementation scenarios but not the replacement scenarios.  Alternative 

scenarios were modeled as described for the Baitiao River above. 

Zouma River wastewater reuse scenarios 

Along the Zouma River irrigation system, wastewater reuse was modeled for four towns with 

sizable urban populations: Ande, Pixian Center, Hongguang, and Xipu, corresponding with sub-

sections 2, 4, 5, and 6 (Table 7. 5-Table 7. 6, Figure 7. 4). The wastewater in Ande was assumed 

to be used to irrigate land in the town served by the Zouma River; wastewater from Pixian was 

assumed to serve land in Pixian (that which is downstream of the urban settlement,) as well as 

land in Hongguang, the downstream town; wastewater from Hongguang was assumed to irrigate 

one-fifth of the irrigated land in Hongguang (the approximate area downstream of the urban 

center,) and land in Xipu served by the Zouma River (Table 7. 5; Figure 7. 4).  Alternative 

scenarios for each town assess cropping patterns and potential gross profits assuming reuse with 

and without storage, and considering both the 3C and RRW scenarios.  
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7.4 Results Part 1: Agricultural Irrigation BAU Performance 
Assessment (DFS Step 3) 

BAU agricultural profitability and spatial equity  

Optimization with RRW constraints  

The results of the irrigation optimizations according to the RRW conditions reveal some variation 

both between and within the river systems.  Across all four systems, the average profit for a sub-

section under the RRW scenario was $320/mu but covered a wide range from $265/mu to 

$417/mu. The first sub-section in each system had a net profit ranging between about $325 and 

$415 per mu (Figure 7. 6; Table 7. 8-Table 7. 11).  In the case of the Baitiao River irrigation 

system, profits per cultivated area steadily decreased after sub-section 1, amounting to a 14% 

drop between the first and last sub-sections (Figure 7. 6; Table 7. 8).  Profit potential along the 

Xuyan River drops by 20% between the second and final sub-sections (Figure 7. 6; Table 7. 9).  

Along the Zouma River, profits were constant for the first three sub-sections and steadily 

declined by 14% over the three subsequent sub-sections (Figure 7. 6; Table 7. 10 ).  Finally, a 

decline in profit of 13% is exhibited between the two sub-sections of the Jiangan River; however, 

the profit per area in the downstream section still exceeds that earned by the uppermost sub-

sections of the three other irrigation systems (Figure 7. 6; Table 7. 11).   On the one hand, the fact 

that the model only allows farmers to add the amount of water required for maximum yield on 

any given day may render these declines in yield conservative estimates.  On the other hand, the 

absence of recharge in the model may mean these results overestimate the location effect along 

the canals.  As described above, the sub-sections along each irrigation system were designated 

based on geopolitical boundaries and thus range widely in the land area they serve.  However, the 

modeled trends in gross profit along each river and the cumulative quantity of land served do not 

appear to be strongly correlated (Figure 7. 6; Table 7. 6).  
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Figure 7. 6.  Gross profit per mu cultivated land for each consecutive sub-section along the four irrigation 

systems in Pixian: Baitiao (5 sub-sections), Xuyan (5 sub-sections), Zouma (6 sub-sections) and Jiangan (2 

sub-sections).  Results assume a floor constraint on the cultivation of rice, rapeseed, and wheat equivalent 

to the average quantity of each crop grown among towns in a given rivershed (see Table 7. 6).  A 

downstream location effect is evident for each irrigation system.     

Optimization with 3C constraints 

When there was not a minimum quantity of rice, rapeseed or wheat imposed on the irrigation 

systems, gross profit for any given sub-section increased considerably (Figure 7. 7).  In 

comparison to the RRW optimization, gross profits for each system and individual sub-sections 

approximately doubled, owing to the fact that the model replaced low value crops like rice, 

rapeseed and wheat with more profitable ones like fall vegetables, scallions and garlic. The 

downstream location effect is still evident but less pronounced (Figure 7. 7).  Across the four 

systems, the average profit earned in a sub-section increased from the RRW scenario to $725/mu, 

and covered an even wide range from about $510/mu to $800/mu.  Along the Baitiao River, the 

profit loss from the head to foot of the irrigation system was reduced to 8% (Table 7. 8).  Profit 

potential along the Xuyan dropped less dramatically than it did in the RRW scenario, decreasing 
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by about 12% from the head to foot of the canal (Table 7. 8).  Along the Zouma River, the profit 

decrease between the first and fifth sub-section compared to the RRW case was about the same at 

12% (Table 7. 10).  Overall, the lesser impact of diversions at the head of each canal on lower 

sub-sections of the irrigation systems, compared to the RRW scenario, can be explained by the 

fact that the model did not opt to cultivate rice, the most water intensive crop, and thus there is 

less water stress on the system as a whole.   

 

Figure 7. 7.  Gross profit per mu cultivated land for each consecutive sub-section along the four irrigation 

systems in Pixian: Baitiao (5 sub-sections), Xuyan (5 sub-sections), Zouma (6 sub-sections) and Jiangan (2 

sub-sections).  Results assume no minimum cultivation requirements for rice, rapeseed, or wheat but 

impose a condition that a minimum of three non-grain crops are planted, each with an area greater than or 

equal to 0.1 mu per farmer served by the irrigation system (see Table 7. 5).   
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For each month of the year, between 26 and 79% of survey respondents report insufficient supply 

of water in the irrigation canals in Pixian (Figure 7. 8).  Among these respondents, 38% (n=15) 

report supplementing their irrigation water supply with groundwater.  A comparison between the 

incidence of reports of irrigation water shortage and the average monthly rainfall trends in 

Chengdu shows that the months most frequently cited for water shortage coincide with the driest 

months of the year (Figure 7. 9).  It will also be recalled that the irrigation season in Chengdu 

begins in January, with the highest flows occurring between March and June (Table 7. 6).  

Between 20 and 79% of farmers report not having enough water during the months when 

irrigation water is supplied, and over half report inadequate irrigation supply during months that 

fall outside of the irrigation and rainy seasons (Figure 7. 8).   

 

Figure 7. 8.  Farmer response regarding shortage of water in irrigation canals in Pixian, Sichuan Province, 

China (n=39).  At least a quarter of farmers perceive water shortage for irrigation in any given month. 
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Figure 7. 9.  Chengdu average rainfall data, (Carbon Dioxide Information Analysis Center, DOE, Oakridge 

National Laboratory, 1997). 

 

Spatial availability of water for irrigation 

Between 20 and 100% of farmers along all four irrigation canals represented in the survey 

(Baitiao (n=6), Xuyan (n=12), Fu (n=5), and Zouma (n=17)) reported inadequate irrigation 

supply in any given month (Figure 7. 10).  Farmers along the Xuyan irrigation system 

consistently report water shortage in any given month with greater frequency than farmers 

sourcing from other irrigation canals (Figure 7. 10).  However, given the uneven sample size 

among different canals, the differences can only be interpreted as anecdotal.  The difference is 

especially accentuated in July through October when between 50 and 70% of farmers along the 

Xuyan report shortage, compared to 20-30% along the other canals.  This is likely explained by 

regional differences in cropping choices; several of the farmers surveyed along the Xuyan were 
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growing green onions which require irrigation during the aforementioned months, whereas most 

of the other locally grown crops do not.  During November through January, months which are 

neither part of the rainy season nor planned irrigation season, farmers along the Fu River report 

water shortage with substantially greater frequency than those along other canals (Figure 7. 10).  

This makes sense given that the Fu River and irrigation system form at the confluence of the 

Baitiao and Xuyan Rivers; thus, farmers along the latter two canals are likely using any of the 

limited water that reaches the canals before it can get to the Fu River.   

 

Figure 7. 10.  Pixian farmers, disaggregated by their source of irrigation water (Baitiao (n=6), Xuyan 

(n=12), Fu (n=5), and Zouma (n=17) irrigation canal), reporting water shortage.  The Fu River and 

irrigation system forms at the confluence of the Baitiao and Xuyan Rivers. The percentages represent the 

farmers on any one canal who report water shortage in that canal. 
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Farmers receiving irrigation water from each of the sources (Baitiao (n=6), Xuyan (n=12), Fu 

(n=5), and Zouma (n=17)) reported water quality problems.  Surveys were coded on a scale from 

“No Problem” to “Severe” according to the respondents’ description of their irrigation water 

color, odor, and turbidity ( Table 7. 7).  Foul color, smell and turbidity were reported as problems 

by a large percentage of survey respondents: 58% reported mild to severe color (n=39), 47% 

reported mild to severe odor (n=38), and 68% reported mild to severe turbidity (n=39) (Figure 7. 

11).   

 

Table 7. 7.  Respondent descriptions of irrigation color, odor, and turbidity and corresponding coding on 

scale from “no problem” to “severe problem.” 

 Color Odor Turbidity 

No Problem -no 

-our water is great 

-no 
-our water is great 

-no 
-clear 

Mild Problem 

 

-a little yellow 
-sometimes a little off  
-sometimes red from 
fermented bean factory 
 

 

-sometimes notice a smell 
-smells like alcohol from 
factory upstream 
 

 

-a little 
-sometimes after a storm 
-if rainy 
-cloudy 
-turbid 
-very turbid during the 
summer 

Severe Problem 

-very yellow from factory 
wastewater 
-black from factory 
wastewater 
-red from livestock waste 
-white, green…all colors 
-sometimes notice 
livestock waste 
-strange colors 
-it’s yellow from a duck 
farm 
-I wouldn’t wash clothes in 
it 

-smells like wastewater 
-very peppery smell from 
pickled vegetable factory 
-smells like paint 
chemicals 
-fermented bean factory 
waste 
-very smelly 
-nasty  
-bad 
 

-very turbid 
-very cloudy from pig 
urine 
-the water is cloudy white 
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Figure 7. 11.  Farmer response regarding existence of foul color, smell and turbidity in irrigation water in 

Pixian, Sichuan Province, China (n=39, color and turbidity; n=38, odor).   

 

Spatial patterns in water quality characteristics: color 

The Baitiao River had the greatest number of farmers reporting “no problem” with respect to 

water color, and was among only two irrigation canals (the second, the Fu) with no farmers 

reporting “severe” water color problems (Figure 7. 12). Over 75% of farmers along the Xuyan 

canal felt water color represented a mild to severe problem; approximately 50% of farmers 

sourcing from the Zouma canal felt water color was a mild to severe problem; and farmers along 

the Fu canal were roughly stratified between thinking water color was not a problem and 

considering it a severe problem (Figure 7. 12).  All of the respondents who complained of 

unnatural water color blamed upstream food factories and slaughterhouses (Table 7. 7). 
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Figure 7. 12.  Pixian farmers sourcing water from the Baitiao (n=6), Xuyan (n=12), Fu (n=5), and Zouma 

(n=17) irrigation canals, and their perceptions of irrigation water color on a scale from “no problem” to 

“severe problem.” 

 

Spatial patterns in water quality characteristics: odor 

Among the three qualitatively assessed water quality characteristics, odor was the least 

problematic for respondents; between 35% and 100% of farmers reported that odor was “no 

problem” for each respective irrigation system; like water color, famers along the Baitiao canal 

indicated the best water quality with respect to odor (Figure 7. 13).  Unlike the fairly even 

distribution in responses to water color, responses to water odor are highly stratified between “no 

problem” and “severe” problem.  The greatest percentage of respondents reporting “severe” odor 

were again on the Xuyan and Fu canals (Figure 7. 13).  Similar to foul color, foul odors were all 

attributed to upstream food factories and slaughterhouses (Table 7. 7).  
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Figure 7. 13.  Pixian farmers sourcing water from the Baitiao (n=6), Xuyan (n=12), Fu (n=5), and Zouma 

(n=17) irrigation canals, and their perceptions of irrigation water odor on a scale from “no problem” to 

“severe problem.” 

 

Spatial patterns in water quality characteristics: turbidity 

Respondents receiving irrigation water from the four irrigation canals in the survey experienced a 

range of water turbidities from “no problem” to “severe problem” (Figure 7. 14).  With the 

exception of the Zouma canal, more than 50% of farmers along each irrigation system reported 

mild or severe turbidity (Figure 7. 14).   The Baitiao was the only canal without any respondents 

reporting “severe” water turbidity, although two-thirds of farmers reported “mild” turbidity 

problems (Figure 7. 17).  
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Figure 7. 14.  Pixian farmers sourcing water from the Baitiao (n=6), Xuyan (n=12), Fu (n=5), and Zouma 

(n=17) irrigation canals, and their perceptions of irrigation water turbidity on a scale from “no problem” to 

“severe problem.” 

Summary of farmer satisfaction with existing irrigation scheme 

Overall, farmers throughout Pixian were dissatisfied with both the quantity and quality of their 

irrigation water.  Water shortage was indicated to be a problem throughout the year, and 

particularly outside of the rainy season which is between May and September.  Foul color, odor, 

and turbidity were implicated as problems in all of the canal systems.  The Xuyan and Fu 

irrigation canals were consistently implicated as having the most severe problems; however, since 

the sample sizes along each of the canals were not equal it is not possible to draw more than 

anecdotal comparisons among the systems. 

Regional water management goals and objectives 

Chapter 9 of this dissertation is an institutional and policy analysis of China’s national, and the 

Chengdu Municipality’s, water and environmental policies and practices.  However, to provide 
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the basis for different reuse scenario analyses evaluated in this chapter, one important local water 

management objective to note concerns a concerted effort by local government to improve the 

water quality of rivers flowing through the urban core of Chengdu.  In response to water quality 

guidelines put forth in the 11th Five-Year Plan (discussed in Chapter 9), the provincial 

government has required that two major rivers in the Chengdu Municipality, the Min and the Tuo, 

achieve Class III water quality standard by 2010.  As of 2007, the two rivers each had sections 

throughout the Municipality that measured Class IV, V, and worse than V on China’s official 

scale from I to V.  In Pixian, the three branches of the rivers entering the district achieve Class 

IV; five branches leave the district, two of which achieve Class III, while the others measure 

Class IV, V and worse than V [233].  The sources of water pollution are manifold, including 

domestic and industrial wastewater, and agricultural run-off.  The Chengdu government has 

concluded that in order to achieve Class III water quality in the rivers, they need to mitigate the 

influx of pollutants as well as increase the flow to restore their ecological health and natural 

attenuation capacity [58].  

7.5 Results Part 2: Reuse-Oriented Sanitation Schemes and Influence on 
Performance Indicators (DFS Step 4) 

Wastewater reuse schemes that were designed to supplement or replace existing irrigation water 

are presented below in the context of how each one would likely impact agricultural profitability, 

spatial equity, regional water management goals, and farmer satisfaction.   

Agricultural profitability and spatial equity 

Wastewater reuse to supplement existing irrigation  

Using wastewater to supplement existing irrigation regimes had varying degrees of impact on 

different river systems, and also varied depending upon the cultivation constraints that were 
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imposed.  Along the Baitiao irrigation system, wastewater is available to inject into sub-sections 

1, 3, 4 and 5.  Supplementing the canals with wastewater reduced the loss in profit per area from 

the head to tail of the system from 14% to 9% under the RRW scenario, and reduced the standard 

deviation in profits among sub-sections in the system from 23 to 18 (Table 7. 8).  Under the 3C 

scenario, supplementing the irrigation system led to an increase of up to about 10% in profits per 

area in a given sub-section and greatly reduced the location effect; the profit loss from head to tail 

of the canal and the standard deviation were reduced from 8 to 2% and from 26 to 17, 

respectively (Table 7. 8). 

Table 7. 8.  Comparison of profits earned from existing Baitiao River irrigation system and that system 
supplemented with wastewater effluent from local urban settlements.   Wastewater is injected into sub-
sections 1, 3, 4, and 5 (in bold). Wastewater supplementation has a large impact on the RRW and 3C 
scenarios by increasing profit and decreasing the downstream location effect and standard deviation among 
the towns. 
Sub-

Section 

Baseline Scenario Wastewater Supplement 

       Land                    RRWa                       3Cb  
       (mu)                    ($/mu)                     
($/mu) 

        RRW              ∆ from base             3C                ∆ 
from base  

     ($/mu)                   (%)                   ($/mu)                  
(%)         

1 25282 354 759 364 +3 768 +3 

2 22630 341 704 348 +2 774 +9 

3 12099 313 700 320 +2 732 +4 

4 13031 303 696 330 +8 752 +7 

5 9316 303 714 324 +6 745 +4 

% change head to foot -14 -8 -9 

 

-2 

 
Standard deviation 23 26 18 17 

Total additional profit to irrigation system  (M$) 1.0  3.2  

aRRW = rice, rapeseed and wheat floor constraint.  The minimum cropping requirement is equal to 0.74, 

0.30, 0.20 total cultivated land in a town, respectively.  The constraints are based on actual data from the 

towns. 
b3C = minimum three non-grain crops must been planted, each with a minimum area equivalent to 0.1 mu per farmer 
served by the irrigation system. 
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The Xuyan irrigation system serves several of the same towns as the Baitiao so as discussed 

above, it would not be possible to simultaneously implement both of the schemes as modeled in 

their entirety.  Supplementing the Xuyan with wastewater proved to have a substantial impact on 

the lower reaches of the irrigation system; from the second through fifth sub-section, the increase 

over the baseline scenarios went from 3 to 18% (Table 7. 9).  The wastewater injection thus 

helped to reduce the standard deviations in the RRW and 3C scenarios from 28 to 7 and 46 to 11, 

respectively (Table 7. 9).   

Table 7. 9.  Comparison of profits earned from existing Xuyan  River irrigation system and that system 
supplemented with wastewater effluent from local urban settlements.   Wastewater is injected into sub-
sections 1, 2, 3, 4, and 5. The positive impact of the wastewater supplement is greater for the RRW 
scenario; in both scenarios the standard deviation among towns is substantially decreased.   
Sub-

Section 

Baseline Scenario Wastewater Supplement 

       Land                    RRWa                       
3Cb  
       (mu)                    ($/mu)                     
($/mu) 

          RRW              ∆ from base             3C                ∆ 
from base  

     ($/mu)                   (%)                   ($/mu)                  
(%)         

1 28743 327 802 334 +2 803 0 

2 12395 326 804 342 +5 831 +3 

3 7967 308 766 331 +7 808 +5 

4 13031 281 711 327 +14 811 +12 

5 9316 265 710 323 +18 806 +12 

% change top to 
bottom 

-19 -13 -2 
 

+1 
 

Standard deviation 28 46 7 11 

Total additional profit to irrigation system  (M$) 1.7  2.9  

aR,R, W = rice, rapeseed and wheat floor constraint.  The minimum cropping requirement is equal to 0.74, 
0.31, 0.35 total cultivated land in a town, respectively.  The constrains are based on actual data from the 
towns. 
 b3C = minimum three non-grain crops must been planted, each with a minimum area equivalent to 0.1 mu 

per farmer served by the irrigation system. 

 

Along the Zouma River, wastewater was available in sub-sections 2, 4 and 5 for injection into the 

irrigation canal.  The impact of wastewater injection at sub-section 2 had almost no impact for the 
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RRW or 3C scenarios. Subsequent wastewater injection into the lower reaches of the canal 

increased profits per area by up to nearly 15% and reduced standard deviation in profits among 

subsections from 24 to 8 and 56 to 39 in the RRW and 3C scenarios, respectively (Table 7. 10).  

 

Table 7. 10.  Comparison of profits earned from existing Zouma River irrigation system and that system 
supplemented with wastewater effluent from local urban settlements.   Wastewater is injected into sub-
sections 2, 4 and 5 (in bold).  The positive impact of the wastewater supplement is evident for both RRW 
and 3C scenarios; it largely eliminates the downstream location effect, and decreases the standard deviation 
among the towns. 
Sub-

Section 

Baseline Scenario Wastewater Supplement 

       Land                    RRWa                       
3Cb  
       (mu)                    ($/mu)                     
($/mu) 

          RRW              ∆ from base             3C                ∆ 
from base  

     ($/mu)                   (%)                   ($/mu)                  
(%)         

1 9974 328 802 328 0 802 0 

2 15975 328 802 334 0 809 +1 

3 19472 328 707 328 0 734 +4 

4 47635 319 674 342 +7 782 +14 

5 26062 281 692 324 +13 712 +3 

6 1883 279 709 321 +13 799 +11 

% change top to 
bottom 

-14 -12 -1 
 

 
 

Standard deviation 24 56 8 39 

Total additional profit to irrigation system  (M$) 2.4  6.5  

aR,R, W = rice, rapeseed and wheat floor constraint.  The minimum cropping requirement is equal to 0.74, 

0.22, 0.28 total cultivated land in a town, respectively.  The constrains are based on actual data from the 

towns.  
b3C = minimum three non-grain crops must been planted, each with a minimum area equivalent to 0.1 mu 

per farmer served by the irrigation system. 

 

Of the four irrigation systems, the Jiangan River is the only one where opportunities for 

wastewater reuse in irrigation could not be identified.  The wastewater produced in the urban 



 

 

175 

 

settlements falling within each sub-section was insufficient to have any impact on agricultural 

yields and to warrant the conveyance infrastructure. 

Table 7. 11.  Profits earned in towns served by existing Jiangan River irrigation system; neither region 

produces enough wastewater to warrant reuse.   

Sub-

Section 

Baseline Scenario Wastewater Supplement 

       Land                    RRWa                       3Cb  
       (mu)                    ($/mu)                     
($/mu) 

          RRW              ∆ from base             3C                ∆ 
from base  

     ($/mu)                   (%)                   ($/mu)                  
(%)         

1 19381 417 792 - - - - 

2 39734 362 511 - - - - 

% change top to 

bottom 
-13 -35  

 

 

 

Standard deviation 38 198   

aR,R, W = rice, rapeseed and wheat floor constraint.  The minimum cropping requirement is equal to 0.60, 

015, 0.30 total cultivated land in a town, respectively.  The constrains are based on actual data from the 

towns. 
 b3C = minimum three non-grain crops must been planted, each with a minimum area equivalent to 0.1 mu 

per farmer served by the irrigation system. 

 

Wastewater reuse to replace existing irrigation scheme 

The model simulations revealed opportunities to offset a non-trivial amount of surface water for 

irrigation with the use of wastewater effluent, thus contributing to surface water conservation and 

improvement of ecosystem health.  Wastewater storage proved to substantially increase potential 

profits to farmers by better aligning water availability with crop demand for water, and thus 

increased the amount of surface water that could be offset.  The only cases where storage made 

little difference were the towns of Xipu and Pixian.  Thus, with the exception of the 

aforementioned, only results assuming storage capacity are presented.  The necessary storage 

capacities to achieve the modeled profits are also presented with the results below. 
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Along the Baitiao Rivers system, wastewater can be used to offset nearly 15 million m3 of 

freshwater for irrigation each year, equivalent to over half of the total volume of water that is 

initially diverted to the irrigation canals (Table 7. 12).  The wastewater can be used to serve over 

30,000 mu of cultivated land; doing so may reduce average profits by 3-10% in each respective 

town (Table 7. 12).  The area of Xipu’s cultivated land that wastewater from the town’s urban 

settlement can serve is greater than the area served by the Baitiao irrigation system; therefore, 

surface water would also be conserved in the Zouma and/or Xuyan Rivers.   

 

The required storage capacity to achieve these profits and surface water offsets ranged from 0 to 

0.25 million m3 per sub-section (Table 7. 12). Any negative impacts on profit are possibly an 

overestimate because the model does not account for the nutrients (N, P) in the wastewater 

effluent with respect to the costs of fertilizer application.  If farmers are made aware of the 

nutrient levels in the wastewater effluent and adjust their fertilization practices accordingly, it is 

possible that their costs of cultivation would decrease.  Furthermore, local decision makers can 

weigh the tradeoff between profit loss to farmers and freshwater savings and adjust the surface 

water diversion as desired. 

Table 7. 12. Towns along Baitiao River irrigation system with potential for wastewater reuse to replace 
surface water diversion for irrigation.  Between 50-100% of the irrigated land in four towns served by the 
Baitiao River system could be served by wastewater effluent with a corresponding impact on profits 
between -10 and +10% due to changes in total water availability compared to the existing irrigation system. 
Town WW 

Production 
(m3/d) 

Baseline 
Cultivated 
Land 
Served 
(mu) 

Cultivated 
Land 
Served by 
WW (mu) 

RRW 
const. 
($/mu) 

∆ from 
Baseline 
Profit 
(%)          

3C 
Const. 
($/mu)  

∆ from 
Baseline 
Profit 
(%)          

Effluent Storage 
Requirement      
(m3; mu (with  
10 m reservoir 
depth)) 

Tangchang 2.34x103 25280 12769 332 -6 720 -5 2.5x105;      38 

Sandaoyuan 2.72x102 7970 3850 291 -8 658 -10 3.0x104;     4.5 

Tuanjie 1.37x103 13030 12500 281 -7 644 -7 1.5x105;      23 

Xipu  4.34x102 1880 3000a 334 +10 690 -3 0 

Total land offset (mu) 31,000 

Total water offset (m3/yr) 1.5x107 (54% of baseline volume) 

aXipu has a total of 5640 mu cultivated land served by  irrigation systems; urban ww   would offset ~2/3. 
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Along the Xuyan River irrigation system, the replacement of surface water diversion with 

wastewater effluent has the potential to offset about 17 million m3 of freshwater per year (Table 

7. 13).  This water offset amounts to nearly two-thirds of the initial water volume in the Xuyan 

system for Pixian, and would serve about 45,000 mu of land.  In fact, wastewater can serve all of 

the land in Tangchang, Xinminchang, and Xipu currently irrigated by the Xuyan River system, as 

well as a substantial fraction of land in Ande and Tuanjie without reducing profits to farmers by 

more than 10%.  If farmers follow a cropping regime that mirrors the RRW scenario, as opposed 

to 3C, their profits may increase slightly (Table 7. 13).  The effluent storage requirement for this 

level of freshwater conservation ranges from approximately 50,000 to 0.7 million m3 for each 

respective town (Table 7. 13). 

Table 7. 13. Towns along Xuyan River irrigation system with potential for wastewater reuse to replace 
surface water diversion for irrigation.  Between 60-100% of the irrigated land in five towns served by the 
Xuyan River system could be served by wastewater effluent with a corresponding impact on profits 
between -8 and +1% due to changes in total water availability compared to existing irrigation system.  
Town WW 

Productio
n (m3/d) 

Baseline 
Cultivate
d Land 
Served 
(mu) 

Cultivate
d Land 
Served 
by WW 
(mu) 

RRW  
Const. 
($/mu) 

∆ from  
Baseline  
Profit  
(%)          

3C  
Const.  
($/mu)  

∆ from  
Baselin
e  
Profit  
(%)         

Effluent 
Storage 
Requirement      
(m3; mu 
(with  
10 m 
reservoir 
depth)) 

Tangchang 2.34x103 12769 12769 312 -4 697 -8 2.34x105; 35 

Ande 1.47x103 15975 8000 315 -4 731 -9 1.85x105; 28 

Xinminchang 3.83x103 12395 12395 327 +1 778 -3 6.5x105;    98 

Tuanjie 1.37x103 13031 12000 270 -2 653 -8 1.4x105; 21 

Xipu 4.34x102 1883 3000a 334 +4 690 -3 0 

Total land offset (mu) 47,047 

Total water offset (m3/yr) 1.7x107 (64% of baseline volume) 

aXipu has a total of 5640 mu cultivated land served by three irrigation systems; wastewater generated in  
the urban settlement would offset approximately two-thirds of the total irrigated land. 

 

The potential for wastewater reuse to replace surface water diversion for irrigation is of similar 

magnitude along the Zouma River irrigation system as for the Baitiao and Xuyan.  Using 
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wastewater generated in the urban areas of Ande and Pixian to irrigate fractions of land in those 

towns, as well as the downstream town Hongguang, has the potential to offset about 19 million 

m3 of surface water diversion to agriculture annually, or 40% of the initial volume of water in the 

Zouma River irrigation canals in Pixian (Figure 7. 14).  In Ande, eliminating surface water for 

irrigation across about 50% of the land area served by the Zouma could decrease profits per area 

by approximately 8% (Figure 7. 14).  However, as noted above, this profit loss does not account 

for potential decreases in fertilizer requirements.  Conversely, serving 50% of Pixian’s cultivated 

land and 100% of the land in Hongguang with wastewater effluent in place of surface water could 

increase farmers’ profit per cultivated area by 16% (Figure 7. 14).  Wastewater reuse would not 

require any wastewater storage in Pixian and would require 0.17 and 0.28 million m3 of capacity 

in Ande and Hongguang, respectively, to approximately achieve the modeled profit potential and 

surface water savings (Table 7. 14). 

Table 7. 14. Towns along Zouma River irrigation system with potential for wastewater reuse to replace 

surface water diversion for irrigation.  Between 50-100% of the irrigated land in three towns served by the 

Zouma River system could be served by wastewater effluent with a corresponding impact on profits 

between -3 and +16% due to changes in total water availability compared to existing irrigation system.  

Town WW 

Production 

(m3/d) 

Baseline 

Cultivated 

Land 

Served 

(mu) 

Cultivated 

Land 

Served by 

WW (mu) 

RRW 

Const. 

($/mu) 

∆ from 

Baseline 

Profit 

(%)          

3C 

Const. 

($/mu)  

∆ from 

Baseline 

Profit  

(%)          

Effluent 

Storage 

Requirement      

(m3; mu 

(with  

10 m 

reservoir 

depth)) 

Ande 1.47x103 15975 8000 318 -3 736 -8 1.7x105;    26 

Pixian 1.26x104 21084 10542 334 +16 698 +2 0 

Hongguang WW from 
Pixian 

26062 26062 334 +16 698 +2 2.8x105;    41 

Xipu 4.34x102 1883 3000a 334 +4 690 -3 0 

Total land offset (mu) 
46,487 

Total water offset (m3/yr) 1.9x107 (40% of baseline volume) 

aXipu has a total of 5640 mu cultivated land served by thirrigation systems; urban ww would offset ~2/3. 
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Water use patterns with existing conditions and alternative reuse scenarios 

Under the wastewater effluent supplementation scenario, irrigation along each of the canals 

increased by between about 2 to 35% depending on the cropping constraints (Table 7. 15).  This 

increase in water availability served to increase the fraction of the potential maximum profit that 

was earned per crop.  For example, along the Xuyan canal, where supplementation had the most 

dramatic increase in profit per cultivated area (Table 7. 9), the fraction of potential profit that 

could be earned cultivating rice, wheat and spring vegetables increased over the entire length of 

the canal (Figure 7. 15). 

The overall shape of the irrigation curves for the existing schemes and those supplemented with 

wastewater are quite similar for each sub-section of each river system where reuse is feasible.  At 

the head of canals, where water is least constrained, the model responded very little to the 

availability of wastewater; Figure 7. 16 exemplifies this for sub-section 1 (Tangchang) of the 

Baitiao system.  However, when wastewater is supplemented closer to the tail of canals, where 

the existing scheme is more water constrained, the model responded by opting to apply more 

water per land area almost systematically for any given 10-day irrigation period.  Demonstrating 

this trend, sub-section 5 (Hongguang) along the Zouma canal is presented in Figure 7. 17. 

The extent to which the irrigation patterns change when wastewater is used to replace surface 

water depends on how closely the volume of wastewater matches the existing surface water 

diversion.  In Tangchang, in the upper reach of the Baitiao River, for example, the wastewater 

replacement affords much less water per area at a given time, though its availability is evenly 

distributed throughout the year.  From March through July when irrigation peaks under the 

existing scheme, water application for the wastewater replacement scenario is lower; on the other 

hand, October through December, when no irrigation water is available under the existing 
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scheme, is the peak of irrigation for the wastewater replacement scheme (Figure 7. 16).  The 

shape of the curve representing wastewater as a replacement for irrigation along the lower reach 

of the Zouma canal in Hongguang, is similar to that of Tangchang, though there is a less 

pronounced drop from the peak irrigation rates for the existing scheme because the wastewater 

volume is greater (Figure 7. 17). 

Table 7. 15.  Model results for total water use along the four irrigation systems in Pixian; results assume profit 
maximizing conditions under the existing and wastewater supplemented irrigation regimes.  Two scenarios for both the 
base case and wastewater supplemented case were run: floor constraints on rice, rapeseed and wheat (RRW), and 
minimum crop diversification requirement of three non-grain crops (3C). 
Irrigation 
System 

Baseline Scenario Water Use 
(m3) 
      RRW                 3C 

WW Supplementation Water Use (m3) 
       
       RRW             ∆ from Baseline             3C                   ∆ from Baseline 

Baitiao 5.99x106 5.05x106 7.35x106 1.36x106  5.47x106 4.24x105 
Xuyan 5.90x106 4.54x106 7.95x106 2.05x106  6.05x106 1.51x106  
Zouma 1.01x107 8.73x106 1.24x107 2.26x106  8.99x106 2.63x105  
Jiangan 3.43x106 3.01x106 NA NA NA NA 

 

 

Figure 7. 15.  Comparison of fraction of potential maximum profit earned for rice, wheat and spring 

vegetables along the Xuyan irrigation canal under existing irrigation conditions and with the 

supplementation of wastewater effluent.  
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Figure 7. 16.  Irrigation patterns for Tangchang (sub-section 1) in the Baitiao River irrigation system according to three 

different model scenarios: the existing irrigation scheme, the existing scheme supplemented with wastewater effluent, 

and the existing scheme replaced by wastewater effluent. 

 

 
Figure 7. 17.  Irrigation patterns for Hongguang (sub-section 5) in the Zouma River irrigation system according to 

three different model scenarios: the existing irrigation scheme, the existing scheme supplemented with wastewater 

effluent, and the existing scheme replaced by wastewater effluent. 
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Regional water management goals and objectives  

The scenarios that use wastewater effluent to supplement existing irrigation flow do not 

contribute to efforts to increase the flow in local surface waters to improve surface water quality.  

In fact, these scenarios could have a debilitating effect on local surface waters by further 

decreasing the flow of water that reaches them.  Conversely, the scenarios that use wastewater 

effluent to replace surface water diversion for irrigation are directly pursuant of regional water 

management objectives, as long as the irrigation water that is offset with wastewater effluent is 

conserved in the local rivers and not diverted for another purpose.   

According to the findings of an independent consulting firm based in Beijing, the necessary 

additional dry season flow in the Tuo and Fu Rivers to achieve the Class III water quality 

standard is 14.7 m3/s and 4.6 m3/s, respectively [62].  The scientific legitimacy of their findings is 

admittedly questionable, as the results are based on a very simple model that only accounts for 

the flow rates and concentrations of the rivers and inputs.  On the other hand, the model speaks to 

the fact that the rivers are far from natural ecosystems, and instead have highly controlled 

hydrologic regimes that can be modeled more simply than less engineered rivers. Replacing 

surface water diversion with wastewater effluent for irrigation can contribute to increasing the 

flow in local surface waters; however, the magnitude of freshwater that could be conserved in the 

rivers amounts to a partial solution and would have to be combined with other water conservation 

measures.  As shown in Figure 7. 2 through Figure 7. 4, the Baitiao and Xuyan Rivers converge 

to flow into the Fu River, and the Zouma River flows into the Tuo River; the Fu and Tuo 

ultimately flow through the urban core of Chengdu.   If the wastewater reuse scheme were 

implemented as modeled along the Baitiao irrigation canal, the conserved surface water diversion 

between the months of January and June would increase the flow from 0.2 to 5.8 m3/s, 
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contributing between 4% and more than 100% of the additional flow required to achieve the 

Class III standard (Figure 7. 18).   Similarly, the modeled wastewater reuse scheme along the 

Xuyan irrigation canal would facilitate an increase in flow in the Fu River from 0.2 to 6.3 m3/s, 

with an average increase of about 1.1 m3/s (Figure 7. 19). As previously noted, the reuse schemes 

along the Baitiao and Xuyan canals take advantage of several of the same sources of wastewater, 

and thus could not simultaneously be implemented in their entireties.  Implementing the modeled 

reuse scheme along the Zouma irrigation canal would facilitate a flow increase in the Tuo River 

ranging from 0.2 to 7.1 m3/s, or about 2 to 50% of the target increase to water quality standard to 

Class III (Figure 7. 20).  Despite the fact that the Zouma reuse scheme contributes to a small 

percentage of the necessary flow increase in the Tuo River, the total volume of surface water 

conserved by implementing the scheme is the greatest among the scenarios modeled.   

Based strictly on the goal of improving surface water quality, it is difficult to rank the relative 

benefits of implementing the Xuyan or Zouma reuse.  The Xuyan reuse scheme can play a larger 

role in the effort to improve the Fu River water quality than the Zouma can for the Tuo River.  On 

the other hand, it could be argued that the greater need of the Tuo River for increased flow 

warrants that it is prioritized over the Fu River.   
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Figure 7. 18.  Additional dry season water flow that could be achieved in the Fu River as a result of conserved water 
diversion from the Baitiao River for irrigation if wastewater effluent were used to replace surface water for irrigation.  
The Baitiao River flows into the Fu River in southeast Pixian (see Figure 7. 2).   An independent consulting firm 
estimated an additional dry season flow requirement of 4.6 m3/s to achieve the Class III standard; conserved irrigation 
water represents between 4 and more than 100% of that additional flow.  

 

 
Figure 7. 19.  Additional water flow that could be achieved in the Fu River as a result of conserved water diversion 
from the Xuyan River for irrigation if wastewater effluent were used to replace surface water for irrigation.  The Xuyan 
flows into the Fu River in southeast Pixian (see Figure 7. 3).   An independent consulting firm estimated an additional 
dry season flow requirement of 4.6 m3/s to achieve the Class III standard; conserved irrigation water represents 
between 4 and more than 100% of that additional flow. 
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Figure 7. 20.  Additional water flow that could be achieved in the Tuo River as a result of conserved water diversion 
from the Zouma River for irrigation if wastewater effluent were used to replace surface water for irrigation.  The 
Zouma flows into the Tuo River in southeast Pixian (see Figure 7. 4).   An independent consulting firm estimated an 
additional dry season flow requirement of 14.7 m3/s to achieve the Class III standard; conserved irrigation water 
represents between 2 and nearly 50% of that additional flow.  

User satisfaction 

The reuse scenarios that utilize wastewater effluent to supplement existing irrigations schemes 

can be expected to enhance farmer satisfaction with respect to temporal access to irrigation water.  

The treated wastewater would increase the water quantity available to farmers during both the 

peak irrigation season and during months of the year when water is not typically available in the 

canals.  In fact, the farmers’ feedback on water shortage may also signal that the storage 

requirements generated by the model may be larger than farmers would need.  While the storage 

requirements generated by the model are associated with the cropping scheme that would 

generate the highest profit, farmers might choose to spread their earnings more evenly over the 

course of a year, integrating an additional, if slightly less profitable, crop cycle into their mix. 

With regard to the scenarios using wastewater to replace surface water diversion, it is important 

to keep in mind the water pressure farmers already perceive.  It is critical that the design of a 
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scheme to replace irrigation water with wastewater effluent is sensitive to this feedback and does 

not exacerbate the water shortage that farmers already face. 

Many of the water quality problems that farmers described stem from point sources of pollution 

that are discharged directly into the irrigation canals.  For example, there are food manufacturers 

and slaughter houses that purportedly release waste into the irrigation canals.  These water quality 

challenges will only be solved through better monitoring and enforcement of the waste 

management policies that make it illegal for these entities to be releasing their waste environment 

as they are currently doing.  Anecdotally, some farmers remarked that during the dry season, 

when there is no water in the irrigation canals, people use the canals for solid waste disposal.  

Thus, maintaining a year-round water supply in the canals may dissuade people from littering in 

them. 

7.6 Discussion 

The modeling results reveal an array of options for designing wastewater reuse schemes, each 

having different impacts on the performance indicators of interest, namely agricultural 

profitability, spatial equity, regional water management goals, and farmer satisfaction.  Table 7. 

16 provides a summary of the comparative impacts of different reuse scenarios on each respective 

performance indicator; these impacts are discussed in more detail below.  For many of the 

scenarios, there is a stark tradeoff between pursuing improved profitability and spatial equity in 

agriculture versus working towards larger regional water management goals (Table 7. 16).   
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Table 7. 16.  Impact of modeled reuse scenarios on four performance indicators:  
profitability, spatial equity, regional water management goals, and user (farmer) satisfaction.   
A “+” represents a positive impact, a “-” represents a negative impact, “o” represents no 
expected impact. Scenarios are ranked within each category (i.e., wastewater supplementation  
and wastewater reuse); “+++” is the most positive impact, “---” is the most negative impact. 
 Profitability Spatial 

Equity 
Regional Water 
Management 
Goals 

User (Farmer) 
Satisfaction 

 

Wastewater Supplementation 

Baitiao irrigation canal  + + - +/- 

Xuyan irrigation canal +++ +++ -- +/- 

Zouma irrigation canal ++ ++ --- +/- 

 Wastewater Replacement 

Baitiao irrigation canal  - - + - 

Xuyan irrigation canal o + ++ +/- 

Zouma irrigation canal + ++ +++ +/- 

 

Prioritizing agricultural profitability and spatial equity  

In 2006, the State Council published a document introducing the concept of the “Building of a 

New Socialist Countryside,” that began a shift away from policies that put a burden on rural 

inhabitants, to policies that act to subsidize their livelihoods [234].  The Chinese government has 

since taken several actions that exhibit an effort to improve the welfare of rural inhabitants; the 

relaxation of farmer taxes, and elimination of cultivation quotas are but two examples [235].  If 

enhancing the livelihoods of local farmers is indeed a priority of the Pixian government, 

supplementing the existing Xuyan irrigation scheme would have the greatest marginal impact in 

terms of the percentage increase in farmer profits over the BAU scenario. Wastewater could be 

supplemented in all five sub-sections but based on the model results, the most significant impact 

occurs from supplementation in sub-sections 3, 4, and 5 (Table 7. 9).  Supplementing these three 
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sub-sections with wastewater effluent would increase the yields to within 1% of the profits in 

sub-sections 1 and 2 in the BAU scenario (Table 7. 9).   

 

Under current conditions, the model shows the Xuyan irrigation scheme to have the lowest 

average profit per sub-section of the four systems under the RRW scenario ($301/mu vs. $339/mu 

for the four systems,) and supplementing it with wastewater at the three aforementioned points 

would bring the average profit in Xuyan up to about $327/mu.  Thus, the Xuyan system appears 

to be a wise pilot location for wastewater reuse as supplemental supply; it would enhance the 

local farmers’ livelihoods without exacerbating the earning differential among farmers in the 

district as a whole. The local topography has not been taken into account however; prior to 

pursuing this option it is critical to assess the feasibility of conveying the wastewater to the fields 

at a reasonable cost.  

 

Given that for each month of the year between 20 and 100% of farmers surveyed in Pixian 

reported inadequate access to irrigation water, it can be said the surveys backup the model’s 

results that agricultural yields could be improved with additional irrigation (Figure 7. 8).   

Furthermore, the surveys also support the results of the model showing that farmers on the Xuyan 

canal have the lowest potential agricultural profits; between March and August, Xuyan farmers 

reported shortage at a far greater rate than farmers on other canals (Figure 7. 10).  Contrary to 

potential concerns that farmers would only use irrigation water for discrete parts of the year, the 

temporal pattern in farmers’ responses regarding water shortage for irrigation suggests that they 

would readily utilize a year-round source of water. 
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As indicated in Table 7. 16, the decision to supplement existing irrigation with wastewater 

effluent will detract from regional water management goals.  Presently, wastewater generated by 

towns in Pixian – treated or not – is discharged into the environment and makes its way to the 

main river systems running through the district.  On one hand, this wastewater has a debilitating 

effect on surface water quality, contributing high nutrient and sediment loads to the rivers.  On 

the other hand, despite being poor quality water, it may still be a water source that downstream 

users depend on.  A reuse scheme that will supplement rather than substitute one source of water 

for another must be recognized a reallocation of water; it is not the creation of an additional 

supply. 

Prioritizing regional water management goals and objectives 

Stakeholders in Pixian may determine that pursuing regional water management objectives is 

their highest priority when designing a reuse-oriented sanitation scheme, and may choose to 

capitalize on wastewater reuse as a means of improving local surface water quality by reducing 

water diversion for irrigation.  The Zouma, Baitiao, and Xuyan River irrigation systems all flow 

in proximity to urban settlements that generate enough wastewater to make offsetting surface 

water diversion viable.  If the schemes were to be implemented as modeled, a similar magnitude 

of water could be saved in any of the systems, with slightly greater savings possible in the 

Zouma.  And unlike in the other canal systems, wastewater replacement in the Zouma could 

increase farmers’ profits by increasing the total water availability over the course of the year, and 

enabling an additional peak irrigation period (Figure 7. 17).   

 

It is unlikely that any of the modeled schemes would be implemented in their entirety at once; 

thus, another benefit of implementing wastewater reuse to replace irrigation water along the 

Zouma is that the construction of just one treatment plant and conveyance system would reap 



 

190 

 

most of the potential surface water offset that is available over the canal as a whole.  As shown in 

Table 7. 14, wastewater generated in the core of Pixian could be used to serve half of Pixian 

township’s agricultural land and all of Hongguang’s cultivated land.  This single wastewater 

treatment and reuse project would facilitate conservation of nearly 80% of the total potential 

surface water offset for the Zouma River.  

General applicability and limitations of the model for Pixian and other 

agricultural systems  

The optimization model presented in this chapter was designed primarily for use within the DFS 

framework with its target audience being sanitation planners and urban planners, more so than 

agricultural extension experts.  The intent of the model is to provide an accessible means for 

sanitation planners and decision makers to evaluate the impacts that wastewater reuse would have 

on local agriculture, and thus to foster the design of a sanitation system that actively serves the 

local economy.  It is a simple model by design; however, there are some components of it that 

may require modification for applications in other regions.   

Crop choices and calendars must be site-specific.  The current adaptation of the model was 

designed based on the crops Pixian farmers reported growing.  Thus, it is important to note that 

all of the crops in the model are ones that farmers can grow and choose to grow under their 

current water-constrained conditions.  Therefore, the model is not equipped to show if, and to 

what extent, farmers might shift to entirely new crops that only become profitable to grow with 

the introduction of wastewater, due to volumetric or temporal changes in supply.  The more water 

constrained an irrigation system, the more likely it is that farmers will introduce new crops with a 

higher irrigation requirement or longer irrigation season.  In terms of the impacts this would have 

on the model results, it may mean that the injected wastewater does not reach as many farmers as 

predicted by the present results, and therefore, wastewater may not have the effect on spatial 
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equity that the model results indicate.  If farmers choose to grow different crops that require 

extended irrigation but which do not necessarily consume more water overall it would not 

necessarily undermine spatial equity.  The model can easily be modified to include additional 

crops – subject to data availability – that are not feasible to grow now but may be feasible with 

more water.          

The absence of a labor constraint is a simplification of the model that was justified in the context 

of Pixian.  In fact, it is a simplification that is likely transferable throughout much of China, given 

the small landholdings of rural Chinese households.  Because farmer households do not have a lot 

of land, in the case of growing edible crops, water supply is more likely than labor to be the 

limiting factor in terms of cultivation choices.  However, in regions where rural households have 

large farms, the cost of, and access to, labor will certainly be a constraint that competes with 

water supply as a limiting factor, and thus should be included in the model.   

7.7 Conclusions and Summary of Outputs from DFS Steps 3 and 4 

Working through DFS Step 3 revealed shortcomings in the performance of the BAU provision of 

irrigation in Pixian with respect to several performance indicators.  Those performance outputs 

were the justification for carrying irrigation through to DFS Step 4, where potential sanitation 

schemes for reuse in irrigation were designed to supplement or offset existing surface water 

diversion for irrigation in Pixian. The performance outputs of DFS Step 3 should again be 

referred to when selecting and prioritizing which of the potential reuse-oriented sanitation 

projects to implement.  However, in addition to using the performance indicators, it is also critical 

to consider tradeoffs among the reuse projects from the wastewater supply side.  That is, decision 

makers should account for the comparative demand for wastewater treatment and impacts of the 

existing (or lack of) wastewater handling schemes on the environment and public health.  Where 
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there is a widespread dearth of wastewater treatment (e.g., much of the Pixian district,) 

settlements with the highest production of wastewater will likely be the regions where the cost-

effectiveness of reuse for irrigation and marginal benefits of implementing treatment are the 

greatest.  

The use of the optimization and simulation model to evaluate alternative wastewater reuse 

options sheds light on an array of reuse-oriented wastewater treatment schemes that would not 

likely be identified under the conventional planning process practiced in Pixian.   The outcomes 

of Steps 3 and 4 lead naturally to the fifth and final step of the DFS process: treatment technology 

selection and the technical design of the treatment plant and conveyance system to suit the 

requirements of reuse for irrigation.  With respect to wastewater treatment technologies, 

researchers at Berkeley have recently developed a comprehensive tool called the Wastewater 

Energy Sustainability Tool (WWEST) [236]. The tool can be used by planners, wastewater 

treatment plant designers and policy makers to measure the environmental impacts of different 

treatment technology choices. WWEST can be used to build a conceptual treatment scheme and 

then to quantify the environmental impacts over three lifecycle phases (construction, operation 

and end-of-life); three phases of wastewater treatment (conveyance, treatment and discharge); and 

also to measure the impact of specified activities (e.g., material production, equipment use, 

energy production).   At its current stage of development, WWEST includes 12 wastewater 

treatment technologies and seven sludge treatment technologies with plans to include additional 

options in the future.  The future goal is to incorporate WWEST into the larger DFS framework, 

and to use it to evaluate wastewater treatment options for the case of Pixian, and future cities 

where DFS is applied.   
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CHAPTER 8 

DFS Steps 3-5 – Performance Assessment 

and Design of Sludge Handling Scheme 

for Reuse, the Case of Chengdu  

8.1 Introduction 

In this chapter, I return to the Chengdu case study to evaluate an array of productive sludge end-

use options, and the corresponding treatment schemes that render the sludge an appropriate 

quality for each respective end use.  Where sludge is the unit of analysis in the DFS planning 

process – as opposed to wastewater – I developed a method for combining DFS Steps 3 and 4 (the 

BAU performance and design of potential reuse options) to evaluate the environmental and 

economic benefits of substituting sludge for the fuel or raw materials that contribute to the BAU 

manufacturing of different products.  DFS users can use the results of the demand assessment for 

different sludge end uses (DFS Step 2) and the subsequent results of comparing the relative costs 

and benefits of different end-use options (DFS Steps 3 and 4), to inform decisions about the 

sludge treatment and handling scheme.  Once DFS users have determined the reuse for which 

they will tailor the design of a sludge handling scheme, they are faced with choosing among an 

array of treatment technologies that can deliver sludge of an appropriate quality for its intended 

use.  Different wastewater and sludge treatment technologies have unique environmental and 

economic characteristics, and being aware of their intrinsic environmental and economic costs 

and benefits should foster more informed decision making with respect to technology selection.  

Thus, DFS Step 5 consists of conducting an environmental and economic lifecycle analysis 

(LCA) of all technically viable treatment technologies (i.e., able to produce an appropriate 

effluent quality or state,) on the scale at which they would be built for the intended end use of the 

sludge.   
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For this dissertation, I developed a comprehensive LCA to evaluate sludge handling options that 

combine productive end uses for sludge with appropriate treatment trains; thus, a framework for 

working through DFS Steps 3 through 5 in cases where sewage sludge is the unit of analysis.  The 

results presented herein are specifically tailored to the four WWTPs in the urban core of 

Chengdu; however, the basic framework for the LCI and many of the data are broadly applicable 

to other cities around the world.  Furthermore, though sludge end use in cement manufacturing 

was identified as the most viable option in Chengdu (see DFS Step 2, Chapter 6), to enhance the 

broader applicability of the LCA framework for future applications of DFS, I include a wide array 

of end-use and treatment options in this chapter.  

Background on sewage sludge production and treatment 

The problem of identifying and implementing economically and environmentally feasible sludge 

management schemes is not unique to Chengdu.  Sludge management is neither economically nor 

institutionally trivial, thus cannot be overlooked in the planning phase of wastewater treatment 

infrastructure.  For example, in a study of several treatment plants in Austria, it was found that 

sludge management (stabilization, dewatering, treatment, and transport) accounted for between 

49% and 53% of the total operating costs [237].  As seen from the results of the B2C SA in 

Chapter 3, sludge handling only accounts for 20% of the operating costs at WWTP #2 (which is 

representative of the WWTPs in the urban core of Chengdu) because the sludge is simply 

dewatered and landfilled.  The impending deadline to find an alternative to landfilling sludge in 

Chengdu (discussed in Chapter 6), will necessitate new treatment and end use(s) of the sludge 

that may drive up the costs.   

New sludge management schemes are constantly emerging, and the large-scale practicality of 

using sludge as a raw material in different manufacturing processes is being piloted and refined 
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by researchers around the world  [36, 187, 238-241].  As the number of individual sludge 

handling technologies and complete process scenarios multiply, a tool like DFS, and the built-in 

LCA component, can be used to inform the increasingly complex decision-making process that 

goes into choosing appropriate infrastructure.  Demonstrating the enormity of decisions that go 

into sludge handling, a review paper on sewage sludge processing, treatment, and management 

published in 2001 identified eight different stabilization technologies, seven drying technologies, 

eight disinfection technologies, and nine end-use options [242].  Each of the sludge treatment and 

end-use options entail an extremely wide range of economic and environmental costs and 

benefits, many of which are further specified by site-specific economic, environmental, social, 

and political constraints. This chapter provides a detailed description of the sludge LCI 

framework and the results of applying it in Chengdu.  

8.2 Methods 

The framework developed for working through DFS Steps 3-5 for sludge end use and treatment is 

a hybrid LCA. The metrics of sustainability used in the analysis include economic costs and 

benefits, key air emissions, and energy consumption and production. The environmental offsets 

associated with using sludge for different end uses are evaluated using economic input-output 

LCA (EIO-LCA).  EIO-LCA consists of an economy-wide matrix of economic inputs and 

outputs, and an environmental matrix that relates economic output to resource use, emissions, and 

waste production. For a given production value, the model determines the impacts of any product 

or service in the economy by summing the costs incurred across all direct and indirect inputs into 

the supply chain.  Though DFS was applied in Chengdu as a case study for this dissertation, the 

EIO-LCA tables used to develop the LCA model are based on the US economy because they are 

far more detailed than those available for the Chinese economy.  However, for analyses that rely 

less on disaggregated data, the Chinese tables could been employed [243].  Sludge treatment 
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options are evaluated using process-based LCA augmented with economic input-output analysis-

based LCA (EIO-LCA) to include the lifecycles of inputs into the treatment process [244-246].   

Boundary conditions 

In evaluating the impact that sludge would have as an input in different manufacturing processes, 

sludge was defined as a byproduct of wastewater treatment; the sludge is assumed to be available 

for different productive end uses at no additional life-cycle cost since those costs are accounted 

for in the sludge treatment component of the analysis.  For the sludge treatment component, the 

system boundaries for the direct economic costs include construction and operation of the 

treatment technologies, as well as transportation of the end product for 25 km (from the treatment 

plant to their point of end use).  The boundaries of the environmental impacts exclude the 

construction phase, largely due to a dearth of available data; however, other studies have 

concluded that the environmental impacts of the operation phase of drinking water and sludge 

treatment processes are significantly greater than that of the construction phase [246, 247].  Both 

direct and indirect impacts of sludge treatment were considered by including the life cycles of 

different inputs into the operation of different technologies, such as polymer to aid the sludge 

dewatering process.  

Case study 

As discussed briefly in Chapter 6, this study was conducted to evaluate the environmental and 

economic sustainability of sludge treatment and end use for four biological secondary wastewater 

treatment plants (employing activated sludge) in the urban core of Chengdu. The four treatment 

plants have an average flow of 707,000 m3/d, and a sludge production of 84 DT/d.  For 

completeness, the analysis herein includes a lifecycle analysis (LCA) of three productive end-use 

options and nine different sludge treatment schemes despite the fact that, based on results of DFS 
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Step 2 (Chapter 6), end use in cement manufacturing was identified as the most viable productive 

end use for sludge in Chengdu.   

The analysis of different sludge treatment technologies accounts for the local conditions with 

respect to energy and transportation production and emissions (Appendix 2: Table A2.1). 

Chengdu’s raw sludge lower heating value (LHV) is 10.5 MJ/kg dry solids (DS) and the digested 

sludge lower heating value is 7.5 MJ/kg DS. Although much of the data are specific to Chengdu, 

the trends and general results from the analysis can help inform decisions in other cities around 

the world, or data inputs can be updated with locally-specific values to further refine future 

analyses.   

Sludge end uses and impact on BAU manufacturing processes – DFS Steps 3 

and 4    

EIO-LCA is the primary method for working through DFS Steps 3 and 4, and analyzing the 

impacts of using sludge and its treatment end-products as substitutes for other raw materials in a 

variety of conventional production processes, or as a replacement for a product itself.  As 

discussed in Chapter 5, the products that sludge can be incorporated into or can substitute for 

include phosphatic fertilizer (Sector #325312), nitrogenous fertilizer (Sector #325311), Portland 

cement (Sector #327310), and clay brick (Sector #327121).  Environmental offsets for sludge-

substituted manufacturing of each product are normalized to one dry ton of sludge substitution.  

In the cases of phosphatic and nitrogenous fertilizers, sludge is assumed to replace the production 

process entirely, whereas for Portland cement, sludge is assumed to replace components of the 

total manufacturing.  Because the EIO-LCA model is formatted as a matrix of the entire supply 

chain associated with a given product, it is possible to single out the inputs along the supply 

chains that change as a result of sludge substitution.   
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Phosphatic and nitrogenous fertilizer 

The emissions and resource consumption due to conventional fertilizer production that would be 

eliminated by the use of sludge were based on the amount of commercial production that 

Chengdu’s sludge would replace.  The ratio of nutrient concentrations of commercial fertilizer 

manufactured in Chengdu to average nutrient concentrations in sludge from wastewater treatment 

plants in Beijing and Chengdu was determined, and the equivalent percentage of nutrients that 

sludge accounted for was subtracted from the emissions and resource consumption of the entire 

fertilizer manufacturing process.  For example, in 2006, one ton of nitrogenous fertilizer cost 

approximately $115 to produce, and in Chengdu the manufactured concentration is 170 kg N/ton 

whereas the average concentration of nitrogen in sludge is 7 kg N/dry ton [60].  Based on this 

ratio, 4% of the emissions, resource use, and waste from the production of one ton of commercial 

fertilizer is saved for every ton of sludge used as nitrogen fertilizer.  The avoided transportation 

of conventional fertilizer to the fields and the additional fuel requirement of applying sludge 

instead of conventional fertilizer were also included in the total offsets (Appendix 2:  Tables 

A2.10-A2.18). The same rationale was used to determine the offsets in phosphatic fertilizer 

production and the sum of these savings is reported in the results.  Although the average nutrient 

concentrations of China-made fertilizers are lower than that of the United States, the overall 

impacts of producing one ton of each were assumed to be comparable since the technologies 

employed in China are likely to be less energy efficient and more polluting. 

Cement manufacturing 

The dollar value of cement production that corresponds to the substitution of one dry ton of 

sludge was entered into the EIO-LCA model.  For example, at the sludge substitution rate of 10% 

used in this study, 10 tons of cement must be produced per one dry ton of sludge; therefore, the 

dollar value entered into the model was $760, assuming $76/ton, [248].  The range of sludge 

substitution in the literature is 2-15% [186-188].   
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Within the production chain, non-combustible components of sludge provide the chemical 

components such as CaO, SiO2, Al2O3, and Fe2O3, which are traditionally supplied by lime, clay 

and iron ore [188]; therefore, emissions and resource consumption equivalent to the fraction of 

raw materials that the sludge ultimately replaces at a given substitution rate are subtracted from 

the “stone mining and quarrying” and “transportation” sectors of the cement manufacturing 

supply chain.  Based on other studies of sewage sludge incineration, the quantity of material that 

gets incorporated into cement was assumed to be 0.3 tons ash/dry ton sludge [125].  When 

incineration ash is used, this is the only offset; when sludge cake is substituted, it not only 

provides chemical components but also energy.  In modeling the sludge cake scenarios, the 

recoverable energy content of one wet ton of sludge with a lower heating value of 10.5 MJ/kg DS 

at 36% DS, and a kiln efficiency of 75% was added to the overall fuel offset for the scenario with 

heat drying as the sludge treatment.  For the scenarios with digestion and heat drying as the 

sludge treatment, the recoverable energy content of one wet ton of sludge with a lower heating 

value of 7.5 MJ/kg DS at 43% dry solids was added to the overall fuel offset.  Fuel and associated 

emissions offsets are assumed to replace coal consumption at the cement plant. This study 

assumes that emissions controls at the cement plant prevent any appreciable changes in stack 

emissions and cement kiln dust with the combustion of municipal sewage sludge.  See Appendix 

2 for a detailed explanation of model and data inputs (Tables A2.19-A2.25). 

Clay brick manufacturing 

The dollar value of production that corresponded with the substitution of one ton of ash was 

entered into the EIO-LCA model.  One ton of clay brick was taken to cost $119 to produce [249], 

and an ash substitution rate of 10% was assumed.  Therefore, the emissions and energy offsets for 

every dry ton of sludge are equivalent to those avoided for every 0.3 tons of ash used at a 10% 

substitution rate (Appendix 2: Tables A2.26-A2.28).   
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Similar to cement, within the clay brick production chain, sewage sludge ash provides chemical 

components such as SiO2, Al2O3, and Fe2O3, which are traditionally supplied by clay [188]. 

Therefore, emissions and resource consumption equivalent to the substitution rate are subtracted 

from the “stone and gravel mining” and “transportation” sectors of the cement manufacturing 

supply chain.   

 Economic and environmental characteristics of sludge treatment 

technologies – DFS Step 5 

Different sludge end uses have unique requirements with respect to the prior treatment that sludge 

must undergo.  The LCA model developed for DFS Step 5 consists of mechanical dewatering, as 

well as three sludge stabilization processes (lime stabilization, anaerobic digestion, aerobic 

digestion) and three final treatment processes (composting, drying, incineration); they are each 

described below.  Based on a review of case studies in the literature [36, 188, 240, 247, 250-252] 

and conversations with wastewater treatment plant engineers [253, 254], nine feasible 

combinations of these processes were developed for comparison. As shown in Table 8. 1, DFS 

users are able to narrow the choice of possible treatment schemes to those that are technically 

feasible given the intended sludge end use.    

The business as usual case of dewatering and landfilling the sludge from the four WWTPs was 

included in the analysis as a baseline for comparison to other handling schemes. The 

environmental and economic costs of mechanical dewatering using a belt filter press were 

included in the analysis of each of the treatment processes.  The dewatering analysis is sensitive 

to the volume of sludge, and includes the polymer added for dewatering.   

Table 8. 1.  Nine sludge handling scenarios evaluated using lifecycle analysis. 

Treatment Scenario End Product Destination 

dewatering 
sludge cake, 20% DS, no 

mass change 
landfill 
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dewatering � lime stabilization 
sludge cake, 30% DS, mass 

increase 15%/DT 
agriculture, cement 

manufacturing 

mesophilic anaerobic digestion � dewatering 
sludge cake, 20% DS, mass 

decrease 29%/DT 
 

agriculture 

aerobic digestion � dewatering 
sludge cake, 20% DS, mass 

decrease 29%/DT 
agriculture 

dewatering � heat drying � composting 
finished compost, 57% DS, 

mass increase 32%/DT 
agriculture 

dewatering � heat drying 
sludge cake, 91% DS, no 

mass change 
cement manufacturing 

mesophilic anaerobic digestion � dewatering 
� heat drying 

sludge cake, 43% DS, mass 
decrease 29%/DT 

 
cement manufacturing 

aerobic digestion � dewatering � heat 
drying 

sludge cake, 43% DS, mass 
decrease 29%/DT 

 

cement manufacturing 

dewatering � fluidized bed combustion 
(incineration) 

ash, mass reduction 70%/DT  cement, clay brick manufacturing 

Lime stabilization  

The process of lime stabilization entails adding lime – quicklime (CaO) or hydrated lime 

(Ca[OH]2) – to sludge, and mechanically mixing the two such that the pH increases to 12 or 

higher for a period of two hours.  The result is a reduction in water, pathogens, and odors. 

Anaerobic digestion 

Anaerobic digestion is a biological stabilization process that entails the reduction in organic 

matter (including pathogens), odor, and overall mass of the sludge.  Digestion occurs in closed, 

oxygen-deprived tanks where anaerobic bacteria are responsible for the breakdown of organic 

matter into CH4 (methane), CO2, and NH3
+ (ammonia).  One of the greatest benefits of anaerobic 

digestion is that the methane gas can be captured for steam or electricity production.  There are 

two types of anaerobic digestion: mesophilic which occurs at a temperature of 35°C, and 

thermophilic which occurs at a temperature of greater than 55°C.  Mesophilic digestion was 

evaluated in this study.  The end-product of mechanical dewatering and anaerobic digestion is 

approximately 20% dry solids.  If sludge is to be used in cement manufacturing, heat-drying can 



 

202 

 

be combined with anaerobic digestion to increase the dry solids content and thus the volume of 

sludge a cement kiln is able to accommodate. 

In the LCA framework, where anaerobic digestion is combined with heat drying, the natural gas 

recovered from the former was used to offset fuel demand for heat drying; the remaining natural 

gas was used to produce electricity. In alignment with the Intergovernmental Panel on Climate 

Change, CO2   released during the sludge treatment process is assumed to be carbon neutral. The 

combustion of methane recovered from anaerobic digestion is also assumed to be carbon neutral 

(i.e., burning the methane is not a net contribution to CO2 emissions); however, emissions of 

other air pollutants associated with burning biogas to make electricity are accounted for. 

Aerobic digestion 

Aerobic digestion is a biological stabilization process that relies on aerobic bacteria to convert 

organic solids into CO2, water, and nitrogen.  The aerated process occurs in open tanks or 

lagoons.  The end-product of mechanical dewatering and aerobic digestion is approximately 20% 

dry solids.  If sludge is to be used in cement manufacturing, heat-drying can be combined with 

aerobic digestion as described above for anaerobic digestion.   

Heat-drying 

Heat drying is the active drying of sludge to remove most or all of the water content, while also 

resulting in the reduction of pathogens.  In some instances solar drying is practiced but this 

requires substantial land and time; subsequently, fuel-based methods are typically used.  In this 

LCA, the fuel source for heat drying was assumed to be natural gas.  Heat drying to 43% DS for 

digested sludge was chosen for sludge used in cement manufacturing because it is the lowest 

integer value that resulted in net energy recovery at the cement plant. A scenario assuming all 

sludge is heat dried to 91% DS is also modeled because this would allow the Lafarge Shui On 
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cement plant to accommodate all of the sludge produced by the four WWTPs in Chengdu (see 

Chapter 6). 

Composting 

Composting is the decomposition of organic matter by microorganisms in an environment with 

highly controlled moisture and temperature.  Because successful composting is dependent on 

controlling moisture, it is necessary for the sludge to contain a minimum of 40% dry solids upon 

beginning the process.  This can be achieved by diverting an appropriate fraction of the raw, 

dewatered sludge to heat-drying and mixing the 90% dry solids end-product with the remaining 

raw sludge for a product that is 30% dry solids.  That mixture is then combined with a bulking 

agent such as straw, rice hulls or wood chips to achieve the necessary 40% dry solids.  Depending 

on the method used, the biosolids require approximately two months of composting before they 

are ready for use.  A variety of large-scale composting technologies exist and they can be 

characterized as either open or closed-vessel; the latter was considered in this study.  Although 

closed-vessel systems tend to be more complex to operate, their benefits include better odor 

control and a smaller land requirement [255]. 

Incineration  

Incineration involves firing sewage sludge in a combustor until the material is reduced to ash.  

The total end-product is typically 20% of the initial volume.  Despite large capital and operation 

expenses, incineration is rapidly becoming a common means of sludge handling precisely 

because of the volume reduction [125]. In the process, virtually all of the volatile solids and 

pathogens are destroyed while metals are concentrated in the ash and particulate matter.  In this 

LCA framework, incineration was assessed using both natural gas and coal as the fuel source. 

The two most commonly used types of incinerators are multiple-hearth beds (MHB) and 

fluidized-bed combustors (FBC).  In recent years, FBCs have become the favored technology 
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because they have fewer emissions, are more fuel efficient, and have lower maintenance costs 

[179, 256].  Despite public perception that incineration is an environmentally polluting practice, 

state-of-the-art technologies such as wet scrubbers and electrostatic precipitators, keep air 

emissions very low.  These components are essential for meeting local air quality regulations; 

emissions reported in this study assume that state-of-the-art emissions control technologies are 

employed.  A benefit of incineration is that energy embodied in the sludge can be captured and 

used to produce steam or electricity that is necessary to run the incineration plant; the steam 

recovered from incineration was used to produce electricity in this analysis. 

Data sources 
Data related to the costs and performance of individual technologies were taken from case studies 

[36, 188, 240, 247, 250-252] and from data provided by the East Bay Municipal Utilities District 

in Oakland, California, which utilizes anaerobic digestion, and the Central Contra Costa Sanitary 

District Wastewater Treatment Plant in Martinez, California, which employs incineration.  The 

numbers used for direct fuel consumption during incineration are based on those reported by 

Mininni et al. in their scenario with no heat drying [251], but the energy recovery is based on the 

LHV of Chengdu’s raw sludge.  Data related to the site-specific costs and sludge quality are from 

two sources: some I collected in Chengdu during the summer of 2006 and some are from a study 

conducted on sludge treatment options for the city of Beijing [257].  EIO-LCA was used to 

account for the life-cycle impacts of any inputs to treatment, such as lime and polymer [244].  See 

Appendix 2 for a complete breakdown of data inputs and their respective sources (Tables A2.1-

A2.9).  
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8.3 Results and Discussion 

Sludge end uses and impact on BAU manufacturing processes – DFS Steps 3 

and 4    

Table 8. 2 shows the annual avoided environmental costs associated with different manufacturing 

processes if all of the currently generated sludge from the four WWTPs in Chengdu were used in 

each process respectively.  To provide a context for the magnitude of this impact, the offset of 

3.4x106 MJ if heat dried sludge is substituted into Portland cement is equivalent to the annual 

output of a 25 MWe power plant, or enough electricity for about 24,000 households.  

Overall, the offset in air emissions, global warming effect (GWE), electricity, and fuel 

consumption per dry ton of sludge is greatest when sludge is used as a replacement for 

conventional fertilizers (Table 8. 2).  Land application of sewage sludge is only feasible if the 

sludge quality meets the local standards with respect to pathogens and heavy metal content, and if 

there is local fertilizer demand.  Additional treatment may be necessary to further reduce 

pathogens (beyond the options in Table 8. 1).  In contrast, heavy metal concentrations can only be 

reduced through improved source control and as determined at DFS Step 2, Chengdu’s sludge 

does not meet heavy metal standards for land application.  However, using sludge directly in 

cement manufacturing also has substantial environmental offsets, and allows recovery of the 

embodied energy in the sludge at the cement plant.  Using either sludge or ash improves the 

sustainability of the cement manufacturing process.  The greater the dry solids content and the 

higher the LHV of the sludge, the more attractive it becomes to cement plants because of its 

increased fuel offset value. It should also be noted that heavy metals are immobilized in cement, 

even when exposed to acidic environments [191, 258]. The impact of incineration ash as a 

substitute is greater when used to replace materials in Portland cement than in clay brick for all 

parameters except PM10 (Table 8. 2).   
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Table 8. 2.  Avoided emissions and energy consumption through productive sludge usea.  

 

Offset w/Sludge 
Applied as 
Fertilizer 

Offset w/Heat 
Dried Sludge  

Used in Portland 
Cement 

Offset w/Digested 
& Heat Dried 

Sludge Used in 
Portland Cement 

Offset w/Ash  
Used in Portland 

Cement 

Offset w/Ash  
Used in Clay 

Brick 

SO2 (kg) -2.0x103 -6.2x105 -2.4x103 -4.6x101 -1.4x100 

CO (kg) -8.4x103 -3.9x105 -2.0x103 -8.3x102 -1.8x102 

NOx (kg) -1.3x103 -7.1x104 -3.9x102 -8.5x101 -1.4x101 

VOC (kg) -1.5x103 -9.2x101 -7.1x101 -7.1x101 -1.4x101 

PM10 (kg) -4.5x102 -9.2x100 -1.0x101 -1.0x101 -2.8x10-1 

GWE (kg CO2) -2.4x106 -2.6x107 -2.3x105 -1.2x105 -2.7x103 

electricityb (kWh) -5.9x108 -2.2x103 -2.2x103 -2.2x103 0 

fuel (MJ) -4.8x107 -2.8x108c -1.2x106d -9.4x104 -1.9x104 

aValues assume one year sludge production in Chengdu (30,660 dry tons raw sewage sludge, 21,769 dry tons digested 
sludge, or 9198 tons incineration ash) substituted for raw materials in conventional manufacturing processes.  
bConversion from MJ to kWh assumes 38% efficiency.  
cAdded fuel offset assumes a lower heating value of 10.5 MJ/kg dry sludge at 91% DS, a starting sludge temperature of 
16°C, and a kiln efficiency of 75%.   
dAdded fuel offset assumes a lower heating value of 7.5 MJ/kg dry sludge at 43% DS. 

Economic and environmental characteristics of sludge treatment 

technologies – DFS Step 5 

Environmental assessment 

The results from the LCA of the nine treatment schemes show that anaerobic digestion, 

particularly if lime is not required for pH stabilization, is overall the most preferable sludge 

treatment option (Table 8. 3). In comparison to dewatering with no further treatment, anaerobic 

digestion results in offsets of SO2, CO, GWE, and electricity by harnessing the embodied energy 

in the sludge.  Similarly, if the sludge requires heat drying as preparation for an input to cement 

manufacturing, the combination of heat drying with anaerobic digestion is preferable to heat 

drying alone because the biogas from digestion can be used to meet the fuel demand of heat 

drying. This analysis assumes that all methane is captured and used to offset fuel or electricity 

demand; if methane leaks directly into the atmosphere, the GWE will increase.  For example, if 

10% of the methane leaks, GWE increases from -283 kg/dry ton to 64 kg/dry ton for anaerobic 

digestion without lime.  The results of this study indicate that incineration has the highest GWE 

and fuel consumption of the nine schemes evaluated (Table 8. 3).  The air emissions associated 

with natural gas-fueled FBC incineration are the lowest of the treatment options: clean burning 
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fuel is used to harness the energy embodied in the sludge which is then used to offset electricity 

demand. In contrast, the air emissions associated with coal-fired incineration are at least one order 

of magnitude greater than all other treatment options, despite offsets in electricity demand (Table 

8. 3).  Adding heat drying to aerobic digestion has little impact on emissions or GWE because of 

the low carbon intensity of natural gas (used for heat drying) compared to electricity and 

transportation; however, total fuel consumption increases significantly (Table 8. 3).    The results 

of the LCA are highly correlated with the energy demand of the treatment technology; the overall 

ranking of the different options closely matches the technology’s rank in operation energy (Table 

8. 3, Table 8. 4).  Lime stabilization has the lowest operation energy after anaerobic digestion, yet 

its overall profile is comparable to the more energy intensive processes (Table 8. 3, Table 8. 4).  

A key finding of this analysis is the magnitude of impact that accounting for lime production has 

on the environmental performance of a given treatment scheme (Table 8. 5). Depending on the 

characteristics of the incoming wastewater, lime is sometimes an input in anaerobic digestion to 

raise the alkalinity of the sludge and buffer against decreases in pH, to which methanogens 

(microbes that produce methane) are particularly sensitive [259].  Based on the lime application 

rate used in this study (6% of the dry ton sludge flow [260]), lime production significantly 

impacts the environmental cost of anaerobic sludge digestion; its contribution to SO2, GWE, and 

electricity is greater than the net total, and it accounts for more than 50% of the NOx emissions 

and 93% of the fuel consumption (Table 8. 5).   
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Table 8. 3. Air Emissions and energy consumption associated with sludge treatment schemesa  

aValues are for the treatment of 1 dry ton of sludge and include mechanical dewatering to 20% DS with a belt filter press.  
bValues account for potential resource recovery from anaerobic digestion first used to cover heat drying fuel demand and remainder as electricity, detailed in     
Table 8. 6.  
cValues for incineration account for energy recovery used to offset electricity, detailed in Table 8. 6. 

 

Table 8. 4. Sludge treatment technologies ranked according  
to operation energy. 

Treatment Technology 
Operation Energy 

(MJ/dry ton) 

Anaerobic Digestion        

 (No Lime)a -8.0x103 

Anaerobic Digestion (Lime)a -8.0x103 

Anaerobic/Heat Dryinga -3.1x103 

Lime Stabilization 1.8x101 

Dewatering 6.7x101 

Heat Drying/Compost 4.2x103 

Heat Drying 5.7x103 

Aerobic Digestion 6.8x103 

Heat Drying/Aerobic 1.3x104 

FBC Incinerationa 2.2x104 
aValue includes resource recovery. 

 Dewatering 
Lime 
Stabiliz
ation 

Anaerobic 
Digestion 
(No Lime) 

Anaerobic 
Digestion 

(Lime) 

Aerobic 
Digestion 

Heat 
Drying 

/Compost 

Heat 
Drying 

Anaerobic 
Digestion 

(No 
Lime)/Heat 

Drying 

Aerobic 
Digestion/ 

Heat 
Drying 

FBC 
Incinerati
on (NG) 

FBC 
Incinerati
on (Coal) 

SO2 (kg) 0.1 0.3 -6.1 -6.0 4.9 0.5 0.1 -2.7 4.9 -6.9 45 
CO (kg) 0.1 1.2 -2.0 -1.6 2.5 0.3 0.3 -0.4 2.5 -3.0 29 
NOx (kg) 0.1 0.2 0.1 0.2 0.7 1.2 1.5 1.8 1.9 -0.9 5 
VOC (kg) 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
PM10 (kg) 0.0 0.0 0.1 0.1 0.0 0.0 0.0 0.1 0.0 0.0 0.0 
GWE     
(kg CO2) 

1.2x101 5.5x102 -2.8x102 -5.7x101 2.1x102 2.6x102 3.4x102 -1.2x102 2.1x102 2.1x103 3.0x103 

electricityb         
(kWh) 

1.9x101 8.1x101 -9.2x102 -8.9x102 7.3x102 7.0x101 1.9x101 -4.0x102 7.6x102 -1.0.x103 -1.0.x103 

 fuelc (MJ)  9.2x101 3.5x103 6.5x101 1.5x103 6.5x101 4.3x103 5.9x103 3.3x101 4.8x103 2.3x104 2.3x104 
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Table 8. 5.  Contribution of lime production to the overall environmental costs of lime stabilization and anaerobic digestion with lime addition. 

 

Lime Stabilization   
(Total) 

Lime Stabilization         (Lime 
Production)a 

Anaerobic Digestion 
(Total) 

Anaerobic Digestion (Lime 
Production)b 

 kg kg % total kg kg % total 

SO2 0.3 0.2 67 -6.0 0.1 >100 

CO 1.2 1.1 92 -1.6 0.4 >100 

NOx 0.2 0.2 100 0.2 0.1 50 

VOC 0.1 0.1 100 0.0 0.0 0 

PM10 0.0 0.0 0.0 0.1 0.0 0 

GWE         

(kg of CO2) 

5.5x102 5.4x102 98 -5.7x101 2.3x102 >100 

electricity   

(kWh) 

8.1x101 5.7x101 70 -8.9x102 2.4x101 >100 

fuel (MJ) 3.5x103 3.4x103 97 1.5x103 1.4x103 93 
aAssumes lime is added at a rate of 150 kg/dry ton sludge.  
bAssumes lime is added at a rate of 62 kg/dry ton sludge. 

 

Table 8. 6.  Potential energy recovery from anaerobic digestion and  

incineration per dry ton sludge. 

 
Methane 

Generation 
(m3) 

Electricity 
Generationc 

(kWh) 

Steam 
Generationb 

(MJ) 
Anaerobic 
Digestiona 2.27x102 9.29x102  

Incinerationb  1.1x103 1.0x104 

aMethane gas can be used directly or converted to electricity.  
bHeat from incineration can be used to produce steam, or can be  
converted to electricity (assumed in this study); steam production 
assumes LHV = 10.5 MJ/kg-DS. cAssumes 38% conversion efficiency. 
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Economic cost assessment 

The LCA model developed for DFS Step 5 accounted for the capital, operational and 

transportation costs of the individual sludge treatment schemes.  Operational costs included the 

inputs, such as lime and polymer, and the power supply.  The value of recoverable energy was 

subtracted from the operational costs, and transportation costs are sensitive to the volume of the 

end-product.  The total present value of each treatment scheme was calculated assuming an 

annual discount rate of 6% and a 20-year time horizon.  Costs calculated in Table 8. 7 are for the 

capacity to treat all 84 dry tons of Chengdu’s sludge per day.  To account for the total costs or 

benefits to society due to the emissions and energy consumption the lifetime cost of the nine 

different sludge treatment schemes was also calculated with the inclusion of the external costs of 

six different air pollutants: CO ($0.52/kg), CO2 ($0.014/kg), NOx ($1/kg), PM ($2.80/kg), SO2 

($1.8/kg), and VOCs ($1.4/kg) [72].  The inclusion of these environmental costs decreases the 

total cost of sludge treatment by up to 14% in the case of anaerobic digestion (no lime), and adds 

up to 50% to the total cost in the case of coal-fired FBC incineration.   With the inclusion of the 

environmental costs, anaerobic digestion (no lime) becomes slightly less expensive than lime 

stabilization, and otherwise the rank from least to most expensive is unchanged.  The limited 

change in ranking by cost is in part due to the fact that capital costs account for a significant 

portion of the total cost of the different treatment schemes.   

 

 

 

 

 



 

211 

 

 

Table 8. 7. Lifetime breakdown of economic costsa to treat 84 dry tons of sludge per day.      
 

Capital 
Cost ($) 

Operation 
PV    ($) 

Transportation 
PVb($) 

Total Direct 
Cost ($) 

Total Cost 
Including External 

Cost ($) 

Dewatering 10,000,000 13,000,000 1,500,000 25,000,000 25,000,000 

Lime stabilization 14,000,000 18,000,000 450,000 32,000,000 35,000,000 

Anaerobic 
digestion         
 (no lime) 

47,000,000 -11,000,000 410,000 36,000,000 31,000,000 

Anaerobic 
digestion (lime) 47,000,000 -9,600,000 420,000 39,000,000 35,000,000 

Aerobic digestion 
47,000,000 27,000,000 410,000 75,000,000 80,000,000 

Heat 
drying/compost 32,000,000 59,000,000 310,000 91,000,000 93,000,000 

Heat drying 
29,000,000 33,000,000 88,000 75,000,000 79,000,000 

Anaerobic /heat 
drying 56,000,000 1,500,000 270,000 58,000,000 56,000,000 

Heat 
drying/aerobic 56,000,000 43,000,000 270,000 100,000,000 105,000,000 

FBC incineration 
(natural gas) 94,000,000 87,000,000 35,000 180,000,000 190,000,000 

FBC incineration 
(coal) 

94,000,000 6,000,000 35,000 100,000,000 150,000,000 

aCosts are reported in present value, adjusted to 2006 prices, assuming a 6% discount rate and 20 year time horizon. 
bTransportation is assumed to be 25 km from the treatment plant to the point of end use.  

 

Resource recovery 

Energy can be recovered at wastewater treatment plants from anaerobic digestion and incineration 

of sewage sludge. Off-site resource recovery was addressed above in the sludge end use section. 

Potential energy recovery through incineration is very sensitive to the water content and LHV of 

the sludge which can vary dramatically between treatment plants and municipalities [261].  LHVs 

are sensitive to the wastewater source and treatment processes; for example, the value of 

approximately 10.5 MJ/kg DS (undigested sludge) in Chengdu is much lower than the 21 MJ/kg 
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DS reported as the average for European cities [125], illustrating the importance of site-specific 

considerations when evaluating sludge handling options.   

Net environmental and economic costs and benefits 

The net environmental and economic costs of potential handling schemes are discussed for two 

scenarios, differing by whether land application is or is not allowed. The most favorable option 

may vary significantly depending on the weight given to each objective, and on the feasibility of 

including land application of sewage sludge in the portfolio of options.  It was already determined 

in Chapter 6 (DFS Step #2) that land application is not feasible in Chengdu; however, the analysis 

I show the analysis for comparison to end use in cement and to lend insight into potential results 

of applications of DFS in other cities. 

No land application 

In Chengdu, where land application is not feasible, the optimal sludge handling scheme is to heat 

dry all of the sludge at the WWTPs and to deliver the product to the Lafarge cement manufacturer 

(Table 8. 8).  Heat drying all of the sludge enables Lafarge to accept all that is generated by the 

four WWTPs in the urban core. This combination of treatment and end use results in a net 

elimination of SO2, GWE (Table 8. 8). If Lafarge had a larger capacity for accepting sludge or if 

additional cement kilns can be identified in the vicinity, diverting a smaller fraction of sludge to 

heat drying would be another handling option to consider.  It should be noted that the optimal 

degree of heat drying (at the treatment plant) followed by end use in cement manufacturing for 

minimizing environmental costs results in tradeoffs between fuel use at the wastewater treatment 

plant, for transportation, and at the cement plant.  The subsequent allocation of economic costs 

may require redistribution via institutional negotiations or policy-driven incentives.  Sludge 

incineration with coal or natural gas, compared to both heat drying all of the sludge and the 

combination of anaerobic digestion with heat drying (no lime), is up to four times as expensive, 
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and the overall handling schemes (including cement manufacturing offsets) have substantially 

higher GWE and fuel consumption. If fueled by coal, incineration contributes significantly to SO2 

(Table 8. 3, Table 8. 8).  Incineration schemes do, however, provide the largest electricity offsets 

(Table 8. 3, Table 8. 8).  Using heat-dried sludge directly in cement manufacturing takes 

advantage of existing infrastructure to perform sludge incineration, with the additional advantage 

that the ash gets incorporated into the cement product.  Also, more than half of the fuel demand 

for incineration is for treating the flue gas in the afterburning chamber; this process already 

occurs at the cement plant so is not an added cost of sludge handling [251]. This study 

demonstrates that even when land application is not an option, there are more cost-effective and 

environmentally sustainable options for sludge handling than incineration.  Nonetheless, existing 

incineration plants that are currently diverting ash to landfills could improve the overall 

environmental profile of their handling scheme by providing their ash to cement manufacturers. 

No limit on land application 

If land application were feasible in Chengdu, anaerobic digestion followed by using the sludge as 

fertilizer is the superior sludge handling option even if lime addition is required (Table 8. 8).  

Economically and environmentally, the costs of heat drying and compost are greater than 

anaerobic digestion largely due to the significant electricity savings (captured by the wastewater 

treatment plant) associated with the latter (Table 8. 3). However, composting has potential 

environmental benefits over mesophilic anaerobic digestion that were not captured in this study.  

Whereas mesophilic anaerobic digestion only meets the pathogen standards for what the US EPA 

has defined as Class B biosolids, compost meets the standards for Class A biosolids because of its 

higher temperature [262].  In practice, the Class A biosolids designation means that compost 

meets the highest level of quality control and can be used with fewer restrictions than Class B 

biosolids.  Furthermore, the composted product is dryer and is less odorous than anaerobically 
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digested sludge, making it easier to store, and potentially more socially acceptable [262].  These 

factors could prove to elevate the cost-effectiveness of heat drying and compost if the end product 

attracts a higher demand from local farmers or from fertilizer processing plants.    

The most significant differences among the optimal handling scenarios are not in the overall 

environmental profiles, but in the economic cost of minimizing the environmental impacts of 

sludge treatment.  As seen from the outlined scenarios, it is increasingly more expensive to 

minimize across all of the objectives as land application is eliminated as an end use for sludge: 

with no limit on land application the net present value of the lowest cost option over 20 years is 

approximately $31 million versus approximately $50 million with no land application (Table 8. 

8).  Economic efficiency is certainly an important part of the sludge management decision-

making process.  Therefore, measures that protect the suitability of sewage sludge for land 

application have the potential to greatly decrease the cost of sludge handling.      

Table 8. 8.  Net environmental and economic analysis of potential sludge handling schemes.   

Treatment End use 
Total 

Economic 
Costa ($) 

Environmental Assessmentb 

SO2 (kg) 
GWE (kg 

CO2) 
Electricity 

(kWh) 
Fuel (MJ) 

Dewatering landfill 26,000,000c 4.0x103 3.8x105 5.7x105 2.8x106 

Lime stabilization land application 35,000,000 8.7x103 1.5x107 -5.9x108 5.8x107 

Anaerobic digestion          
(no lime) 

land application 31,000,000 -1.9x105 -1.1x107 -6.2x108 -4.6x107 

Anaerobic digestion 
(lime) 

land application 35,000,000 -1.9x105 -4.2x106 -6.2x108 -2.9x106 

Heat drying + compost land application 80,000,000 1.2x104 5.6x106 -5.9x108 8.3x107 

Heat drying cement 79,000,000 -6.2x105 -9.1x106 5.7x105 2.4x107 

Anaerobic digestion 
(no lime) + heat drying 

cement 50,000,000 -8.4x104 -4.1x106 -1.2x107 -2.0x105 

Anaerobic digestion 
(lime) + heat drying 

cement 59,000,000 -8.1x104 2.9x106 -1.2x107 4.5x107 
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FBC incineration 
(natural gas) 

clay 
brick/cementd 190,000,000 -2.1x105 6.5x107 -3.2x107 7.1x108 

FBC incineration (coal) 
 
  

clay 
brick/cement 

150,000,000 1.4x106 9.2x107 -3.2x107 7.1x108 

aData are reported for a 20 year time horizon with 6% discount rate and include environmental externalities.  
bData are reported on annual basis.  
cCost includes landfill tipping fee. 
 dWhen combined with incineration, there is no significant difference between the net combination of incineration with 
end use in cement or brick on this scale.  

Data quality assessment 

The hybrid LCA model for evaluating the end-use and treatment options for sludge is highly data 

intensive, and the results are largely predicated on the quality of those data.  Multi-dimensional 

quality assessments of the economic and environmental data inputs for this study are presented in  

Table 8. 10 and Table 8. 11, respectively (see  

Table 8. 9 for the evaluation metrics). With respect to the sludge end-use component, the main 

uncertainty in the application of the model to Chengdu is that US data were extrapolated to 

China.  In general, it was assumed that if manufacturing processes differ between the two 

countries, the process would be environmentally cleaner in the US; basing the offsets on the 

environmental costs of manufacturing in the US should be a conservative estimate of the offsets 

that would be realized in China.  Geographically appropriate data were incorporated into the 

analysis wherever possible.  The results of the environmental offset analysis associated with 

different end uses are presented in  

Table 8. 12.   

With respect to the treatment technology component, anaerobic digestion is widely employed and 

thus it was possible to find corroborating data for parameters such as energy requirements for 

mixing and methane gas production.  There is also quite a bit of data on the emissions associated 

with FBC incineration but substantially less on the fuel requirements of the process.  For 
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technologies such as composting and aerobic digestion there were also few detailed studies 

available, therefore, less confidence can be had in those numbers.  Construction costs found in the 

literature were on a per ton of treatment capacity basis, thus it was not possible to account for 

economies of scale and differences between building decentralized or centralized plants.  Capital 

and operational costs assume that the best available technologies for emissions controls are 

employed. 

Table 8. 9.  Matrix used for data quality assessmenta
 of inputs into lifecycle analysis of sewage sludge 

treatment and end-use options. 
 Indicator Score 
 1 2 3 4 5 
Acquisition 
method 

Measured data Calculated data 
based on 
measurements 

Calculated data 
partly based on 
assumptions 

Qualified 
estimate (by 
industrial 
expert) 

Nonqualified 
estimate 

Independence of 
data supplier 

Verified data, 
information 
from public or 
other 
independent 
source 

Verified 
information 
from enterprise 
with interest in 
the study 

Independent 
source, but 
based on 
nonverified 
information 
from industry 

Nonverified 
information 
from industry 

Nonverified 
information from 
the enterprise 
interested in the 
study 

Representativeness Representative 
data from 
sufficient 
samples of 
sites over an 
adequate 
period 

Representative 
data from 
smaller number 
of sites but for 
adequate 
periods 

Representative 
data from 
adequate sites, 
but from shorter 
periods 

Data from 
adequate 
number of 
sites but 
shorter periods 

Representativeness 
unknown or 
incomplete data 
from smaller 
number of sites 
and/or from 
shorter periods 

Data age Less than 3 
years of 
difference to 
year of study 

Less than 5 
years of 
difference to 
year of study 

Less than 10 
years of 
difference to 
year of study 

Less than 20 
years of 
difference to 
year of study 

Age unknown or 
more than 20 years 
of difference 

Geographical 
correlation 

Data from area 
under study 

Average data 
from larger 
area in which 
the area under 
study is 
included  

Data from area 
with similar 
production 
conditions 

Data from area 
with slightly 
similar 
production 
conditions 

Data from 
unknown area or 
with very different 
production 
conditions 

Technological 
correlation 

Data from 
enterprises, 
processes, and 
materials under 
study 

Data from 
processes and 
materials under 
study but from 
different 
enterprises 

Data from 
processes and 
materials under 
study but from 
different 
technology 

Data on 
related 
processes or 
materials but 
same 
technology 

Data on related 
processes or 
materials but 
different 
technology 
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aSource: Based on Lindfors et al. 1995 [82]. 

 

 
Table 8. 10.  Results of data quality assessment: economic costsa. 
 Acquisition 

Method
 

Independence 
of Data 
Supplier

 

Represent.
 

Data 
Ageb 

Geog. 
Correlation

 
Tech. 
Correleation 

Average
 

Capital Costs 

Dewatering 

Lime 

Stabiliz. 

Digestors 

Heat Dryers 

Compost 

Incinerator 

 

3 

3 

3 

3 

3 

3 

 

1 

1 

1 

1 

1 

1 

 

1 

1 

1 

1 

1 

1 

 

4 

1 

1 

1 

1 

1 

 

2 

2 

2 

2 

2 

2 

 

2 

2 

2 

2 

2 

2 

 

2.2 

1.7 

1.7 

1.7 

1.7 

1.7 

Operating 
Costs 

Dewatering 

Lime 

Stabiliz. 

Digestors 

Heat Dryers 

Compost 

Incinerator 

 

3 

3 

3 

3 

3 

3 

 

1 

1 

1 

1 

1 

3 

 

1 

1 

2 

1 

2 

5 

 

1 

1 

1 

1 

2 

1 

 

1 

1 

1 

1 

1 

1 

 

1 

2 

2 

2 

2 

1 

 

1.3 

1.5 

1.7 

1.5 

1.8 

2.3 

Transportation 3 1 1 1 1 1 1.3 

aBest quality = 1, worst quality = 5.  The values for each category are defined in Table 8. 9 
bCost data have been adjusted to 2006 prices using the Consumer Price Index (CPI). 

 

Table 8. 11.  Results of data quality assessment: environmental costs. 
 Acquisition 

Method 
Independence of 
Data Supplier 

Represent. Data 
Age 

Geog. 
Correlation 

Tech. 
Correlation 

Average 

Operation Energy 
Dewatering 

Lime Stabiliz. 

Digestors 

Heat Dryers 

Compost 

Incinerator 

 

3 

3 

2 

3 

2 

2 

 

1 

1 

2 

1 

3 

3 

 

1 

1 

1 

1 

2 

5 

 

4 

1 

1 

1 

2 

1 

 

2 

2 

2 

2 

2 

3 

 

2 

2 

2 

2 

2 

2 

 

2.2 

1.7 

1.7 

1.7 

2.2 

2.7 

Energy Emissions 1 1 1 1 2 2 1.3 

Inputs 

Polymer 

Lime 

 

2 

2 

 

1 

1 

 

1 

1 

 

3 

3 

 

4 

4 

 

3 

3 

 

2.3 

2.3 
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Transportation 
Emissions 

3 1 1 1 1 1 1.3 

aBest quality = 1, worst quality = 5.  The values for each category are defined in.   

 
Table 8. 12.  Results of data quality assessment: environmental offsets. 

 Acquisition 
Method 

Independence 
of Data 
Supplier 

Represent. Data 
Age 

Geog. 
Correlation 

Tech. 
Correlation 

Average 

Fertilizer 2 1 1 4 4 2 2.3 

Cement 2 1 1 4 4 3 2.5 

Clay brick 2 1 1 4 4 3 2.5 

 

8.5 Summary Conclusions 

The conclusion of this chapter marks having worked through the DFS planning approach in its 

entirety for the Chengdu case study, and having systematically determined the most suitable 

sludge management scheme for the four WWTPs in the urban core of Chengdu.  DFS Step 1 

(Chapter 5) was an exploration of all of the possible productive end uses for sludge, and in Step 2 

(Chapter 6), the demand for each of those services and the feasibility of using Chengdu’s sludge 

as a substitute in different manufacturing processes was assessed. Finally, DFS Steps 3 through 5 

were documented in this chapter, and the environmental offsets that substituting sludge into 

different manufacturing processes was quantified, as were the environmental and economic costs 

and benefits of the different treatment technologies that correspond with a given end use. To 

quantify those tradeoffs, I have built a hybrid LCA model that incorporates process-based and 

EIO-LCA techniques to independently evaluate the environmental and economic costs and 

benefits of a comprehensive set of sludge end-use and treatment options, and to determine which 

combinations yield the most sustainable profiles.   

As is shown by the results, anaerobic digestion followed by land application takes advantage of 

both the embodied energy, to make electricity, and nutrients, to enhance agriculture.  Other 

schemes take advantage of some but not all of the resources: heat drying with compost takes 
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advantage of embodied nutrients, whereas heat drying with or without digestion followed by end 

use in cement takes advantage of embodied energy. While the study was motivated by a need to 

determine the optimal sludge handling options for the city of Chengdu, the LCA models for end 

use and treatment can be easily adapted to other regions.   
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CHAPTER 9 

Policy and Practice in China: Does the 

Institutional Landscape Accommodate 

Reuse-Oriented Sanitation Planning 

9.1 Introduction 

The practicality of integrating DFS, or any other reuse-oriented approach, into sanitation planning 

processes in China is subject to existing institutional arenas – both as they formally exist on paper 

and informally exist in practice.  Thus, in this chapter I seek to characterize the legal and 

administrative dimensions of water and environmental institutions in China as they pertain to the 

deliberate design of sanitation infrastructure for reuse, and the management of wastewater and 

treatment byproducts as resources.  Water pollution and scarcity are widely recognized to be 

among the greatest environmental challenges in China [234, 263, 264].  Several interventions are 

underway throughout the country to address these issues, such as water diversion and 

conservation projects to mitigate water shortage, and aggressive expansion of wastewater 

treatment to reduce environmental pollution.  As demonstrated in previous chapters, wastewater 

reuse could serve as an important mechanism for addressing both scarcity and pollution by 

simultaneously decreasing the burden on “first use” water supplies and on surface waters by 

diverting treated wastewater to end uses where it can be employed safely and productively (e.g., 

agricultural irrigation, industrial cooling, and toilet flushing).  

Towards analyzing the extent to which institutions in China foster or at the very least 

accommodate, reuse-oriented sanitation planning like DFS, I conduct a top-down characterization 

of the Chinese policies related to water and wastewater supply and management, and of the 

policies more broadly concerned with pollution control and sustainable development. Throughout 
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the chapter I juxtapose each of the legal analyses with evidence of their administrative 

interpretation and implementation in Chengdu.  I use key informant interviews to understand the 

mindsets and attitudes that shape Chengdu stakeholders’ decisions, and to understand how these 

in-turn are shaped by national and local policies. By comparing how local attitudes and actions in 

the wastewater treatment sector conform to the legal policies, I seek to evaluate the degree to 

which existing laws are a useful mechanism for promoting DFS.    

There is a historical disconnect between Chinese environmental policies and their 

implementation; conservation and management policies are typically much loftier than local-level 

decision makers actually carry-out.  In the context of wastewater management, I find that the gap 

between formal policies and their enforcement in Chengdu has strong parallels to Lipksy’s 

characterization of the behavior and motivation of street-level bureaucrats in his text, Street-Level 

Bureaucracy: Dilemmas of the Individual in Public Services [265].  I use Lipsky’s framing to 

help explain and analyze the challenges associated with leveraging the law as a means to 

promulgating DFS as a philosophy, and as a scientific planning tool in China.  

The fieldwork for the administrative analysis of wastewater management in Chengdu took place 

primarily over the course of two trips to Chengdu during summer 2006 and winter/spring 2007. I 

base my findings on 74 semi-structured stakeholder interviews, with 69 individuals, in 

government agencies, research institutes, and private firms, including the Chengdu 

Environmental Protection, Water, and Planning Bureaus, the Chengdu Ministry of Construction, 

the Department of Environmental Science and Engineering at Sichuan University, and the Xin 

Rong Company which owns and operates the WWTPs in the urban core of Chengdu, among 

others.  I have translated all quotes from the interviewees used in the text below from Mandarin. 
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9.2 China’s Legal Frameworks for Water and Environmental 
Management and Translation at the Local Level 

National-level sustainable development policy and local interpretation 

China’s history of environmental policy began in 1979 when the country enacted its first 

environmental protection law [266].  This was quickly followed by several important milestones: 

in 1982 environmental protection became part of the Constitution, and by 1983, environmental 

protection was declared fundamental state policy.  In 1992, following the UN Rio Summit 

(Conference on Environment and Development), China became the first developing country in 

the world to adopt a sustainable development policy [267].   

China’s adoption of the sustainable development concept marked the emergence of 

environmental policies that focus not simply on end-of-pipe solutions but on pollution prevention 

[267]. The Cleaner Production Promotion Law (CPPL), passed by the National People’s Congress 

in 2002, is an example, and is a key legal mechanism that could be used to promulgate 

wastewater treatment schemes that are site-specific and designed and operated to maximize the 

resource potential of the water and treatment byproducts.  The objective of the CPPL is to 

“promote cleaner production, increase the efficiency of the utilization rate of resources, reduce 

and avoid the generation of pollutants, protect and improve environments, ensure the health of 

human beings and promote the sustainable development of the economy and society,” [268]. 

Several of the 42 Articles that make up the law can be interpreted as highly applicable to 

WWTPs; arguably the law could be leveraged to make it illegal to build and operate anything but 

energy efficient, reuse-oriented WWTPs.  A subset of the most relevant Articles is presented in 

Table 9. 1 along with an explanation of how each is specifically enabling of a DFS approach to 

sanitation. 
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Table 9. 1.  Selection of Articles within the Cleaner Production Promotion Law of the People's Republic  
of China and assessment of the support they provide for the application of DFS, and more generally, the  
design of  sanitation infrastructure to maximize reuse.  (Italics added for emphasis.) 
Article Interpretation of Relationship to  Reuse-Oriented 

Sanitation  

Article 2.   Cleaner production as used in this Law means the 
continuous application of measures for design improvement, 
utilization of clean energy and raw materials, the 
implementation of advanced processes, technologies and 
equipment, improvement of management and comprehensive 

utilization of resources to reduce pollution at source, enhance 

the rates of resource utilization efficiency, reduce or avoid 

pollution generation and discharge in the course of production, 

provision of services and product use, so as to decrease harm to 
the health of human beings and the environment. 

This Article applies directly to designing wastewater treatment 
schemes that capture embodied energy (i.e., utilization of clean 
energy) and that put treated effluent and sludge to productive 
end uses (i.e., comprehensive utilization of resources, reduction 
of pollution discharge.) 
  

Article 9.   The local people's governments at or above county 
level shall formulate plans rationally for regional economic 
blueprints and readjust industrial structures to enhance 
adherence to a recycling economy and promote active 

enterprise cooperation in the comprehensive utilization of 

resources and waste products, thus ensuring high-efficiency 

utilization and recycling of resources. 

Successful application of DFS demands the cooperation and 
interaction among multiple stakeholders; this Article provides a 
legal mandate for such relationships. 

Article 12.   The nation shall implement a time-limited system 

for the elimination of obsolete or obsolescent production 

technologies, processes, equipment and products gravely 

hazardous to environments and wasteful of resources. The 
relevant departments for economic and trade under the State 
Council shall issue a directory of production technologies, 
processes and equipment and products to be eliminated within 
the time limit, jointly with other relevant administrative 
departments in the State Council. 

It can be argued that wastewater treatment schemes that do not 
capture and utilize biogas  (particularly if anaerobic 
technologies are employed and methane is released without 
flaring,) are obsolete and wasteful of resources.  A similar 
argument can be made for the failure to effluent, embodied 
nutrients, and sludge productively. 

Article 16.   Governments at all levels shall give priority to 

purchase products conducive to energy and water 

conservation, waste reuse, environmental protection and 

resource conservation. 

This Article applies directly to the selection of wastewater 
treatment technologies and investment in infrastructure to 
handle wastewater and byproducts as resources. 

Article 18.   New construction, construction renovation and 
expansion projects shall conduct environmental impact 
assessments with respect to analysis and assessment of use of 
raw materials, resource consumption, comprehensive utilization 
of resources, as well as generation of pollutants and their 
treatment; shall accord priority to adopting cleaner production 

technologies, processes and equipment, which maximize the 

resource utilization rate and generate few pollutants. 

New wastewater treatment plants are by definition construction 
projects and this Article thereby requires that they prioritize the 
use of treatment technologies (i.e., processes and equipment) 
that maximize the extent to which embodied resources are 
utilized.   

Article 24.   Construction projects shall adopt the design 
options, construction and decoration materials, construction 
structures, fixtures and equipment resulting in energy and 

water conservation and other environmentally-friendly and 

resource-conserving construction planning options. 

Similar to Article 18, this Article is a legal mandate, directly 
applicable to wastewater treatment plants, requiring that they be 
designed and operated to conserve energy (e.g., anaerobic 
systems, biogas capture), and water (e.g., reuse). 

Article 32.  The Nation establishes a system of commendation 
and reward for cleaner production. The people's governments 
shall give commendations and rewards to those units and 
individuals that have made conspicuous achievements in the 
work of realizing cleaner production. 

This Article provides a monetary incentive for stakeholders in 
the sanitation sector to adopt the Clean Production Law in the 
planning and operation of wastewater treatment plants. 
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Despite the mandates of the CPPL, an inventory of the wastewater treatment technologies 

currently employed in Chengdu (and planned for future facilities), and interviews with five 

relevant stakeholders, suggests that technology selection for wastewater treatment plants in 

Chengdu is not influenced by energy intensity. Aerobic treatment processes are the predominant 

choice among all of the plants; conventional activated sludge schemes are employed by the four 

large scale plants in Chengdu, and smaller plants use sequencing batch reactors (SBRs), a more 

compact version of activated sludge. As was shown with the application of the B2C SA to 

WWTP #2, the energy intensity of wastewater treatment per person equivalent is an enormous 

50% of the average per capita household electricity use in Chengdu (Chapter 3, Table 3.3). 

Related to the CPPL is the Renewable Energy Law which calls for 15% of all China’s energy to 

come from renewable sources by 2020. It was adopted in 2005, and the same year China also 

committed to increase electricity prices to reflect the full costs of production, and to encourage 

energy efficiency.  The Chengdu Ministry of Construction is responsible for implementing energy 

efficiency standards in the Municipality.   According to the Vice Director, WWTPs are not within 

the purview of the CPPL nor is wastewater or sludge being leveraged to help achieve renewable 

energy goals.  The Vice Director explained that energy efficiency standards only apply to 

industry and construction, and had nothing to do with wastewater treatment [269].  The manager 

of the company that owns and operates four WWTPs in the urban core of Chengdu  also said 

there was no existing policy incentive for pursuing biogas recovery [270].  When pressed about 

the CPPL he explained that the policy was too vague; not even Article 32 that establishes a 

reward system for governments that successfully implement practices in-line with the CPPL was 

enough of an incentive (Table 9. 1).  Evidence from Chengdu with respect to interpretation and 

implementation of the CPPL and Renewable Energy Law, suggests that the general language of 
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these laws has served to narrow their applicability rather than broaden it.  The absence of explicit 

language related to wastewater serves as the justification for local bureaucrats to exclude the 

sector from energy efficiency standards and pursuits.  

According to interviewees, the capital costs associated with energy recovery at WWTPs are 

largely to blame for the deliberate local-level exclusion of the sanitation sector from obligations 

of the CPPL. Two individuals, the manager of a peri-urban wastewater treatment plant and a 

planner from the Southwest Planning Bureau in Chengdu, explained that the capital costs for 

biogas collection, including the equipment for H2S removal, were too high [271, 272].  Exposing 

the short-term bias in decision making among stakeholders in Chengdu, the planner went on to 

say that she knew biogas collection would result in savings in the long-run but none the less, 

biogas collection was vetoed after consideration for WWTPs #1 and #2 [272]. WWTP #1 has 

anaerobic sludge digestors for half of the sludge generated; however, the biogas is flared to the 

atmosphere.  The manager said the high capital costs of the equipment needed for collection and 

use were the reason for its release.  He also noted that Sichuan is rich in natural gas which he said 

was a more reliable fuel source than what can be generated at the WWTP  [270].   

The finding that short-term capital costs are a key barrier to the proliferation of energy recovery 

at treatment plants is rather surprising. The planner who is cited above acknowledged that energy 

recovery would accrue long-term cost savings.  In fact, if WWTP #2 were equipped to recover the 

embodied energy quantified in the B2C SA results in Chapter 3 (see B2C #5, Table 3. 3) the 

payback time for the capital equipment would be approximately 8 months5.  Furthermore, biogas 

generation and capture is not a nascent concept in China – solid waste and biomass residuals are 

                                                      
5 Assuming installation of a 1200 kW boiler and turbine at a cost of $400/kW; assumes a conversion 

efficiency of the boiler to electricity of 29% or 12.5 MJ/kWh  [67. Xu, Y., technology developer, email 

response to A. Murray., Question re boiler cost. Aug 20, 2008: Asia Clean Capital, Beijing, China. 
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widely exploited for methane production.  There are 1600 industrial plants using biomass for fuel 

and 50 cities – including Chengdu – operate waste-to-energy plants; the target is to process 30% 

of municipal waste into energy by 2030 [273].   

Moving on to an important follow-up policy to the CPPL, the Circular Economy Promotion Law 

(CEPL) of the People’s Republic of China, was recently passed in August 2008 and took effect in 

January 2009.  Its purpose is to promote the development of the circular economy, improve 

resource utilization efficiency, protect and improve the environment, and realize sustainable 

development [274].  The term “circular economy” is defined by the law as reduction, reuse, and 

recycling in the processes of production, circulation and consumption [274].  The law specifically 

encourages water recycling, and deems that tap water should be restricted or forbidden for uses 

such as urban road cleaning, planting and landscape [274].  Fulfilling this ultimatum would 

theoretically demand that WWTPs be designed for reuse in order to provide effluent for the 

aforementioned uses. With respect to incentive measures, the CEPL requires the People’s 

Governments of provinces, autonomous regions and municipalities directly under the Central 

Government to set up funds to support research, development, and demonstration of the circular 

economy [274].   

Thus far the CEPL has not been crafted to specifically influence or shape the sanitation sector.  

Application of the CEPL has been limited to industries, and six in particular that were designated 

by the National Development and Reform Commission as demonstration sectors, the: chemical 

industry, light industry (e.g., pulp and paper, brewery,) metallurgy sector, petrochemical sector, 

shipbuilding sector and textile sector. However, the CPPL and CEPL both set a precedent for 

energy efficiency and the strategic reuse and recycling of materials in China. Wastewater and 

sludge inherently contain embodied energy, and the technologies exist to harness it in a cost-
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effective and efficient manner.  For example, installing anaerobic digestors at WWTP #2 in 

Chengdu would pay for itself in eight months as discussed above. Similary, as landfilling sludge 

is becoming logistically and legally infeasible in China, the results of the LCA in Chapter 8 

clearly demonstrated the environmental and economic benefits of land application and use in 

cement kilns in comparison to building incinerators.  Arguably, the laws should be leveraged to 

hold the wastewater treatment industry accountable to these standards of clean and efficient 

development.  Given the relative infancy of the sector, the Chinese government is encouraged to 

enforce these specifications as treatment plants are being build – a more cost-effective approach 

that retrofitting facilities in the future.  Furthermore, the Chinese government is encouraged to 

recognize the sanitation sector as “low hanging fruit” in achieving their renewable energy goals, 

and in developing their circular economy.  That is to say, wastewater and sludge are abundant 

sources of usable energy that must be collected and treated regardless of whether the energy is 

captured; wastewater treatment plants will be built regardless of whether the infrastructure is 

amenable to energy capture.  Therefore, capturing embodied energy in wastewater and sludge is a 

means of simultaneously achieving renewable energy generation and sanitation objectives and of 

streamlining infrastructure investments. 

Perhaps one reason for the national-level lag in explicitly holding the wastewater treatment 

industry accountable to these standards is that like the clean production and circular economy 

laws, the wastewater treatment sector is a response to environmental pollution – it is not seen as 

part of the cause.  Thus, the expansion of wastewater treatment has run parallel to, rather than 

intersecting with, the ends of clean production and the circular economy; there is a clear need to 

improve the horizontal coordination between these initiatives.  Indeed, the rapid expansion of 

wastewater treatment capacity in urban areas across the country – as driven by China’s 11th Fiver-

Year Plan described below – is to the great benefit of environmental and public health.  On the 
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other hand, it should not be ignored that many technologies used in China’s WWTPs are energy 

intensive, and draw their electricity from the same coal-fired power plants as other Chinese 

industries; discharge effluent that is a classifiable pollutant according to China’s assimilation-

capacity-based water quality standards; and in sum, generated more than 5.5 million dry tons 

sludge in 2006, much of which was disposed as waste in landfills6.  

China’s 11
th

 Five-Year Plan 

Five-year plans are economic development initiatives, and a hallmark of centrally planned 

economies.  In China, the plan is drafted by the Central Committee of the communist party and 

sets the tone for economic, environmental, and social endeavors in five year increments.  China’s 

11th Five-Year Plan (2006-2010) sets ambitious targets for expansion of wastewater treatment 

infrastructure.  According to the plan, at least 50% of wastewater generated in urban areas (this 

includes 667 cities) must be treated by 2010.  Goals are increasingly ambitious for cities of higher 

status: prefecture and county-level cities must treat at least 60%, and  provincial capitals must 

treat 70% of their wastewater by 2010 [17].   

Expansion of wastewater treatment in Chengdu is driven almost entirely by the national-level 

goals for urban wastewater treatment set in the 11th Five-Year Plan.  As a provincial capital, 

Chengdu is obligated to treat 70% of its wastewater by 2010, and progress towards this goal is 

measured strictly on the basis of the total design capacity of the treatment plants.  It is the total 

capacity that is published in official statistics (e.g., The Chengdu Environmental Yearbook 2001-

2005) despite the actual treatment capacity being considerably lower due to an insufficient sewer 

network (Table 9. 2).  Depending upon how the numbers are conveyed or interpreted, the urban 

                                                      
6 In 2006, 63% of sludge among approximately 110 documented WWTPs was landfilled; 14% of sludge 
was composted and applied to land 275. Zhou, J., Zhang, H., Wang, J.W., Gan, Y.P., Wang, H.C., 
Biosolids Management and Legislation in China. 2006, Beijing Drainage Group CO., Ltd.: Beijing. p. 11. 
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core has a treatment capacity that exceeds their estimated municipal wastewater production, the 

actual treatment at the plants would serve about 75% of municipal wastewater production, but 

when the volume of industrial wastewater that is received by the plants is accounted for, the 

remaining wastewater treatment at the plants only serves about 10% of the generated municipal 

wastewater (Table 9. 2).  In fact, getting treatment plants built was being incentivized in parts of 

China with financial rewards from provincial governments to cities that implemented facilities 

before the end of 2008.  Cities were eligible for 100,000 RMB (~$13,000) for every 10,000 m3/d 

increase in treatment capacity and 200,000 RMB (~$26,000) for every kilometer of sewer pipes 

built before the end of the 11th Five-Year Plan in 2010 [276]. 

Table 9. 2.  Design versus actual treatment capacity at four wastewater  
treatment plants in urban core of Chengdu. Data as of 2007.  The estimated  
volume of domestic wastewater is 920,000 m3/d. 
WWTP Design 

Capacity (m3/d) 
Actual 
Treatment 
(m3/d) 

Estimated Fraction 
Industrial 
Wastewater 

1 400,000 426,000 0.40 

2 300,000 150,000 0.55 

3 150,000 73,000 0.40 

4 150,000 58,000 0.55 

 

While expansion of wastewater treatment is greatly needed, and long overdue in China, the rather 

sudden race to build facilities leaves little room for intelligent planning or for strategic integration 

of wastewater treatment schemes into the broader water resources management and urban 

planning contexts.  According to Chengdu’s official plans, the exponential expansion of 

wastewater treatment capacity in the urban core and throughout the Municipality is expected to 

persist through the year 2020 (Figure 9. 1).  In many ways the attitude towards wastewater 

treatment is reminiscent of the “development first, environment later” strategy that drove China’s 

decision-making patterns from the 1980s through the late 1990s [277].  The parallel scenario 

playing out in the wastewater treatment sector is that of getting large-scale centralized 
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infrastructure in place first, and considering reuse, on-site energy recovery, and other 

environmental and economic efficiency strategies later. In essence, Chinese cities are trying to 

catch up with the enormous demand that rapid rates of urbanization and industrialization have 

imposed.  

 
Figure 9. 1.  Exponential growth characterizes the planned expansion of wastewater treatment  
capacity in the Chengdu urban core and Municipality through 2020. 

 

An important objective of the 11th Five-Year Plan that is supportive of the DFS approach is a 

specific goal to increase the reuse of wastewater. In 2006, the rate of reuse in China was less than 

3%, or the equivalent of 961 Mm3 out of the 36.3 Bm3 of wastewater produced in urban areas 

[278].  The reuse target for northern China is 1,825 Mm3 per year for the purposes of irrigation, 

street cleaning, toilet-flushing, and industry [278].  The specific emphasis on increasing reuse in 

the north as opposed to nationwide, as water shortage is dramatically worse in the north than the 

south, speaks to the singular association in China between water reuse and water scarcity.  That 

is, wastewater reuse is not formally recognized as a means of environmental protection, or as a 

component of a grander notion of sustainability such as a circular economy. 
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National-level water policy 

There are two laws passed by the National People’s Congress that serve to govern water 

resources and management in China.  One is the People’s Republic of China Water Pollution 

Prevention and Control Law (PRC WPPCL), enacted in 1984 and amended in 1996. The primary 

objective of the PRC WPPCL is to prevent and control water pollution, protect and improve the 

environment, and safeguard human health, while ensuring effective utilization of water resources 

[279].  The Law gives a mandate to the environmental protection department under the State 

Council to set national water quality standards. In its entirety, the PRC WPPCL consists of 62 

Articles; those that are particularly relevant to reuse-oriented sanitation and the application of 

DFS are reproduced in  

Table 9. 3. The second law is the People's Republic of China Water Law (PRC WL), enacted in 

1988 and amended in 2002.  The PRC WL has a similar objective to the PRC WPPCL:  to 

rationally develop, utilize, conserve, and protect water resources, prevent and control water 

disasters, and bring about sustainable utilization of water resources, while meeting the needs of 

national economic and social development [280]. The 2002 revisions to the PRC WL came on the 

heels of China’s adoption of Agenda 21 in 1994 which declared, 

China will reform the existing management system for water resources, pass new legislation and establish 

economic systems to promote integrated planning and management and to maximize development and 

protection of water resources for industry, urban development, hydro power generation, inland fisheries, 

transport, entertainment and maintenance of ecological balance, [281]. 

Indeed, the revisions represent the first Chinese policy to recognize the economic value of water, 

to recognize the environment as a legitimate water user, and to embrace the integrated water 

resources management (IWRM) concept [264, 282].  The PRC WL includes 82 Articles and those 

most relevant to wastewater reuse are presented in Table 9. 4. 
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Table 9. 3.  Selection of Articles within the Law of the People’s Republic of China on Prevention and 
Control of Water Pollution (PRC WPPCL), their impact on applying DFS (and reuse-oriented sanitation 
more generally), and a brief interpretation of how each Article relates to DFS.  (Italics added for emphasis.) 
Article Impact on 

DFS 
Interpretation of Relationship to DFS 

Article 7. The people's governments of 
provinces, autonomous regions and 
municipalities directly under the Central 
Government may establish their own local 
standards for the items that are not specified in 
the national standards for discharge of water 
pollutants. With regard to the items that are 

already specified in the national standards for 

discharge of water pollutants, they may establish 

more stringent local standards than the national 

standards. 

Barrier 

This Article could be interpreted to mean that 
effluent standards established by the Discharge 
Standard of Pollutants for Municipal Wastewater 
Treatment Plants (GB 18918-2002) may not be 
relaxed.  The standard is universal and does not 
facilitate the matching of wastewater effluent 
quality with a particular end use. 
 

Article 8. The environmental protection 
department under the State Council and the 
people's governments of provinces, autonomous 
regions and municipalities directly under the 
Central Government shall, in line with the 
requirements of prevention and control of water 
pollution and the country's economic and 
technological conditions, amend in due time 

their standards for water environment quality 

and for discharge of water pollutants. 

Enabler 

This Article provides the option to formally 
amend water quality standards if they are deemed 
inappropriate.  This option can be interpreted to 
apply to effluent standards for wastewater 
treatment plants.  

Article 10. To prevent and control water 
pollution, it is necessary to make unified plans 

on the basis of river basins or regions. Plans for 

preventing and controlling water pollution of 

basins of major rivers, designated as such by the 
State, shall be formulated by the environmental 
protection department under the State Council, 
together with the competent department of 
planning, water conservancy administration 
department and other departments concerned as 
well as the people's governments of relevant 
provinces, autonomous regions and 
municipalities directly under the Central 
Government, and shall be submitted to the State 
Council for approval. 

Enabler 

This Article formally recognizes the need for a 
holistic and waytershed-specific approach to 
water management.  DFS is a planning tool that 
can facilitate this end. 

Article 16. Total Water Pollutant Discharge 
Amount Control Policy (TWPDAC Policy). 
With regard to water bodies where the standards 

for water environment quality established by the 

State still cannot be attained although the 

discharge of water pollutants has conformed to 

the discharge standards, the people's 

governments at or above the provincial level 

may institute a system for control of the total 

discharge of major pollutants, and a system for 
making an estimate before deciding on the 
quantity of major pollutants to be discharged by 
an enterprise that is charged with the task of 
reducing its discharge. Specific measures shall 

Enabler 

This Article provides the legal option of 
enforcing stricter effluent standards for  
discharge into sensitive environments.  It could 
serve to incentivize reuse. 
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be formulated by the State Councila. 

Article 19 Urban sewage shall be centrally 
treated.                                                      
Relevant departments under the State Council 
and the local people's governments at various 
levels must incorporate protection of urban water 
sources and prevention and control of urban 
water pollution in their respective plans for 
urban construction, construct and improve 
networks of urban drainage pipelines, construct 
facilities for central treatment of urban sewage 
according to plans, and improve all-round 
treatment and control of urban water 
environment.  

Barrier 

This Article represents a one-size-fits-all 
philosophy with respect to the planning and 
design of sanitation infrastructure.  The premise 
of DFS is that the scale and degree centralization 
or decentralization of WWTPs should be specific 
to the local context; the full economic and 
environmental benefits of reuse may not be 
captured with a fully centralized system. 

Article 20 The people's governments at or above 
the provincial level may delineate surface 

sources protection zones for domestic and 

drinking water according to law. Such 
protection zones shall be divided into first-grade 
protection zones and protection zones of other 
grades. 
 
It is forbidden to discharge sewage into water 

bodies within the first-grade surface sources 

protection zones for domestic and drinking 

water. 

Enabler 

This Article may be used to incentivize or force 
alternative end use options for wastewater 
effluent if the surface water that it would 
otherwise be discharged to is considered a first-
grade protection zone. 

Article 27 No sewage outlet may be built in the 
protection zones for domestic and drinking water 
sources, for water bodies at scenic or historic 
sites, for important fishery water bodies and for 
other water bodies of special economic and 
cultural value. 

Enabler 

This Article is complementary to Article 20 and 
may be another legal mechanism for 
incentivizing or forcing alternative end uses for 
effluent from WWTPs that are located in or near 
drinking watersheds.  

Article 37 Where industrial wastewater or urban 
sewage are discharged into farmland irrigation 
channels, attention shall be paid to ensuring that 

the water quality at the nearest irrigation intake 

downstream conforms to the standards for the 

farmland irrigation water quality. 

Enabler 

This Article stipulates that wastewater 
discharged into irrigation canals need only meet 
irrigation water quality standards, not necessarily 
the standards for WWTPs (see interpretation for 
Article 7) or specific industries. 

a TWPDAC can be classified into two types: objective-oriented and capacity-oriented. Objective-oriented TWPDAC is 
the most common and is determined at the National level based on coordination of economic development and 
environmental protection priorities. The Capacity-oriented TWPDAC target is scientifically determined on the basis of 
the assimilation capacity of the receiving water [283].  
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Table 9. 4.  Selection of Articles within the Water Law of the People's Republic of China (PRC WL) and 
their impact on applying DFS (and reuse-oriented sanitation more generally), and a brief interpretation of 
how each Article relates to DFS.  (Italics added for emphasis.) 
Article Impact on 

DFS 
Interpretation of Relationship to DFS  

Article 4.  In developing, utilizing, conserving 
and protecting water resources and preventing and 
controlling water disasters, emphasis shall be 
placed on overall planning and all-round 
consideration, on both the root cause and 
symptoms, and on multipurpose use, efficiency, 

and the multiple function of water resources, and 

attention shall be paid to coordinated use of water 

in people's daily lives, in production and 

operation and in ecological environment.  

Enabler 

This Article implicitly embraces wastewater reuse 
with the emphasis on “multipurpose use” of water. 
Further, DFS can serve as a tool towards 
facilitating the coordination of water use among 
different sectors and users as specified by this 
Article.  

Article 5.  People's governments at or above the 
county level shall pay special attention to 
construction of water conservancy infrastructures, 
and incorporate it into their plans of national 
economic and social development.  

Enabler 

Reuse and the necessary infrastructure to do so can 
be interpreted as a form of the water conservancy 
infrastructure promoted in this Article. 

Article 8.  The State encourages strict economy 
on the use of water, greatly promotes water-
conserving measures, spreads the use of new 
technologies and techniques for water-conserving, 
develops water-conserving industries, agriculture 
and services, and builds a water-conserving 
community.                   People's governments at 
all levels shall adopt measures to improve 
management of water conservation, establish a 

system for developing and promoting the use of 

water-conserving technologies, and foster and 
develop water-conserving industries.  

Enabler 

This Article is an explicit call for tools, such as 
DFS, that serve to facilitate the planning and 
operationalization of water conservation (e.g., 
reuse.) 

Article 10.  The State encourages and supports 
research, extension and application of advanced 
science and technology in development, 
utilization, conservation, protection and 
management of water resources, and in prevention 
and control of water disasters.  

Enabler 

This Article exhorts a willingness and interest in 
innovative approaches to water conservation (e.g., 
reuse) and protection (e.g., diversion of treated 
effluent from surface waters to alternative end 
users.) 

Article 21. In developing and utilizing water 
resources, attention shall first be paid to satisfying 
the urban inhabitants' need of water in their daily 
lives, while taking into consideration the need of 
water in agriculture, industry and ecological 
environment, and the need of navigation, etc.                                                     
In developing and utilizing water resources in arid 
and semi-arid areas, full consideration shall be 

given to the need of water in ecological 

environment.  

Enabler 

By explicitly acknowledging aquatic ecosystems 
as important water users, this Article can be used 
to incentivize reuse as a means of minimizing 
surface water withdrawals.  

Article 23. Local people's governments at all 
levels shall make rational arrangements for 

development and multipurpose use of water 

resources in light of the actual conditions of the 
local water resources on the principle of unified 

Enabler 

This Article formally promotes wastewater reuse 
as an important component of water management. 
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control over development of surface water and 
groundwater, combination of the tapping of new 
resources with water conservation, giving priority 
to water conservation, and recycling sewage 

water.  

Article 51. For use of water in industry, advanced 
technology, techniques and equipment shall be 
applied to increase the frequency of the use of 

circulated water and the ratio of the use of 

recycled water.  

Enabler 

This Article explicitly requires an increase in 
wastewater reuse within the industrial sector.  

Article 52. Urban people's governments shall take 
effective measures, as are suited to local 
conditions, to promote the use of water-
conserving household utensils, lower the leakage 
rate of the urban water supply network and 
increase the efficiency of domestic water use; they 
shall pay attention to centralized treatment of 
sewage water in cities and encourage the use of 

recycled water, in order to increase the utilization 

ratio of recycled sewage water.  

Enabler 

This Article is complementary to Article 51, 
explicitly promoting an increase in domestic 
wastewater reuse in urban areas. 

 

It can be gathered from the Articles presented in Table 9. 3 and Table 9. 4 that the PRC WL and 

WPPCL serve complementary purposes. The PRC WPPCL provides guidelines for governing 

water pollution, specifically with respect to water quality standards and the roles of different 

stakeholders. The PRC WL is more philosophical, and serves as a framework for an integrated 

approach to water resources management that meets both the economic and environmental 

objectives of the country.  Among the Articles in each of the laws, two stand out as being 

potential barriers to a reuse-oriented approach to planning and designing sanitation infrastructure 

in China.   

Article 7 in the PRC WPPCL makes it illegal to relax water quality standards that were set by the 

national government, and this of course applies to the Discharge Standard of Pollutants for 

Municipal Wastewater Treatment Plants (GB 18918-2002) (Table 9. 3). Newly built wastewater 

treatment plants must meet the highest water quality standard, Class 1A (Table 9. 5), which is 

much higher than the water quality standards for irrigation among other potential wastewater 

reuses (Table 5. 2 to Table 5. 6) [278]. The legal ability to match the wastewater effluent quality 
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to that necessary for its potential end use has important implications for incentivizing reuse, and 

particularly for incorporating it at the outset of the planning process.  Flexible water quality 

standards have potential to decrease the capital and O&M costs associated with wastewater 

treatment plants by lessening the treatment requirements.  Furthermore, depending on the end use, 

the social or environmental benefits may be greater from wastewater that receives less treatment.  

For example, it is desirable to maintain a high nutrient content in effluent that is used for 

agricultural irrigation to offset the need for chemical fertilizers. Article 7 is not in active 

opposition to wastewater reuse; however, it prevents stakeholders from capturing some of the 

potential benefits of wastewater reuse, thus decreasing its comparative advantage to the design for 

disposal paradigm. Article 8 on the other hand, is a provision for changing water quality 

standards “in due time” if they prove inappropriate for the economic or environmental context.  

Article 37 might also be used as a legal argument for recalibrating effluent standards from 

wastewater treatment plants as it states that water sewage and industrial wastewater discharged 

into the canals need only meet standards for irrigation (Table 9. 3).  

Table 9. 5. National water quality standards in the People’s Republic  
of China for municipal wastewater effluent. 
Parameter Municipal Effluent Discharge 
mg/L  Class 1A Class 1B Class 2 Class 3 

BOD 10 20 30 60 

COD 50 60 100 120 

SS 10 20 30 60 

Total N 15 20 - - 

NH4 (built before 12/05) 8 15 30 - 

NH4 (built after 12/05) 5 8 25 - 

Total P (built before 12/05) 1 1.5 3 5 

Total P (built after 12/05) 0.5 1 3 5 

 

In practice, officials in Chengdu are enforcing the letter of the law with respect to Article 7 in the 

WPPCL.  Respondents at both of the private companies represented in interviews had policy-
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related remarks regarding wastewater reuse.  The manager of a Chengdu-based environmental 

consulting firm that designs and builds wastewater treatment plants felt that Chinese policies 

actively prevented them from designing plants for reuse.  In particular, he referenced the effluent 

standards set by the national government and felt there should be local-level autonomy for setting 

effluent standards that were suited to different end uses [284].  

Article 19 within the WPPCL is the second regulation that potentially hinders the application of 

DFS and which is in stark opposition to the tailored approach to sanitation that DFS promotes.  

The Article stipulates that urban sewage shall be centrally treated (Table 9. 3).  Conversely, the 

premise of the DFS approach is that the scale and location of the treatment facility should be 

determined based not only on the location of the polluters (e.g., households,) but also the end 

user.  Article 19 essentially indoctrinates a one-size-fits-all approach to sanitation planning. 

While there exist some legal disincentives to applying DFS within China’s national water policy 

framework, no legislation was identified that explicitly prevents its application. And in fact, 14 

Articles within the two key water laws could be leveraged to promote a more widespread shift 

towards wastewater reuse, and to that end, the application of DFS. For example, Articles 20 and 

27 of the PRC WPPCL are related to the designation of protected zones within drinking 

watersheds, giving a mandate to local EPBs to specify these zones, and prohibiting the discharge 

of sewage within them (Table 9. 3).  The Chengdu EPB has acted on designating these zones.  In 

1992, the Chengdu and Pixian EPBs signed a contract designating Pixian as a Surface Water 

Protection Zone [285]. The basis for the agreement is the fact that all of the surface water that 

ultimately serves as Chengdu’s drinking water, flows first through Pixian.  The contract requires 

that a certain depth be maintained in the rivers, restricts construction within a specified distance 

from the river banks, bans heavy-polluting industries, and bans the discharge of wastewater  into 
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zones designated for the highest level of protection [285].  It is in the best interest of the urban 

core of Chengdu for Pixian to recycle its wastewater for productive end uses such as irrigation, 

industry, or urban landscape, thus preserving surface water quality and quantity.  Arguably, the 

Chengdu EPB can use their contractual agreement with Pixian to hold the district accountable to 

such a reuse standard.   

The PRC WL is replete with references to water conservation, “multipurpose” water use, and 

sewage recycling.  Articles 4, 21, 23, 51, and 52 all promote an ethic of wise water use, 

consideration of the needs of all users (including the environment), and conservation – including 

reuse at the household-level (e.g., toilet flushing) and by industries (Table 9. 4).  These notions 

were echoed by some officials in Chengdu: the former director of the Chengdu EPB, for example, 

stated that, “wastewater reuse has a very bright future, especially for domestic purposes such as 

toilet flushing and landscape irrigation,” [286].  The Vice Director of the Chengdu Water Bureau, 

though he was worried about the feasibility of building up the necessary pipe infrastructure, 

stated, “reuse should definitely be considered because the local rivers have no remediation 

capacity,” [287].   

Article 5 of the PRC WL explicitly encourages the construction of conservation infrastructure; 

this can be interpreted to include infrastructure for reuse, such as additional plumbing for dual 

reticulation, or conveyance systems for reuse in agriculture (Table 9. 4).  To help achieve the 

objectives of the PRC WL, Articles 8 and 10 within it seek to improve the science of planning 

and decision making in the water sector by encouraging research towards, and adoption of, 

techniques and technologies that can improve water conservation and water management (Table 

9. 4Table 9. 4).  This language can certainly be interpreted to invite a planning process like DFS 

in order to achieve integrated and reuse-oriented sanitation schemes. 
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Results of interviews in Chengdu, however, suggest that it may not be a smooth path to 

implementing wastewater reuse.  In Chengdu, wastewater reuse was a topic that came up in 

interviews with 14 key informants, 11 of who cited concerns with, or barriers to, the practice.  

Concerns with respect to reuse fell into four categories: safety, cost, feasibility, and policy (Table 

9. 4).  One quarter of the total opinions expressed about reuse were favorable; three of the 14 

interviewees had fully positive opinions of reuse, and two other interviewees were somewhat in 

favor, despite concerns related to feasibility and public health.  

 The concerns about reuse among individuals in government agencies were distributed among 

several categories.  The public health threat of wastewater reuse was a common refrain among 

interviewees including those at the Chengdu Water Bureau, Chengdu Planning Bureau, Pixian 

Planning Bureau, and Pixian Environmental Sanitation Bureau [288-291].  Like with energy 

recovery, cost was seen as another key barrier to reuse, both with respect to infrastructure and 

conveyance.  Two  interviewees said the cost of pipes for carrying treated wastewater for reuse 

would be prohibitive (e.g., for dual reticulation, distribution to agricultural fields,) and one cited 

the high pumping costs to return effluent to potential end users [288-290].  Expanding the pipe 

network was also implicated as a technical barrier by two government agents [287, 292].  

The manager of the quasi-private company that spun-off from the Chengdu government and owns 

and operates four WWTPs in Chengdu, said that wastewater reuse will not be seriously 

considered or implemented without a government mandate to do so [293].  As with energy 

efficiency, when pressed about policies such as the CEPL or PRC WL, he replied that they were 

all too general.  The manager of a local engineering firm expressed concern that designing for 

reuse added to the already very complicated process of planning and designing a wastewater 

treatment plant [284].   
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 The perceived public health risk of reusing wastewater effluent was the most common 

apprehension among all interviewees, accounting for seven out of 18 negative responses (Table 9. 

6).  Concerns that public health risks could not be adequately managed were even raised among 

interviewees at research institutes; in fact, respondents at research institutes had the fewest 

favorable opinions of reuse of the key informants interviewed (Table 9. 6).  For example, a 

researcher at the Chinese Academy of Science and Technology in Chengdu raised the point that 

China has strict irrigation standards, and since there are constituents in wastewater that are 

difficult to remove, people do not like to use it for irrigation [294].  The interviewee was speaking 

on behalf of an office that plays an active role in water and wastewater planning in Chengdu 

including monitoring, incorporation of science into planning, treatment plant planning, and to a 

lesser extent, the engineering design of treatment plants [294].   

 

Table 9. 6.  Distribution of opinions regarding wastewater reuse among different stakeholder types in  
Chengdu, China. Data are based on 14 semi-structured stakeholder interviews in Chengdu during  
the summer 2006 and winter/spring 2007; total concerns are greater than individuals interviewed  
due to multiple responses among some interviewees.   
Opinion Government 

Agency (n=7) 
Research Institute/ 
University 
(n=4) 

Company (private & 
quasi-private) 
(n=3) 

TOTAL 

Public Health Risk 4 2 1 7 

High Cost  3 1 1 5 

Feasibility Challenge 2  1 3 

Policy Barrier  1 2 3 

Total Negative  18 

In Favor 3 1 2 6 

 

National-level biosolids policy 

There is a long legacy of reusing sewage sludge in agriculture in China, but until recently, its 

regulation has been quite limited.  The Control Standard for Pollutants in Biosolids for 

Agricultural Use (GB 4284-84), enacted in 1984, stipulates the quantity and quality of biosolids 
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that may be applied to agricultural land.  However, it was not until 2002 that specific sludge 

treatment and disposal standards were enacted for WWTPs.  The Discharge Standard of 

Pollutants for Municipal Wastewater Treatment Plants (GB 18918-2002), now requires sludge to 

be stabilized and dewatered by WWTPs prior to disposal or use.  In response to the dramatic 

increase in sludge production in recent years, the Ministry of Construction is drafting a series of 

standards related to the treatment, disposal and/or productive use of biosolids [275].  One 

promising piece of legislation with respect to promoting reuse is the standard for the Disposal of 

Biosolids from Municipal Wastewater Treatment Plants:  Biosolids Quality for Mixed Landfills, 

which limits tipping of sludge to 5% of the  daily landfill capacity [275].  Ideally this policy 

would encourage the beneficial use of sludge, but it may ultimately give rise to an increase in 

sludge incineration and disposal of ash in landfills because of the tendency of domestic 

wastewater sludge in China to be contaminated with heavy metals from industrial sources.  

As described in Chapter 8, most WWTPs in Chengdu dewater their sludge to approximately 20% 

dry solids using a belt press and send it directly to the Longquan landfill east of the city.  Despite 

environmental and economic evidence favoring anaerobic digestion and end use in cement 

(Chapter 8) the government recently decided to construct a centralized sludge incineration facility 

in the south of Chengdu to replace landfill disposal.  The rationale given by officials from the 

Development and Reform Commission and EPB was that incineration was the easiest singular 

solution to sludge management.    

9.3 Chengdu Wastewater-Management Stakeholders: Common 
Behavior Leading to Common Outcomes of Street-Level Bureaucracies 

Despite a number of progressive sustainable development and water management policies in 

China that could all be interpreted as legal mandates for wastewater reuse (including capturing 

embodied energy and productive effluent and by-product end use) (Table 9. 1, Table 9. 3, Table 
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9. 4) none are proving very influential in the realm of wastewater management at the local level.  

Weak implementation of national-level environmental policies at the local level is a widely 

documented phenomenon in China, where environmental governance has been described as 

highly negotiable [266, 295-297].  It has been shown that local-level decision makers prioritize 

economic growth over other objectives since metrics of the former are largely what determine a 

bureaucrat’s future career success [298, 299].  This phenomenon of privileging economic growth 

over the environment may explain the poor enforcement of industrial wastewater treatment and 

discharge regulations in Chengdu, an enforcement gap that subsequently renders wastewater 

reuse less practical.  However, the more general reluctance of local decision makers to adopt a 

reuse-oriented sanitation philosophy in place of the current disposal-oriented solutions seems 

better attributed to the tendency of Chengdu bureaucrats to choose the “path of least resistance” 

with respect to policy interpretation and implementation.   

Michael Lipsky’s seminal work explaining how the common behaviors of street-level bureaucrats 

lead to the undermining of original policy intentions, provides a framework for understanding the 

gap between national water and environmental policies and their implementation in Chengdu, and 

for diagnosing the challenges associated with shifting to reuse-oriented wastewater management 

in Chinese cities.  Lipsky defines street-level bureaucrats as public service workers who have a 

high degree of discretion in conducting their work, and  who act with relative autonomy from 

organizational authority [265]. Lipsky’s central claim is that the nature of a street-level 

bureaucrat’s working conditions leads them to exercise discretion in executing their work that 

ultimately weakens the realization of original policy objectives.  To this end, street-level 

bureaucrats are not simply the policy implementers but policy makers [265].     
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The working conditions of public servants, be they police officers, teachers, or environmental 

enforcement officers, can almost universally be described as chronically under-resourced, and the 

expectations of these agents are often ambiguous or even conflicting [265].   Subsequently, 

Lipsky argues, front-line workers develop coping mechanisms that help them to narrow and 

specify their job objectives. One common coping mechanism is to implement policies for which 

there are sanctions if they are not realized, and to pay less attention to those policies for which 

there is not retribution.  Officials are exhibiting this discretionary behavior in Chengdu where 

they are aggressively expanding the total capacity of WWTPs throughout the Municipality in 

order to meet the 11th Five-Year Plan targets because failure to meet them would result in 

sanctions.  As of the implementation of the Environmental Quality Administrative Leadership 

Responsibility System in 1996, governors, city mayors, and township heads are now evaluated 

based on environmental performance in addition to longstanding economic indicators [295].  

Failing to meet environmental standards (like those explicitly stated in the Five-Year Plan,) for 

three years in a row disqualifies a leader for a promotion over the next five years. In addition, that 

leader and/or the city he is affiliated with becomes the subject of widespread negative reporting 

[295].   

Another common coping mechanism among street-level bureaucrats is routinization – rubber-

stamping or avoidance of decision making – as a way to manage limited resources [265].  In 

Chengdu, and with respect to wastewater management, this is perhaps the most common coping 

strategy and greatest barrier to transitioning to reuse-oriented approaches.  According to this 

theory, it is not surprising that Chengdu officials are implementing most closely those policies 

that ease their own burdens with respect to enforcement and monitoring. For example, they 

enforce the blanket wastewater effluent standard for all new WWTPs, as stipulated by Article 7 of 

the PRC WL, rather than taking advantage of provisions that would allow them to tailor the 
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effluent quality of individual plants to the requirements of the effluent’s end use (Table 9. 3).  By 

applying this inflexible effluent standard to all wastewater treatment plants, officials do not have 

to spend time and resources determining an appropriate standard for each individual facility. It 

also simplifies the task of monitoring these facilities once they are in operation.  Officials 

conserving resources by eliminating these more detail-oriented tasks which allows them to better 

ensure compliance with the larger and more explicit objective of expanding urban wastewater 

treatment capacity.  The decision to incinerate sludge, simply because it was “easier” than 

planning and negotiating its end use at a cement kiln, is another example of officials rationing 

time and the costs of obtaining information in order to arrive at a solution – if mediocre – sooner.  

Some of the cost concerns related to wastewater reuse that were expressed by officials implicitly 

reflect the routinization of the planning and design of wastewater treatment infrastructure.  That 

is, the voiced concerns assume that treatment plants will be centralized, and located downstream 

of users, where indeed the pipe and transportation costs would perhaps outweigh the benefits of 

reuse.  The prevalence of the downstream and centralized treatment approach in China, and the 

extent to which it limits the economic and practical feasibility of reuse, is recognized by scholars 

in the country [300].  A recent paper by Chinese researchers espouses the need to shift to 

Sustainable Urban Sewage System which they define as decentralized, and designed to optimize 

reuse with multiple small- to medium-scale “reclaimed water production plants” throughout the 

network [300].   It has been shown that there is a consistent diseconomy of scale with the 

increasing size of sewer pipe networks; as the number of connections increases, the length of pipe 

per connection increases, as does the need for pipes with a higher carrying capacity [301].  Thus, 

when designing reuse projects which often require additional distribution pipes, smaller scale 

systems, located in the proximity of end users, are likely to be more cost effective than large 

centralized alternatives. However, it should also be noted that while the pipe costs for reuse 
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schemes may be higher than the pipes costs for disposal-oriented schemes, the capital and O&M 

costs of the former may be lower.   

The pace of wastewater treatment expansion that local officials are held to all but demands that 

their planning and implementation is the prescriptive, cookie-cutter process that is unfolding 

across Chengdu.  To adopt DFS or another reuse-oriented planning process would exact time, 

resources and training that officials have no real incentive to commit to, and may even deem 

infeasible.    The enormous amount of capital that the government must raise to achieve their 

wastewater treatment coverage target may also help explain the sensitivity among local officials 

towards unnecessarily increasing the capital costs of treatment plants with the infrastructure for 

energy recovery or wastewater conveyance for reuse.   

The public health concerns related to reusing wastewater that were expressed by the interviewees 

are partially consistent with the reality in Chengdu, where industrial wastewater is regularly 

mixed with domestic wastewater.  Under these circumstances, it may be the case that agricultural 

reuse, specifically, would put farmers and consumers at risk.  However, only one respondent 

spoke explicitly of the problem of industrial wastewater, whereas the others expressed very 

general or seemingly less informed fears of reuse.  For example, one interviewee stated that, “we 

can’t use treated wastewater for street cleaning because when the water evaporates pathogens will 

become airborne,” [291].  However, as shown in Chapter 5, wastewater reuse is a global practice, 

and when done appropriately, does not pose any undue public health risks [302-304].  Thus, there 

appears to be a need for local capacity building with respect to access to information and 

knowledge exchange regarding wastewater reuse.  Chengdu-based research institutes and 

government agencies could benefit from international research collaborations and exposure to 

international case studies of successful reuse projects, respectively.  Inadequate access to 
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information, and lack of training and professional development, is in keeping with Lipsky’s 

theory on the persistent under-resourcing of street-level bureaucracies.  

Returning to policy, it is legally required that industries treat their own wastewater – the 

shortcoming is local-level enforcement [287, 300, 305].  If industries were to adequately operate 

the treatment facilities that they have already built, the quality of wastewater flowing to 

municipal wastewater treatment plants in Chengdu would improve, and it would become more 

feasible to render the effluent safe for reuse in irrigation with standard wastewater treatment 

technologies.  It may also be recalled that farmers in Pixian expressed overwhelmingly positive 

opinions of using treated wastewater for irrigation (Chapter 7).  The challenge of course, is 

battling the discretionary behavior of local officials that leads them to turn a blind eye to 

industrial pollution.  On the other hand, agricultural reuse is only one of several reuse options.  If 

the treated effluent does not meet standards for irrigation, it may meet standards for industrial or 

domestic reuses (see Table 5. 5 to Table 5. 8 for water quality for an array of non-agricultural 

reuses.)  Through the lens of Lipsky’s theory, it could also be that the interviewees used potential 

health risks and high costs associated with reuse as scapegoats in order to protect the routine 

approach to wastewater management that they have already mastered.   

9.4  Inception to Implementation: Protocol for Wastewater Treatment 
Plants in Chengdu 

In light of the case made above, that Chengdu officials tend to follow a path of least resistance 

with respect to wastewater management, or in other words, they aim to streamline the details in 

order to cope with the larger task of implementing some form of wastewater treatment, the goals 

of this section are two-fold.  My first objective is to characterize the existing step-wise process 

for designing and implementing WWTPs in the Chengdu Municipality, and then to compare the 

current practice with the roadmap that would be required to fully employ DFS.  Through this 
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process I seek to evaluate how much more “complicated” using DFS would be compared to the 

existing norms for taking a WWTP from inception to implementation.  

Table 9. 7 depicts the process as it exists in Chengdu for planning, constructing, and operating a 

wastewater treatment plant compared to the process I propose would be necessary in order to 

integrate DFS. According to the current process, the primary actors include the Chengdu Water, 

Planning and Design, Environmental Protection, Finance and Price Bureaus, the Southwest 

Planning and Design Institute, and Xin Rong Company, (Table 9. 7); Figure 9. 2 shows the 

hierarchical relationship among all of these actors. For treatment plants built outside of the urban 

core of Chengdu, the municipal-level bureaus still play a lead role in the planning and design, but 

also work in collaboration with their functional counterparts at the district/county level. As shown 

in Table 9. 7, integrating DFS largely entails maintaining the existing steps and adding nine key 

steps to the planning process; the construction and operation processes would remain largely 

unchanged. 

Table 9. 7.  Sequence of actions and associated actors in the planning, implementation and operation of 
wastewater treatment plants in Chengdu Municipality; comparison of existing protocol in column one, to 
the proposed protocol with the integration of DFS in column two.   
Description Using Existing 
Approach 

Description using DFS 
Approach 

Primary Actor(s) 
Existing 

Primary Actor(s) DFS 
 

Planning Phase 

Use current and projected 
population data to determine size 
and location of WWTPs 
throughout municipality (macro-
level planning) 

Use current and projected 
population data to approximate 

demand and distribution of need 
for urban wastewater treatment. 

 
Chengdu Water Bureau 
Development and Reform 
Commission  

 
Chengdu Water Bureau 
Development and Reform 
Commission 

no equivalent step 

Quantify sector-specific and 
spatial distribution of water 
consumption in and around 
regions with unmet wastewater 
treatment needs. 

 Chengdu Water Bureau, 
Chengdu Municipal 
Waterworks Company, 
Ltd. 

no equivalent step Assess economic, 
environmental, social impacts of 
water use by each sector.   

 

Chengdu EPB, 
Chengdu Environmental 
Protection Research 
Institute 

no equivalent step Prioritize sectors and locations 
for wastewater reuse based on 
performance/impact assessment, 

 

Chengdu Water Bureau  
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and ability and willingness to 
use treated wastewater. 

Confirm feasibility of size and 
site of WWTPs; preliminary 
designation of treatment 
technologies; assessment of 
sewer needs 

Determine size and site of 
WWTPs based on where 
wastewater is produced and 

where it will be reused. 

Chengdu Planning and 
Design Bureau in 
collaboration with county  
Planning Bureaus 

Chengdu Urban Planning 
Bureau in collaboration 
with county  Planning 
Bureaus 

no equivalent step Determine needs for sewer 
network and effluent 
conveyance. 

 

Chengdu Water Bureau, 
Chengdu Planning and 
Design Bureau 

Establish financing scheme Establish financing scheme Chengdu Municipal 
Financing Bureau in 
collaboration with county  
Finance Bureaus 

Chengdu Finance Bureau 
in collaboration with 
county  Finance Bureaus 

Conduct EIA; based on size and 
location, determine effluent 
quality and certify acceptability 
of location 

Conduct EIA; determine effluent 
quality based on end use, and 
certify acceptability of location. 

Chengdu EPB Chengdu EPB 

no equivalent step Approve reuse and provide 
license 

 

Sichuan EPB 

Approve land use and provide 
license 

Approve land use and provide 
license 

Land Resources Bureau Land Resources Bureau 

Determine budget and 
construction date for WWTP; 
develop price application with 
suggested user fee 

Determine budget and 
construction date for WWTP; 
develop price application with 
suggested user fee and end-user 

fee 

Chengdu Development and 
Planning Commission  

Chengdu Development and 
Planning Commission  

Open bidding for plant design Open bidding for plant design Chengdu Construction 
Bureau 

Chengdu Construction 
Bureau 

no equivalent step Evaluate economic and 
environmental lifecycle costs of 
treatment technologies 
(including sludge production) 
appropriate for selected end use 

 

DFS consultant and/or 
Chengdu Engineering 
Consulting Firm; designers 
at the Southwest Planning 
and Design (the latter 
would require training and 
capacity-building)  

no equivalent step Assess demand for, and 
feasibility of, productive sludge 

end-use options in vicinity 

 

DFS consultant and/or 
Chengdu Engineering 
Consulting Firm; 
Agricultural Bureau (for 
demand for land 
application); EPB (for 
feasibility with respect to 
quality control and 
permitting) 

Based on budget and designated 
effluent quality, confirm 
treatment technologies  - develop 
engineering plan for plant 

Based on LCA results and local 

priorities (e.g., O&M costs, land 

use, energy consumption) 
choose treatment technologies 
and  develop engineering plan 
for plant 

Southwest Planning  and 
Design Institute (and/or 
private firm) 

Southwest Planning  and 
Design Institute (and/or 
private firm) 
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no equivalent step Devise sludge handling scheme 
including fee for tipping/receipt 
of sludge 

 

Sludge end user (farmers, 
cement factory, etc.); 
Chengdu Engineering 
Consulting Firm 

no equivalent step Approve sludge treatment and 
end-use scheme 

 

Chengdu EPB, Chengdu 
Development and Reform 
Commission 

Develop plan for sewer network Develop plan for sewer network Chengdu Planning and 
Design Bureau 

Chengdu Planning and 
Design Bureau 

Assess suggested ww tariff; if 
reasonable, subject to public 
hearing 

Assess suggested ww tariff; if 
reasonable, subject to public 
hearing 

Local Price Bureau Local Price Bureau 

Confirm tariff for user Confirm tariff for user and end 

users 
Municiapl/County 
Government 

Municipal/County 
Government 

Construction Phase 

Coordinate construction Coordinate construction Chengdu Construction 
Bureau 

Chengdu Construction 
Bureau 

Sewer expansion 
Tertiary: Residential/Industrial 
Primary, Secondary: WWTP, 
streets  

Sewer expansion 
 Tertiary: Residential/Industrial 
 Primary, Secondary: WWTP, 
streets  

 
Water Bureau 
Xin Rong 

 
Water Bureau 
Xin Rong 

no equivalent step Sludge storage and conveyance 
infrastructure (e.g., if being used 
at a cement kiln)  

 Sludge recipient, Chengdu 
Construction Bureau 

Operation Phase 

Daily Operation Daily Operation  Xin  Rong Company 

Billing Billing Chengdu Municipal 
Waterworks Company, 
Ltd. 

Chengdu Municipal 
Waterworks Company, 
Ltd. 

Collection/Management of WW 
fee account/Dispensation to 
WWTP 

Collection/Management of WW 
fee account/Dispensation to 
WWTP 

Chengdu Finance Bureau Chengdu Finance Bureau 

Maintenance financing through 
user fee and subsidy 

Maintenance financing through 
user fee and end-user fee 

Chengdu Finance Bureau Chengdu Finance Bureau 

Monitoring & enforcement of 
effluent quality 

Monitoring & enforcement of 
effluent quality and reuse 

practices 

Chengdu EPB Chengdu EPB 
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Figure 9. 2. Organizational structure of actors involved in wastewater treatment infrastructure planning and implementation in Chengdu, China.
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The nine additional steps necessary to replace conventional sanitation planning with DFS may not 

be as onerous as they appear.  The first application of DFS in Chengdu, or any other city, would 

be the most time and resource intensive for local planners and decision makers.  In subsequent 

applications, the learning curve associated with the DFS process would be eased, and more 

importantly, many of the data collected for the first application of DFS in a region would transfer 

for other WWTPs being planned in the vicinity.  The environmental and economic analysis of 

sludge end-use options and corresponding treatment technologies would hold for the entire 

Chengdu Municipality (see Chapter 8).  The agricultural optimization and simulation model is 

currently tailored to Pixian (see Chapter 7), but the most labor intensive component of building 

the model – collecting and inputting data for crop cultivation cycles and water requirements – is 

transferable to the whole Chengdu Municipality.  Thus, the model could be quickly and easily 

adapted.  For DFS to succeed, local bureaucrats must be willing to communicate and share 

information between offices that typically work in isolation; thus, they would have to be open to 

establishing new routines and norms of behavior.       

9.5 Conclusions and Recommendations  

To its credit, the Chengdu government is clearly responding to the “big picture” water priorities 

that have been issued at the National level, namely, expansion of wastewater treatment capacity.  

However, the nuances of national level water and environmental policies are lost rather than 

fostered in Chengdu.  Given that total wastewater treatment capacity is the most important metric 

of performance by which Provincial and National-level officials evaluate their Chengdu 

counterparts, this is a predictable outcome, as the “…behavior of organizations tends to drift 

towards compatibility with the ways the organization is evaluated,” (p 51, Lipsky [265]). The 

basic policy framework is already in place in China for driving the development of energy 
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efficient, reuse-oriented sanitation infrastructure; the lesson learned from the above analysis, 

however, is that what is missing from the policies is explicit language targeting the sanitation 

sector.  

Another lesson that can be drawn from the behavior of Chengdu officials in the context of 

wastewater management is that sanctions are more effective than rewards in motivating actions.  

For example, officials take expansion of wastewater treatment very seriously for fear of 

retribution, but forego reward opportunities that would be associated with projects that exemplify 

energy efficiency or the circular use of materials.   

The Chinese national government would be wise to introduce a broader set of specific metrics for 

measuring a city’s performance in the wastewater treatment sector.  One approach would be to set 

a requirement for energy recovery that could be achieved either on-site in conjunction with 

wastewater or sludge treatment, or off-site, such as by a cement kiln.  Similar requirements for 

wastewater reuse could be set that would demand that municipalities reuse a certain fraction of 

their treated effluent for urban, agricultural, or industrial purposes.  Failure to meet any of these 

requirements would have to be associated with some form of penalty.    Alternatively, a more 

flexible approach would be to develop a point system for the urban sanitation sector whereby 

different actions like WWTP expansion, energy recovery, effluent reuse, etc., would each be 

worth a pre-determined number of points for a municipality.  The national government could 

require that municipalities accrue a certain number of points each year until they have achieved 

full sanitation coverage and have demonstrated that they have leveraged exploitable reuse 

opportunities.  This would give individual cities the flexibility to determine the development 

trajectory of their sanitation sector.  While appealing in theory, this latter option may be less 

successful for local-level organizations that seem to thrive on routine and specific goal objectives.    
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Finally, for reuse to take hold throughout China, and for the national government to promulgate 

the policies to make it more pervasive, reuse must come to be recognized as more than a solution 

to water shortage.  Wastewater reuse constitutes wise water resource management that has 

potential to save wastewater treatment costs, relieve stress on aquatic ecosystems, and depending 

on the end use, may take advantage of embodied nutrients and offset some demand for their 

chemical alternatives. As demonstrated by the case study of Pixian presented in Chapters 5 

through 7, employing DFS to systematically design sanitation schemes for reuse could directly 

serve the Chengdu government’s objectives of mitigating pollutant discharges to the rivers, and 

increasing flow in the rivers within the Municipality.  The results of the modeling exercise in 

Chapter 7 showed that reuse of wastewater effluent in Pixian for irrigation has the potential to 

offset approximately 40 Mm3 of water per year (Tables 7.12-7.14).  
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CHAPTER 10 

Conclusions 

So, what are you thinking of? Not wastewater, I hope.  Okay, given the number of times the word 

has appeared in this dissertation (859, if you were wondering,) you probably are thinking of 

wastewater…but hopefully you are thinking of it in an entirely new light. 

The view that wastewater, fecal sludge, and treatment byproducts are resources was the premise 

of this dissertation, and I had two overarching goals with regard to that assumption: 1. to develop 

a tool that can demonstrate for the skeptical or the unaware, the non-trivial and quantifiable 

economic and environmental value of wastewater, fecal sludge, and treatment byproducts, and 2. 

to develop a process that can inform and guide decision making such that reuses that have the 

most economic and environmental value locally, and that best conform to local social norms and 

preferences, are implemented.  The B2C SA delivers on the first goal, and the DFS planning 

approach, on the second.  Contemporary planning theory says the purpose of planning is to 

handle and engage multiple knowledges; the challenge is making that objective operative, and in 

so doing, influencing decision outcomes [306].  To that end, both the B2C SA and DFS combine 

a number of analytical techniques for gathering and generating environmental, economic, and 

social knowledge, and for revealing their interactive relationships. Ideally, these tools will be 

adopted by sanitation planners to improve the science and coherence of decision making in the 

highly complex and interdisciplinary field of urban sanitation. 
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10.1 Key Contributions 

Transferable methods, tools, and outcomes 

While the tools developed in this dissertation were specifically applied to the Chengdu 

Municipality, many transferable lessons and contributions have emerged. The B2C SA has 

several novel features that I believe will help advance the field of monitoring and measuring 

progress towards sustainability, and will improve the impact of indicators in policy- and decision-

making.  The framework I have presented replaces the standard topical organization of 

sustainability assessments (i.e., separated into economic, environmental, etc. dimensions,) with 

the lifecycle organization.  Also unique, the ratio format of the indicators introduces the concept 

of using multi-dimensional measures to better highlight the impacts or outcomes that follow from 

certain decisions.  I developed the Burden-to-Capacity ratios to replace the traditional one-

dimensional data points that comprise most sustainability assessments.  Finally, the content of the 

B2C SA treats reuse as a major dimension of the sustainability of a WWTP, and adds quantitative 

rigor to that claim. It is the first framework that I am aware of to include measures that quantify 

the local environmental and economic value of, and opportunities associated with reuse, and the 

extent to which the value is being harnessed.         

Design for Service is the first tool to guide a systematic approach to reuse-oriented urban 

sanitation that results in a plan that is tailored to the local context.  One of the strengths of DFS is 

its versatility: it has the potential to guide a rigorous and scientific approach to planning, or it can 

be used less fully to stimulate a new philosophy or way of thinking about urban sanitation among 

planners and decision makers (“DFS lite”).  For this dissertation, I developed the methods and 

tools for using DFS to its full potential for planning a sanitation system for reuse in agriculture, 

and for designing a sludge handling scheme that includes productive end use.  The methods and 
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tools that correspond with each step are intended to be logical and accessible, thus enabling users 

with various backgrounds to use DFS.   

To summarize my work, I developed and tested multiple techniques for conducting a local 

demand assessment for irrigation water and for various sludge end uses, all of which could be 

transferred to other cities (corresponding to DFS Step 2).  For working through Steps 3 and 4 of 

DFS, I developed a quantitative method for simulating the baseline performance of irrigation 

systems with respect to yields and profit, and for optimally designing a reuse scheme to 

supplement or replace an existing irrigation system. The purpose of the model is to aid sanitation 

planners in leveraging the role that cities can play as suppliers of water and nutrients in local 

agriculture.  Thus, it is a simple model, geared towards equipping DFS users with information 

which they can use to help bridge the sanitation and agricultural sectors. With respect to sludge 

end use and corresponding treatment technologies (DFS Steps 3 through 5), I developed an EIO-

LCA model that is the first to quantify the environmental and economic offsets associated with 

productive sludge end uses, and also developed a comprehensive process-based LCA for 

evaluating nine different sludge treatment schemes.  The comparative impacts of different sludge 

end-use and treatment options are broadly applicable to different urban areas; furthermore, both 

LCA models can be easily adapted to accurately reflect the economic and environmental lifecycle 

costs and benefits of treatment technologies and end uses in a specified region. 

Chengdu- and China-specific outcomes 

Numerous results emerge from this dissertation that can specifically contribute to improving the 

performance of existing wastewater treatment infrastructure in Chengdu, and to the design of 

future facilities in the region.  Energy consumption is one dimension of WWTP #2 where 
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substantial environmental and economic efficiency gains can be had.  At present, the facility uses 

the equivalent of 50% of the per capita household electricity consumption per person equivalent 

of wastewater; where raw numbers would be meaningless to many decision makers, this 

comparison puts the energy intensity of the plant into perspective.  The B2C SA signals not only 

problems but also solutions for easing the environmental and economic costs of its energy 

intensity.  Applying the B2C SA uncovered that WWTP #2 can avert $37,000 in greenhouse gas 

damage costs, and can save over $200,000 per year if they install anaerobic sludge digestors with 

biogas recovery.  Beyond possibly motivating the retrofit of existing facilities, this information 

will hopefully influence future plant designs in the Municipality.  Among several other insights 

from applying the B2C SA, the local value of nutrients embodied in the influent wastewater was 

also underscored in the results of the assessment.  

I tested the step-wise DFS planning approach using two different case studies, one showing the 

potential for its use in the design of new facilities, and the other, for retrofits of existing facilities. 

In Pixian, I used DFS to develop recommendations for the design of wastewater treatment 

throughout the District and uncovered several synergistic options between urban sanitation and 

local agriculture.  If planners and decision makers in Pixian choose to heed these 

recommendations and tailor wastewater treatment for reuse in agriculture, up to about 30% of the 

current surface water diversion to agriculture could be conserved, an outcome that would 

contribute to the regional goal of enhancing the quality of aquatic ecosystems.    With respect to 

sludge treatment and end use, I determined that in general, the greatest environmental benefits are 

achieved through land application preceded by anaerobic digestion, but given the heavy metals in 

Chengdu’s sludge injection into a cement kilns is the is the optimal solution.  The LCA of 

treatment technologies revealed that despite its increasing popularity in China, dedicated 
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incineration is the most environmentally and economically costly option of the technologies I 

evaluated.  Finally, my analysis of China’s water and environmental policies and institutions 

uncovered potential strategies for confronting the barriers associated with street-level 

bureaucracies, and promoting reuse-oriented sanitation in the short-term.  The analysis also 

underscored the promising content of newly emerging national-level policies that will hopefully 

be better leveraged in the long-term to motivate reuse in the sanitation sector. 

10.2 Future Work 

“To be continued” would be the most apt phrase with which to conclude this dissertation.  This 

body of work represents the start of a long-term research trajectory aimed at studying reuse as a 

way to improve the economic and environmental characteristics of urban sanitation, and to 

motivate wider coverage of effective and reliable urban sanitation schemes around the globe.  In 

the short- to medium-term, my overarching aim is to further develop and pilot the B2C SA and 

DFS planning approach.  With respect to the B2C SA, this means applying the framework in 

different cities, and on a range of different technologies, to test its sensitivity and its adaptability 

to varied environmental and socio-economic contexts as well as technologies. I will begin 

working towards this goal by applying the B2C SA in additional cities in China and Ghana. 

Developing the framework for DFS, and the methods and tools for using the approach to design 

sanitation schemes for reuse in irrigation and/or for the productive end use of sludge, is where 

this dissertation leaves off. The next step is to develop the methods and tools for using DFS to 

plan sanitation schemes for reuse in other services such as industrial reuse.  Once DFS is fully 

developed to handle all forms of reuse, it can be used in the spirit in which it is intended – to 

determine the optimal reuse option in a given context and region (rather than choosing irrigation 

a priori) and then based on those results, to guide the design of a suitable treatment facility.  
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Development of the industrial reuse component is currently underway.  In addition to expanding 

the functional utility of DFS, another near-term goal is to apply DFS in Ghana to test the theory I 

posited in Chapter 5, that tailoring treatment schemes to back-end users is a way to motivate 

long-term reliability and efficacy of wastewater and fecal sludge plants.       
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Appendix 1 

Survey Questions for Farmers in Pixian 

 

General Questions 一般问问 

1. How many mu of land do you use for agriculture?  您有多少亩田?  

 

2.  What is your source of irrigation water? 您从哪里获取灌溉用水？ 

Irrigation Canal (name if known)    灌溉沟渠（如果知道名字，请写上） 

River 河流 

Well 井 

Other (Specify)      其它（请注明） 

    

 

3. For each month, please assess water availability for irrigation 在农田的灌溉，您觉得灌溉用水够用吗？（请在每个月下面相应的方框内打勾。） 

 3 4 5 6 7 8 9 10 11 12 1 2 

More than 

enough  用不完 

            

Just enough  刚好够 

            

Not enough  不够 
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4. Which crops do you irrigate each month? 您每一个月都种哪些作物? （请在每个月下面相应的方框内打勾。） 

 3 4 5 6 7 8 9 10 11 12 1 2 小麦              水稻             油菜             芍青/红芍             土豆             豌豆             玉米             黄瓜             茄子             白菜/莲花             果树             花             其它             
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5.  If a reliable source of irrigation water was available insert months they said water wasn’t 

enough would you use it? 如果 ___月内有可靠的灌溉用水，您会用吗？ 

 

 

6.  If a reliable source of irrigation water was available from ____ would it change the crops you 

planted or the number of harvests/year? How? 如果上述可靠的灌溉用水只在____月供应，会改变您栽种的作物种类或者会影响收成吗？怎么影响？  
�GO TO Q.7 

 

8.  Do you have any paid laborers working on your farm? 你们家的农田有没有请工人帮忙？ 

How many? 请了几个? 

Wage (RMB/hr, RMB/day, other compensation)? 工钱是多少？（元/小时、元/天或其它补贴） 

 

Health and Hygiene健康与卫生 

9.  What type of clothing do you wear to work in the fields? 在农田工作的时候，您穿什么衣服？ 

 

10. 

 Always一直是 

Sometimes有时是 

Never从没有 

Are your arms & legs covered? 您在农田工作时穿的衣服是长袖长长吗？ 
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Do you wear shoes? 穿鞋子马? 

   

Do you wash your hands after working in the 

fields? 干完农活洗手吗？ 

 

If yes: Do you use soap, ash or other cleanser 

(specify)? 如果洗，用不用肥皂或者其它的清洁剂（请注明）？ 

 

   

 

11.  Does anyone who is younger than 20 yrs ever work in your fields? 您的农田有没有小于20岁的帮工?If yes, How old are they? 如果有，他们多大？ What are 

they responsible for?  他们主要负负什么农活？  

 

12.  Do children ever play in or near your fields? 小孩子会不会在您的农田附近玩耍? 

 

 

Soil and Water Quality 社会与水质 

 

13.  Do you know anything about the soil characteristics?您知道您田里土壤的化学特性吗？ 

Ph  

Salinity 盐度  

Metal 

content金属浓度 
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Other其它  

 

14.  Do you know if your soil has been tested? (Results?) 您知道有人检测过您田里的土壤吗? 

(如果有，检测结果如何？) 

 

 

15.  How would you describe the irrigation water? 您认为您的灌溉水质怎样？ 

Color色度  

Smell气味  

Turbidity混浊度  

Other 

comments其它 

 

 

16.  Is the water quality the same all year? 每年的水质都一样吗? 

 

17.  Has the water changed since you’ve been farming? 从您开始耕种庄稼，灌溉用水有变化吗？ (怎么改变？) 

 

18.  Do you know if the water quality has ever been tested? (Results?) 您知道有人检测过灌溉水质吗? (如果有，检测结果如何？) 

 

 

Willingness to Pay 支付意愿 
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19.  How would you feel about using treated wastewater for irrigation? 你觉得用处理过的污水灌溉怎么样？ 

 

 

20. Would you be willing to pay LESS / AS MUCH / MORE than you are paying in electricity 

costs for pumping groundwater for treated wastewater in the canals? 如果用沟渠里面处理过的污水灌溉，与使用泵抽取地下水灌溉相比，你愿意支付更少/一样多/更多钱吗？ 

 

21. Would you rather pay for water based on the amount of land you water or the volume  
you use?  RMB/mu irrigated land  OR  RMB/m3 water? 你愿意按亩或者按用水量支付？元/亩或元/立方米？ 

 

22. What do you think is a fair price to pay for irrigation water? 你觉得合理的灌溉水价格是多少？ 

 

 

7.  According to Q.4, collect the following information for each crop 

indicated.问问4中提及的作物的详详情况。(Regularly Harvested Crops) 

Crop Name 农作物名称：：：： 

How many mu of ___ do you 

plant?种植面积？ 

 

What is your yield of ___/mu? 亩产量？ 
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When do you plant ____? 

(month, week) 栽种时间？ 

 

Do you plant the same amount 

(mu) every year? 您每年栽种一样多吗？ 

 

When do you start irrigating 

____? 您什么时候开始灌溉___? 

 When do you stop irrigating 

____?您什么时候停止灌溉___

? 

START IRRIGATION 

(month, week)   开始时时   

STOP IRRIGATION      

(month, week)  结束时时 

During the irrigation period, 

how often do you apply water? 

(Daily, weekly…) 灌溉季节内，您多久浇灌一次？（每天一次/每周一次/…） 

 

How do you apply irrigation 

water? (Check all that apply) 您用什么方式灌溉? 

Drip 

Irrigation 滴灌 

Spray/ 

Sprinkler喷灌 
 

Flood 漫灌 

Manually 

(Bucket) 手动灌溉 

(用桶) 

Other 

(Specif

y) 其它（请注明） 

     

How much water do you apply 

each time you irrigate? 每次灌溉，您用多少水？ 

Hrs water 

runs 

through 

pipe水流经管道的时 Hrs sprinkler 

/spray on 喷灌时时 

Depth 

water农田水深 

# Tiao  几个挑 
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间 

     

How much do you pay for 

irrigation water? (RMB/mu or 

other unit) 灌溉水价格？（元/亩） 

 

During the irrigation season, 

how many labor 

hrs/day/mu/season are spent 

irrigating _____? 灌溉季节内，您花多少时时用于灌溉？（小时/天/亩/整个灌溉季） 

 

How much time lapses between 

the last time you irrigate and 

harvesting ____? (# days) 从最后的灌溉到收割___要多长时间？（天数） 

 

Do you apply fertilizer to ____? 施肥吗？ 

Store-

bought   商店买的 （化肥） 

Animal Dung (your 

animals? Type?)  畜禽粪便（是自家的吗？什么动物的粪便？） 

Human 

waste 

(your 

family?) 人粪  

(是自家的吗？) 

Animal/H

uman  

Combo? 

    

How do you decide how much 

fertilizer to apply? 您怎么决定施肥多少?   

    

Quantity of store-bought 

fertilizer? (specify if 

N氮 

(千克/亩 

P 磷(千克/  亩 K钾(千克/   亩 化肥(千克/ 
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concentration is for nutrient or 

total fertilizer) 您用多少化肥？ 

or年) or年) or年) 亩 or年) 

    

Do you use machinery to apply 

fertilizer? (Diesel/mu of ____)  您用机械施肥吗？(石油用量/亩) 

 

How much do you pay for 

fertilizer? (specify if 

concentration is for nutrient or 

total fertilizer) 您买的肥料多少钱? 

N氮 

(元/千克) 

P磷 

(元/千克) 

K钾 
(元/千克) 

化肥 

(元/千克) 

    

Quantity of animal waste? 

Human waste?  您用多少畜禽粪便？人粪？ 

畜禽粪便 

(千克/亩) 

人粪 

(千克/亩) 

混合农家肥 

(千克/亩) 

   

 

How much pesticide do you 

apply (kg/mu) 您用多少农农? 

 

How many labor 

hrs/day/mu/season are spent 

fertilizing 

_____?您花多少时时用于施肥？（小时/天/亩/整个灌溉季） 

 

When is your ____ sold (from 

time of harvest)? 从收割到卖___要几天? 

Same 

day当天  

Next 

day第二天 

2 – 3 days 

2－3天 

4 – 5 days 

4 – 5天 

> 5 

days 

> 5 天 

     

How much do you sell ____ for  
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(RMB/kg)? 价格（元/千克）？ 

 

 

7.  According to Q.4, collect the following information for each crop 

indicated.问问4中提及的作物的详详情况。(Flowers) 

Crop Name 农作物名称：：：： 

How many mu of flowers do 

you plant?种植面积？ 

 

What is the avg # plants/mu? 亩产量？ 

 

How often do you harvest 

them? 

 

When do you start irrigating 

____? 您什么时候开始灌溉___? 

 When do you stop irrigating 

____?您什么时候停止灌溉___

? 

START IRRIGATION 

(month, week)   开始时时   

STOP IRRIGATION      

(month, week)  结束时时 

During the irrigation period, 

how often do you apply water? 

(Daily, weekly…) 灌溉季节内，您多久浇灌一次？（每天一次/每周一次/…） 

 

How do you apply irrigation 

water? (Check all that apply) 您用什么方式灌溉? 

Drip 

Irrigation 滴灌 

Spray/ 

Sprinkler喷灌 Flood 漫灌 

Manually 

(Bucket) 手动灌溉 

(用桶) 

Other 

(Specif

y) 其它（请
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 注明） 

     

How much water do you apply 

each time you irrigate? 每次灌溉，您用多少水？ 

Hrs water 

runs 

through 

pipe水流经管道的时间 

Hrs sprinkler 

/spray on 喷灌时时 

Depth 

water农田水深 

# Tiao  几个挑 

 

     

How much do you pay for 

irrigation water? (RMB/mu or 

other unit) 灌溉水价格？（元/亩） 

 

During the irrigation season, 

how many labor 

hrs/day/mu/season are spent 

irrigating _____? 灌溉季节内，您花多少时时用于灌溉？（小时/天/亩/整个灌溉季） 

 

How much time lapses between 

the last time you irrigate and 

harvesting ____? (# days) 从最后的灌溉到收割___要多长时间？（天数） 

 

Do you apply fertilizer to ____? 施肥吗？ 

Store-

bought   商店买的 （化肥） 

Animal Dung (your 

animals? Type?)  畜禽粪便（是自家的吗？什么动物的粪便？） 

Human 

waste 

(your 

family?) 人粪  

(是自家
Animal/H

uman  

Combo? 
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的吗？) 

    

How do you decide how much 

fertilizer to apply? 您怎么决定施肥多少?   

    

Quantity of store-bought 

fertilizer? (specify if 

concentration is for nutrient or 

total fertilizer) 您用多少化肥？ 

N氮 

(千克/亩 

or年) 

P 磷(千克/  亩 

or年) 

K钾(千克/   亩 

or年) 

化肥(千克/ 亩 or年) 

    

Do you use machinery to apply 

fertilizer? (Diesel/mu of ____)  您用机械施肥吗？(石油用量/亩) 

 

How much do you pay for 

fertilizer? (specify if 

concentration is for nutrient or 

total fertilizer) 您买的肥料多少钱? 

N氮 

(元/千克) 

P磷 

(元/千克) 

K钾 
(元/千克) 

化肥 

(元/千克) 

    

Quantity of animal waste? 

Human waste?  您用多少畜禽粪便？人粪？ 

畜禽粪便 

(千克/亩) 

人粪 

(千克/亩) 

混合农家肥 

(千克/亩) 

   

 

How many labor 

hrs/day/mu/season are spent 

fertilizing 

_____?您花多少时时用于施肥？（小时/天/亩/整个灌溉季） 

 

When is your ____ sold (from Same Next 2 – 3 days 4 – 5 days > 5 
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time of harvest)? 从收割到卖___要几天? 

day当天  day第二天 2－3天 4 – 5天 days 

> 5 天 

     

How much do you sell ____ for 

(RMB/plant)? 价格（元/千克）？ 
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Appendix 2 

Process Descriptions and Calculations for 

Sludge Treatment and End Uses 

 

Figure A2. 1.  Process flow diagram: belt filter press dewatering 

 

84 DT/d      Belt Filter 84 DT/d       Transportation 

5% DS                   Press 20% DS 

10.5 MJ/kg DS          10.5 MJ/kg DS 

 

Table A2. 1.  Data inputs and assumptions: belt filter press dewatering.  

Analysis Component Data and Assumptions 

Economic 

Capital Costs 

-Estimated using a base capital cost curve as a function of 

annual sludge volume.  Costs were given in 1984$ and 

adjusted to 2006$.  The four Chengdu treatment plants 

were assessed separately and the total capital cost is 

presented [71]. 

Capital Costs 

-Operation = 8 hr/d, 365 d/yr 

-Loading Rate = 800 lb/hr 

-Sludge = 5% SS 

 

Operating Costs 

 -Electricity consumption estimated using EPA algorithm 

[71].   The four treatment plants were assessed separately 

and the total capital cost is presented. 

Operating Costs 

-All of the above assumptions hold 

-Polymer load = 5.5% of DS [71]; Cost = $6.7/kg [70] 

Dewatering Electricity = 18.7 kWh/DT [71] 

-Electricity = $0.07/kWh [63] 

Transportation Cost 

-Based on diesel consumption for roundtrip 

transportation; costs are sensitive to sludge volume 

Transportation Cost 

-Transport diesel consumption = 0.168 kg/km 
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transported. -Truck capacity = 20 WT 

-Number of round trips = sludge volume/truck capacity 

-Cost of diesel = $0.66/L [307] 

Environmental 

Operation Energy 

-Emissions associated with electricity generation were 

estimated based on Chengdu’s energy portfolio (35% coal 

and natural gas, 65% hydropower) [68]. 

 

Operation Energy 

-0.375 kg coal/kWh in China [308] 

Emissions (kg/kWh) [309, 310] 

   CO2 
=  2.8x10-1 

   CO = 3.3x10-3 

   CH4 = 2.0x10-6 

   NOx = 8.5x10-4 

   SO2 = 6.6x10-3 

-Electricity = 18.7 kWh/DT [71] 

Inputs 

-Emissions, electricity and fuel consumption of polymer 

production based on CMU EIO-LCA tables [69] 

Inputs 

-Sector #325211 “Plastics material and resin 

manufacturing.” 

   SO2  =  2.00x10-2 

   CO   = 5.10x10-2 

   NOx  = 1.60x10-2 

   VOC  = 3.40x10-2 

   PM10 = 3.00x10-3 

   CO2 (as CO2)   =   9.28 

   CH4 (as CO2)   =   1.48 

   N2O (as CO2)   =   1.67 

   CFC (as CO2)   =   5.39x10-1 

   GWE (t of CO2) = 1.30x101 

   Electricity (kWh) =  6 
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   Fuel (MJ)              =  162 

Transportation 

-Emissions associated with diesel transport were based on 

Chinese emissions standards 

-Values account for roundtrip transport of the dewatered 

sludge and are sensitive to the sludge volume.  

Transportation 

Emissions (mg/MJ) [311] 

   SOx =    6.7x101 

   CO   =   5.9x102 

   NOx  =  4.9x102 

   VOC  =  1.1x102 

   PM10 =  7.1x101 

   CO2  =  7.6x104 

   CH4 (as CO2) = 4.2 

   N2O (as CO2) = 1.9 

-Diesel energy content = 36.4 MJ/L 

-Diesel density = 0.84 kg/L 

 

 

Figure A2. 2.  Process flow diagram: lime stabilization 

 

84 DT/d      Belt Filter 84 DT/d           Lime      96.6 DT/d      Transportation 

5% DS                   Press 20% DS      Stabilization    30% DS 

10.5 MJ/kg DS         10.5 MJ/kg DS   10.5 MJ/kg DS 

 

               Lime 

 

Table A2. 2.  Data inputs and assumptions: lime stabilization. 

Analysis Component Data and Assumptions 

Economic 
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Capital Costs 

-Dewatering: Table A2.1  

-Lime stabilization equipment includes silo, air filter, 

feeder, conveyor, mixer, and air blower 

Capital Costs 

-Table A2.1 

-$46,100/DT [252] 

 

Operating Costs     

-Dewatering: Table A2.1 

-Electricity consumption for stabilization based on 

previously published LCA 

-Lime  

Operating Costs 

-Table A2.1 

-Lime Stabilization electricity = 5 kWh/DT [247] 

 

-Lime Dose = 15% of DS; Cost = $75/ton [70] 

Transportation Cost 

-Dewatering: Table A2.1  

Transportation Cost 

-Table A2.1 

Operation Energy 

Dewatering: Table A2.1  

  

Operation Energy 

-Table A2.1 

-Lime Stabilization Electricity = 5 kWh/DT [247] 

Inputs 

Polymer for dewatering: see Table A2.1 

-Emissions, electricity and fuel consumption of limer 

production based on CMU EIO-LCA tables [69] 

Inputs 

-Sector #327410 “Lime Manufacturing.” 

   SO2  =  1.46 

   CO   = 6.98 

   NOx  = 1.09 

   VOC  = 0.57 

   PM10 = 0.19 

   CO2 (as CO2)   =   3.51x103 

   CH4 (as CO2)   =   6.25x101 

   N2O (as CO2)   =   3.28x101 

   CFC (as CO2)   =   3.73 

   GWE (t of CO2) = 3.61x103 

   Electricity (kWh) =  380 
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   Fuel (MJ)            = 2.26x104 

Transportation 

-Table A2.1   

Transportation 

-Table A2.1 

 

 

Figure A2. 3.  Process flow diagram: anaerobic digestion 

 

84 DT/d    Anaerobic    59.6 DT/d       Belt Filter    59.6 DT/d      Transportation 

5% DS               Digestion     5% DS         Press    20% DS      

10.5 MJ/kg DS          7.5 MJ/kg DS  7.5 MJ/kg DS  

  

                         726,600 MJ CH4 

                   (8650 MJ CH4/DT)  

                                     38% conversion efficiency  

 

                      929 kWh/DT 

 

Table A2. 3.  Data inputs and assumptions: anaerobic digestion (with or without lime) 

Analysis Component Data and Assumptions 

Economic 

Capital Costs 

-Dewatering: Table A2.1 

-Anaerobic digesters 

Capital Costs 

-Table A2.1 

-$1200/m3 digesters [312] 

-HRT = 20 d [259] 

Operating Costs Operating Costs 
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 -Dewatering: Table A2.1 

-Electricity consumption for digestion based on 

previously published LCA 

-Methane produced during anaerobic digestion is assumed 

to be captured end used for electricity production  

 

 

 

-Lime (if required) for pH stabilization  

-Table A2.1 

 

-Digestion electricity consumption = 88.6 kWh/DT 

[313] 

 

-CH4 production = 227 m3/DT 

(Total VSS reduction = 45%; VSS = 72% of dry solids; 

Biogas = 70% CH4) [131] 

-CH4 energy content = 38.8 MJ/m3 

-Conversion to Elec = 38%; 3.6 MJ/kWh 

-Lime Dose = 62 kg/DT 

Transportation Cost 

-Table A2.1 

Transportation Cost 

-Table A2.1 

Environmental 

Operation Energy 

-Dewatering: Table A2.1  

-Biogas converted to electricity, emissions offsets equal 

those to generate the equivalent electricity in Chengdu, 

less the emissions associated with burning biogas. 

Operation Energy 

-Table A2.1 

-Digestion electricity consumption = 88.6 kWh/DT 

-CH4 production = 227 m3/DT 

Emissions for biogas combustion (kg/MJ) [314] 

   CO2 = 0 (carbon neutral) 

   CO  = 1.9x10-5 

   NOx = 2.67x10-4 

Inputs 

-Polymer for dewatering: Table A2.1 

-If lime required: Table S2 

Inputs 

-Table A2.1 

 

-If lime required, Table S2 

Transportation 

-Table A2.1   

Transportation 

-Table A2.1 
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Figure A2. 4.  Process flow diagram: aerobic digestion 

 

84 DT/d    Aerobic       59.6 DT/d       Belt Filter    59.6 DT/d      Transportation 

5% DS               Digestion     5% DS         Press    20% DS      

10.5 MJ/kg DS          7.5 MJ/kg DS  7.5 MJ/kg DS  

 

Table A2. 4.  Data inputs and assumptions: aerobic digestion. 

Analysis Component Data and Assumptions 

Economic 

Capital Costs 

-Dewatering: Table A2.1 

-Aerobic digesters 

Capital Costs 

 

-$1200/m3 digesters [312] 

 

-HRT = 18 d [259] 

Operating Costs 

 -Dewatering: Table A2.1 

-Electricity consumption for digestion based on 

previously published LCA 

Operating Costs 

-Table SI 

-Digestion electricity consumption = 720 kWh/DT [131] 

Transportation Cost 

-Table A2.1 

Transportation Cost 

-Table A2.1 

Environment 

Operation Energy 

-Dewatering, Electricity: Table SI  

Operation Energy 

-Table A2.1 

Inputs 

-Polymer for dewatering: Table A2.1 
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Transportation 

-Table A2.1 

Transportation 

-Table A2.1 

 

 

Figure A2. 5.  Process flow diagram: composting with heat drying. 

 

84 DT/d          Belt Filter   84 DT/d                      84 DT/d    Composting  111 DT/d                        

5% DS            Press          20% DS                             30% DS                         57% DS 

10.5 MJ/kg DS                         36 DT/d                               

                   20% DS                                                   Transportation 

                                                                                   Wood Chips                               

                   Heat Drying 

 

Table A2. 5.  Data inputs and assumptions: composting with heat drying 

Analysis Component Data and Assumptions 

Economic 

Capital Costs 

-Dewatering: Table A2.1 

-Heat dryers: Table A2.6 

-Closed-vessel compost facility costs include land and 

equipment 

Capital Costs 

-1 ton heat dried = 91% DS [252] 

-Diversion to heat dry = 43% of DS  

-$164,091/DT [252] 

 

Operating Costs 

 -Dewatering: Table A2.1 

-Heat drying: Table A2.6 

-Electricity consumption for compost based on previously 

published composting cost analysis for China  

Operating Costs 

-Table A2.1 

-Table A2.6 

-Heat drying fuel consumption = 4.21x103 MJ/DT (of 

total sludge entering plant ) 
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-Composting electricity consumption = 51.4 kWh/DT 

[252]  

-Wood chip dosing = 32% of DS; Cost = $67/ton 

(adjusted to 2006 $) [255] 

Transportation Cost 

-Table A2.1  

Transportation Cost 

-Table A2.1 

Operation Energy 

-Dewatering, electricity: Table A2.1  

-Fuel for heat drying is assumed to be natural gas  

Operation Energy 

-Table A2.1 

-Heat drying fuel consumption = 4.21x103 MJ/DT (of 

total sludge entering plant)  

Emissions for natural gas combustion (kg/MJ) [314] 

   CO2 = 5.6x10-2 

     CO  = 1.9x10-5 

     NOx = 2.67x10-4 

-Composting electricity consumption =  51.4 kWh/DT 

[252] 

Inputs 

-Polymer for dewatering: Table A2.1 

-No environmental lifecycle cost was considered for 

wood chips 

Inputs 

-Table A2.1 

Transportation 

-Table A2.1  

Transportation 

-Table A2.1 

 

 

Figure A2. 6.  Process flow diagram: heat drying. 

 

84 DT/d      Belt Filter 84 DT/d               Heat Drying  84 DT/d             Transportation 

5% DS                   Press 20% DS                         91% DS 

10.5 MJ/kg DS         10.5 MJ/kg DS            10.5 MJ/kg DS 
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Table A2. 6.  Data inputs and assumptions: heat drying to 91% DS 

Analysis Component Data and Assumptions 

Economic 

Capital Costs 

-Dewatering: Table A2.1 

-Heat dryer costs based on a study conducted for the city 

of Beijing  

Capital Costs 

-1 ton heat dried = 91% DS [252] 

-Diversion to heat dryers = 49% of DS 

-$223,075/DT (heat dried) [252] 

Operating Costs 

 -Dewatering: Table A2.1 

  

Operating Costs 

-Table A2.1 

-Heat drying fuel consumption = 4728 MJ/DT (of total 

sludge entering plant) 

Transportation Cost 

-Table A2.1  

Transportation Cost 

-Table A2.1 

Environment 

Operation Energy 

-Dewatering: Table A2.1  

-Natural gas assumed to be used for heat drying when not 

coupled with anaerobic digestion 

Operation Energy 

-Table A2.1 

-Heat drying fuel consumption = 4728 MJ/DT 

 

Inputs 

-Polymer for dewatering: Table A2.1 

Inputs 

-Table A2.1 

Transportation 

-Table A2.1  

Transportation 

-Table A2.1 
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Figure A2. 7.  Process flow diagram: anaerobic digestion with heat drying 

 

84 DT/d    Anaerobic  59.6 DT/d       Belt Filter   59.6 DT/d           59.6 DT/d    

5% DS               Digestion    5% DS        Press        20% DS                                43% DS   

10.5 MJ/kg DS         7.5 MJ/kg DS                 7.5 MJ/kg DS      40.5 DT/d    7.5 MJ/kg DS 

                                                     20% DS 

                       726,600 MJ CH4                  397,117 MJ                                               

                     (8650 MJ CH4/DT)                          Heat Drying    

                                                                                               Transportation                                                                      

                           329,496 MJ   

                            34,780 kWh                              

                                                         (Electricity)   

 

Table A2. 7.  Data inputs and assumptions: anaerobic digestion with heat drying to 43% DS 

Analysis Component Data and Assumptions 

Economic 

Capital Costs 

-Dewatering: Table A2.1 

-Anaerobic digesters: Table S3 

-Heat Dryers: see Table A2.6 

Capital Costs 

-Table A2.1 

-Table S3 

-Diversion to heat dryers = 48% of DS 

Operating Costs 

 -Dewatering: Table A2.1 

-Anaerobic digestion: see Table S3  

-Methane produced during anaerobic digestion is assumed 

to be captured and used for heat drying, balance to 

Operating Costs 

-Table A2.1 

 

-Heat drying fuel consumption = 4728 MJ/DT (of total 
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electricity   sludge entering plant) 

 

Transportation Cost 

-Table A2.1 

Transportation Cost 

-Table A2.1 

Environmental 

Operation Energy 

-Dewatering: Table A2.1  

-Biogas used to cover fuel demand for heat drying; 

balance converted to electricity, emissions offsets equal 

those to generate the equivalent electricity in Chengdu, 

less the emissions associated with burning biogas. 

Operation Energy 

-Table A2.1 

-Digestion electricity consumption = 88.6 kWh/DT (Table 

S3) 

-CH4 production = 227 m3/DT (Table S3) 

-Heat drying fuel consumption = 4728 MJ/DT 

 

Inputs 

-Polymer for dewatering: see Table A2.1 

-If lime required, Table S2 

Inputs 

-Table A2.1 

-If lime required, Table S2 

Transportation 

-Table A2.1 

Transportation 

-Table A2.1 
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Figure A2. 8.  Process flow diagram: aerobic digestion with heat drying 

 

84 DT/d           Aerobic     59.6 DT/d        Belt Filter  59.6 DT/d           59.6 DT/d    

5% DS            Digestion   5% DS     Press       20% DS                                    43% DS   

10.5 MJ/kg DS     7.5 MJ/kg DS                   7.5 MJ/kg DS        40.5 DT/d    7.5 MJ/kg DS 

                                            20% DS 

                                                                                                                                      

                                                                         Heat Drying                                                                                                         
                        Transportation                            

                                                                           

 

 

 

Table A2. 8.  Data inputs and assumptions: aerobic digestion with heat drying to 43% DS 

Analysis Component Data and Assumptions 

Economic 

Capital Costs 

-Dewatering: Table A2.1 

-Aerobic digesters: Table S4 

-Heat Dryers: see Table A2.6 

Capital Costs 

 

-Diversion to heat dryers = 48% of DS 

Operating Costs 

 -Dewatering: see Table A2.1 

-Aerobic digestion: Table A2.3 

 

Operating Costs 

-Table A2.1 

-Digestion electricity consumption = 720 kWh/DT 

-Heat drying fuel consumption = 4728 MJ/DT (of total 

sludge entering plant) 

 

Transportation Cost Transportation Cost 
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-Table A2.1  -Table A2.1 

Environmental 

Operation Energy 

-Dewatering: Table A2.1 

-Aerobic Digestion: Table A2.3 

-Heat Drying: Table A2.6 

Operation Energy 

-Table SI 

-Digestion electricity consumption = 720 kWh/DT 

-Heat drying fuel consumption = 4728 MJ/DT 

Inputs 

-Polymer for dewatering: Table A2.1 

Inputs 

 

Transportation 

-Table A2.1 

Transportation 

-Table A2.1 

 

 

Figure A2. 9.  Process flow diagram: FBC incineration 

 

84 DT/d      Belt Filter 84 DT/d           FBC      25.2 DT/d      Transportation 

5% DS                   Press 20% DS       Incineration    100% DS 

10.5 MJ/kg DS         10.5 MJ/kg DS    

 

Table A2. 9.  Data inputs and assumptions:  FBC incineration. 

Analysis Component Data and Assumptions 

Economic 

Capital Costs 

-Dewatering: see Table A2.1 

-FBC incineration capital costs include furnace, and best 

available emissions controls 

Capital Costs 

-Table A2.1 

-$1,000,000/DT [315] 

Operating Costs Operating Costs 
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 -Dewatering: Table A2.1 

-Operations energy includes furnace, after burning, air 

pre-heating, exhaust gas post-heating (Based on Option 

2.2 in Mininni 1997) 

-Operation fuel assumed to be natural gas or coal 

-Energy recovery assumed converted to electricity 

-Table A2.1 

-23,132 MJ/DT [251] 

-Lime dosing = 5% of DS [315] 

 

-Natural gas = $0.009/MJ [63]; Coal = $0.002/MJ [316] 

-Energy recovery = 10 MJ/kg-DS (assumes LHV = 10.5, 

75% efficiency) 

Transportation Cost 

-Table A2.1  

Transportation Cost 

-Table A2.1 

Environmental 

Operation Energy 

-Dewatering: Table A2.1  

-Fuel emissions are those associated with natural gas or 

coal 

-Energy recovered from incineration is assumed to be 

converted to electricity; emissions offsets equal those 

associated with generating the equivalent electricity in 

Chengdu. 

Operation Energy 

-Table A2.1  

-Table A2.5 for NG 

Emissions for coal combustion (kg/MJ) [314, 317] 

   CO2 = 9.5x10-2 

     CO  = 1.4x10-3 

     NOx = 2.6x10-4 

   CH4 = 6.0x10-7 

   SO2 = 2.2x10-3 

-Coal energy content = 26.3 MJ/kg [316] 

-Incineration fuel consumption = 23,132 MJ/DT [251]   

-Energy recovery = 10 MJ/kg-DS  

  (based on LHV=10.5 MJ/kg-DS, 75% efficiency) 

-Conversion to Elec = 38%; 3.6 MJ/kWh 

 

Inputs 

-Polymer for dewatering: Table A2.1 

Inputs 
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-Lime: Table A2.2 

Transportation 

-Table A2.1 

Transportation 

-Table A2.1 

 

Sludge Substitute in Fertilizer 

Table A2. 10.  Key assumptions for sludge replacement of fertilizer 

Analysis Component Assumptions 

Nutrient content in raw sludge assumed to be conserved 

in digestion 

-Annual Sludge = 30,660 DT 

-N = 7 kg/DT  

-P = 2 kg/DT 

Nutrient content of commercial fertilizer -N = 170 kg/ton [60] 

-P = 39 kg/ton [60] 

Substitution Rate -Nitrogen content 1 dry ton sludge = 0.04 tons nitrogenous 

fertilzer  

-Phosphorous content 1 dry ton sludge = 0.05 tons 

phosphoric fertilzer  

Cost of commercial fertilizer production -N fertilizer $115/ton [318] 

-P fertilizer $230/ton [318] 

 

 

Offset Calculation Methodology 

 

Table A2. 11.  Lifecycle offsets for sludge replacement of commercial nitrogenous fertilizera 

Sector SO2 

(mt) 

CO 

(mt) 

NOx 

(mt) 

VOC 

(mt) 

PM10 

(mt) 

GWE 

(mt) 

Fuel 

(TJ) 

Elec 

(MkWh) 

Total for all 

sectors 

1.03 2.24 2.04 0.738 0.414 774 13.4 0.133 

aData from EIOLCA.net: Sector 325311: Nitrogenous Fertilizer Manufacturing; Economic Activity: 

$115,000.  The use of fertilizer as sludge is assumed to replace the entire fertilizer production  
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process; therefore, offsets are deducted from the “Total for all sectors.”  The value entered into  

EIOLCA is the equivalent of producing one ton of fertilizer (x 1000 for improved resolution).  

 

 Example offset calculation for nitrogenous fertilizer substitution: SO2 

 A.  Offset due to avoided fertilizer production   

  = 1.03 mt SO2/$115,000 production 

  = 1.03 kg SO2/$115 production (1 ton fertilizer) 

 Sludge replacement: 7 kg N/DT sludge/170 kg/ton fertilizer = 0.04 

   0.04 tons of fertilizer replaced for every ton of sludge used 

 SO2 Offset:  1.03 kg SO2/ton fertilizer x 0.04  

 

= 0.04 kg SO2/dry ton sludge 

 

 

 

Table A2. 12.  Lifecycle offsets for sludge replacement of commercial phosphatic fertilizera 

Sector SO2 

(mt) 

CO 

(mt) 

NOx 

(mt) 

VOC 

(mt) 

PM10 

(mt) 

GWE 

(mt) 

Fuel 

(TJ) 

Elec 

(MkWh) 

Total for all 

sectors 

0.81 5.73 1.17 0.87 0.15 1300 21 0.274 

Data from EIOLCA.net: Sector 325312: Phosphatic Fertilizer Manufacturing; Economic Activity: 

$232,000.  The use of fertilizer as sludge is assumed to replace the entire fertilizer production  

process; therefore, offsets are deducted from the “Total for all sectors.”  The value entered into  

EIOLCA is the equivalent of producing one ton of fertilizer (x 1000 for improved resolution).  

 

 Example offset calculation for phosphatic fertilizer substitution: SO2 

 A.  Offset due to avoided fertilizer production   
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  = 0.81 mt SO2/$232,000 production 

  = 0.81 kg SO2/$232 production (1 ton fertilizer) 

 Sludge replacement: 2 kg N/DT sludge/39 kg/ton fertilizer = 0.05 

   0.05 tons of fertilizer replaced for every ton of sludge used 

 SO2 Offset:  0.81 kg SO2/ton fertilizer x 0.05  

= 0.04 kg SO2/dry ton sludge 

Table A2. 13.  Offsets due to avoided conventional nitrogenous and phosphatic fertilizer production. 

 NITROGENOUS 

FERTILIZER 

PHOSPHATIC 

FERTILIZER 

TOTAL 

 

 Offset/DT 

Sludge 

Annual 

Offset 

Offset/DT 

Sludge 

Annual 

Offset 

Offset/D

T 

Sludge 

Annual 

Offset 

SO2  (kg) 0.04 1.2x103 0.04 1.2x103 0.08 2.4x103 

CO (kg) 0.09 2.8x103 0.29 8.9x103 0.38 1.2x104 

NOx (kg) 0.08 2.5x103 0.06 1.8x103 0.14 4.3x103 

VOC (kg) 0.03 9.2x102 0.04 1.2x103 0.07 2.1x103 

PM10 (kg) 0.02 6.1x102 0.008 2.5x102 0.02 8.6x102 

GWE (kg as CO2-eq) 31 9.5x105 65 1.9x106 96 2.9x106 

Electricity (kWh) 5.3x103 1.6x108 1.4x104 4.3x108 1.9x104 5.9x108 

Fuel (MJ) 5.4x102 1.6x107 1.1x103 3.2x107 1.6x103 4.8x107 
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B. Offset due to avoided transport of commercial fertilizer to fields 
 

Table A2. 14.  Transportation data inputs. 

Transport Diesel Consumption  0.168 kg/km 

Hauling Distance 25 km 

Cost of Diesel 0.66 $/L 

Diesel Density 0.84 kg/L 

Energy Content 36.4 MJ/L  

Truck capacity 20 tons 

Daily sludge (DT) 84 DT 

Annual sludge (DT) 30,660 DT 

 

Table A2. 15.  Avoided conventional fertilizer transport due to sludge  

replacement 

 N P   Total 

Tons fertilizer 

Offset/ DT 

Sludge 

(Calculation) 

Sludge N 

Content 

(kg/DT)/  

Fertilizer N 

content  

Sludge P 

Content 

(kg/DT)/  

Fertilizer P 

content Sum N + P 

Value 0.04 0.1 0.1 

Annual avoided 

fertilizer 

transport 

(Calculation)  

Tons N 

fertilizer offset 

x Annual 

digested 

sludge (DT) 

Tons p 

fertilizer offset 

x Annual 

digested 

sludge (DT) 

Sum annual 

avoided N + P 

transport 

Value 1262.5 1572.3 2834.8 

Fuel saved due to avoided commercial fertilizer transport: 

  Truck fuel avoidance 

    Number of round trips = 2834.8 tons/20 ton capacity = 142 trips 
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  = 142 trips x 0.168 kg/km x 50 km = 1193 kg diesel  

  MJ fuel conserved 

  = (1193 kg diesel)/0.84 kg/L diesel x 36.4 MJ/L = 5.2x104 MJ/yr   

 

 Example offset calculation for diesel substitution: SO2 

  Annual diesel offset = 5.2x104 MJ/yr x 66.9 mg SO2/MJ = 3.5 kg SO2 

 

Table A2. 16.  Emissions offsets associated with avoided  

transport of conventional fertilizer. 

Pollutant Emissions Factor    

(mg/MJ diesel) 

Annual Emissions 

Offset    (kg) 

SO2 66.9 3.5x100 

CO 588.7 3.1x101 

NOx 495.5 2.6x101 

VOCs 106 5.5x100 

PM10 70.8 3.7x100 

CO2  75800.3 3.9x103 

CH4 (as CO2) 4.18 2.2x10-1 

N2O (as CO2) 1.9 9.9x10-2 
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C. Additional fuel requirement for land application of sludge 
 

Table A2. 17.  Emissions and energy consumption to apply sludge in place of equivalent 

nutrient value of conventional fertilizer.   

 

2 Ton 

Commercial 

Fertilizer          

(170 kg N; 39 

kg P)  

24 Tons 

Sludge 

 (170 kg N; 

48 kg P) 

Sludge Application 

Additional Emissions 

and Resources            

(per 24 DT) 

Annual Sludge 

Application 

Additional  

Emissions and 

Resources                 

SO2 2.8x10-2 3.5x10-1 3.2x10-1 4.1x102 

CO 2.4x10-1 3.1 2.9 3.7x103 

NOx 2.0x10-1 2.6 2.4 3.1x103 

VOC 4.4x10-2 5.6x10-1 5.2x10-1 6.6x102 

PM10 3.0x10-2 3.7x10-1 3.4x10-1 4.3x102 

GWE (t of CO2) 3.2x101 4.0x102 3.7x102 4.7x105 

Fuel (MJ) 

(vehicle) 4.2x102 5.3x103 4.9x103 6.3x106 

 

D. Total annual offset in emissions and resource consumption due to  sludge  
        replacement of conventional fertilizer 

Table A2. 18.  Net annual offsets in emissions and energy consumption due to sludge  

replacement of conventional fertilizer. 

 

Fertilizer 

Production 

Offset 

Fertilizer 

Transportation 

Offset 

Sludge 

Application 

Additional  

TOTAL  

SO2 -2.4x103 -3.5x100 4.1x102 -2.0x103 

CO -1.2x104 -3.1x101 3.7x103 -8.4x103 

NOx -4.3x103 -2.6x101 3.1x103 -1.3X103 

VOC -2.1x103 -5.5x100 6.6x102 -1.5x103 

PM10 -8.6x102 -3.7x100 4.3x102 -4.5x102 
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GWE (t of CO2) -2.9x106 -3.9x103 4.7x105 -2.4x106 

Electricity (kWh) -5.9x108 -2.2x10-1  -5.9x108 

Fuel (MJ)  -4.8x107 -9.9x10-2 6.3x106 -4.2x107 

 

Sludge Substitution in Cement 

Table A2. 19.  Key assumptions for sludge substitution in cement. 

Analysis Component Assumptions 

Substitution Rate -1 dry ton sludge/10 tons cement [186-188] 

-0.3 tons non-combustible material incorporated/10 tons 

cement  

1 ton raw sludge contains 0.3 tons ash -Annual Sludge = 30,660 DT 

-Ash = 30% of DT = 9198 tons 

Lower Heating Value -Undigested Sludge = 10.5 MJ/kg dry solids [80] 

-Digested Sludge = 7.5 MJ/kg dry solids [80] 

Cement Production Cost $76/ton [249] 

Cement kiln fuel source Coal [316] 

 

        Offset Calculation Methodology 

A.  Offsets for Raw Material Substitution 

 

Table A2. 20.  Lifecycle offsets for raw material substitution in cementa 

Sector SO2 

(mt) 

CO 

(mt) 

NOx 

(mt) 

VOC 

(mt) 

PM10 

(mt) 

GWE 

(mt) 

Fuel 

(TJ) 

Elec 

(MkWh) 

Stone mining and 

quarrying 

0.159 0.297 0.112 0.056 0.033 3.75 0.065 0.008 

Truck 

transportation 

0.008 2.72 0.196 0.202 0.005 38.5 0.276 0 

aData from EIOLCA.net, Sector 327310: Cement Manufacturing; Economic Activity: $760,000.   
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 Stone mining and quarrying and truck transportation are considered to be the two sectors offset  

by substituting sludge for virgin materials into cement.  The value entered into EIOLCA is the  

equivalent of producing ten tons of cement (x 1000 for improved resolution).  This offset only  

accounts for the substitution of raw materials and not the fuel offset that may result from the use 

of sludge.  Fuel offset is calculated separately below. 

 

Example offset calculation for material substitution: SO2 

 Stone mining and quarrying + Truck transportation = 0.167 mt SO2/$760,000 production 

  = 0.167 kg SO2/$760 production (10 tons cement) 

 At 10% substitution rate on dry ton basis, 0.0167 kg SO2 offset/10 tons cement 

 For every dry ton sludge substituted, 0.3 tons of material are incorporated into cement 

  = 5x10-3 kg SO2 offset per dry ton sludge substituted into cement 

 

Table A2. 21.  Air pollution and energy offsets due to raw material  

substitution in cement manufacturing. 

 Offset/DT Sludge Annual Offset 

SO2  (kg) 5.0x10-3 4.6x101 

CO (kg) 9.0x10-2 8.3x102 

NOx (kg) 9.2x10-3 8.5x101 

VOC (kg) 7.7x10-3 7.1x101 

PM10 (kg) 1.1x10-3 1.0x101 

GWE (kg as CO2-eq) 1.26x101 1.2x105 

Electricity (kWh) 2.4x10-1 2.2x103 

Fuel (MJ) 1.0x101 9.4x104 
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B. Offset for Cement Kiln Fuel Substitution 
When sludge (as opposed to incineration ash) is used in cement manufacturing, recovery of 

embodied energy is possible to offset fuel demand.  The potential recovery is dependent on the 

lower heating value of the sludge and the dry solids content.  

 

Table A2. 22.  Fuel offset input data. 

 Digested Sludge Raw Sludge 

Latent Ht Vaporization 2260 KJ/kg 2260 KJ/kg 

Specific Heat Water 4.18 KJ/kg-K 4.18 KJ/kg-K 

Specific Heat Steam 1.86 KJ/kg-K 1.86 KJ/kg-K 

Kiln Temperature 1000 C 1000 C 

Sludge LHV  7.5 MJ/kg DS 10.5 MJ/kg DS 

Fuel Cost (coal) 0.002 $/MJ 0.002 $/MJ 

Sludge state 43 % DS 36 % DS 

DS/ton 430 kg 360 kg 

Water/ton 570 kg 640 kg 

Sludge temperature 16 C 16 C 

Kiln Efficiency 75% 75% 

 

Table A2. 23.  Fuel offset calculations for digested and raw sludge. 

 
Water 

Heating 

Energy 

(KJ) 

Vaporization 

Energy (KJ) 

Steam 

Heating 

Energy 

(KJ) 

Total Fuel 

Demand    

(75% Effic) 

(MJ)   

Energy 

Content of 

Dry Solids 

(MJ/DT) 

Energy 

Gain 

(MJ/DT) 

Fuel 

Value 

($/DT) 

Calculation Specific Ht 

Water x  

Water/ton x 

(100-

Sludge 

Temp) 

Latent Ht 

Vaporization x 

Water/ton 

Specific Ht  

Steam x 

Water/ton  

x (Kiln 

Temp – 

100) 

(Water Ht 

Energy + Vap 

Energy + 

Steam Ht 

Energy)/(100

0*Kiln Effic)  

Sludge LHV 

x DS/ton 

sludge 

Energy 

Content DS 

– Total 

Fuel 

Demand 

Gain x 

Cost 

Coal 

Digested 2.0x105 1.29x106 9.01x105 2.39x103 3.19x103 5.46x101 0.11 
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Sludge 

Raw Sludge 2.25x105 1.45x106 1.07X106 3.66x103 3.77x103 1.11x102 0.25 

 

 Fuel Offset = 54.6 MJ/DT digested and heat dried sludge (at 43% DS) = 1.1x106 

MJ/yr 

 Fuel Offset = 111 MJ/DT raw heat dried sludge (at 36% DS) = 3.4x106 MJ/yr 

 

Emissions Offsets Associated with Avoided Cement Kiln Coal Consumption 

Example emissions offset calculation for coal substitution: SO2 

 Offset per dry ton digested sludge = 54.6 MJ/DT x 2x10-3 kg SO2/MJ coal = 0.1 kg SO2 

 Offset per year: 

  Digested Sludge per year  = 21,769 DT 

  21,769 DT x 0.1 kg SO2 = 2.2x103 kg SO2 

 

Table A2. 24.  Emissions and energy offsets due to cement kiln coal consumption.  

Pollutant 

Emissions Factor 

(kg/MJ coal) 

Digested Sludge 

Annual Offset 

(kg) 

Raw Sludge Annual 

Offset 

(kg) 

SO2 2.0x10-3  2.4x103  6.8x103  

CO 1.0x10-3  1.2x103  3.4x103  

NOx 2.6x10-4  3.1x102  8.8x102  

CO2 9.5x10-2  1.1x105 3.2x105 

CH4 (as CO2) 1.4x10-5  1.7x101  4.8x101 
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C. Total Annual Offset in Emissions and Energy Consumption Due to Sludge Input 
in Cement Manufacturing 

 

Table A2. 25.  Net annual offsets of emissions and energy consumption 

due to sludge incorporation in cement manufacturing. 

 

Incineration 

Ash 

Digested Sludge 

(43% DS) 

Raw Sludge 

(36% DS) 

SO2 -4.6x101 -2.4x103 -6.8x103 

CO -8.3x102 -2.0x103 -4.2x103 

NOx -8.5x101 -3.9x102 -9.7x102 

VOC -7.1x101 -7.1x101 -7.1x101 

PM10 -1.0x101 -1.0x101 -1.0x101 

GWE (t of CO2) -1.2x105 -2.3x105 -4.4x105 

Electricity (kWh) -2.2x103 -2.2x103 -2.2x103 

Fuel (MJ)  -9.2x104 -1.2x106 -3.5x106 

 

Sludge Substitution in Clay Brick 

Table A2. 26.  Key assumptions for sludge substitution in clay brick 

Analysis Component Assumptions 

Substitution Rate -Incineration ash of 1 dry ton sludge/10 tons clay brick 

[186-188] 

-0.3 tons incineration ash/10 tons clay brick 

Ash Production -Annual Sludge = 30,660 DT 

-Ash = 30% of DT = 9198 tons 

Clay brick kiln fuel source Coal 
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Offset Calculation Methodology 

 A. Lifecycle Offsets for Raw Material Substitution 

 

Table A2. 27.  Lifecycle offsets for raw material substitution in clay bricka 

Sector SO2 

(mt) 

CO 

(mt) 

NOx 

(mt) 

VOC 

(mt) 

PM10 

(mt) 

GWE 

(mt) 

Fuel 

(TJ) 

Elec 

(MkWh) 

Stone mining and 

quarrying 

0.003 0.005 0.002 0.001 0.000 0.067 0.001 0.000 

Truck 

transportation 

0.002 0.667 0.048 0.050 0.001 9.44 0.068 0.000 

aData from EIOLCA.net: Sector 327121: Brick and structural clay tile manufacturing;  

Economic Activity: $119,000.  Stone mining and quarrying and truck transportation are  

considered to be the two sectors offset by substituting sludge incineration ash for virgin materials  

into clay brick.  The value entered into EIOLCA is the equivalent of producing ten tons of clay  

brick (x 1000 for improved resolution).  

 

 Example offset calculation for material substitution: Fuel 

 Stone mining and quarrying + Truck transportation = 0.069 TJ Fuel/$119,000 production 

  = 69 MJ Fuel/$119 production (10 tons clay brick) 

 At 10% substitution rate on dry ton basis, 69 MJ fuel offset/10 tons clay brick 

 For every dry ton sludge incinerated, 0.3 tons of material are incorporated into clay brick 

  = 2.1 MJ fuel offset per dry ton sludge substituted into clay brick 
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Table A2. 28.  Air pollution and energy offsets due to raw material  

substitution in clay brick manufacturing  

 Offset/DT Sludge Annual Offset 

SO2  (kg) 1.5x10-4 1.4x100 

CO (kg) 2.0x10-2 1.8x102 

NOx (kg) 1.5x10-3 1.4x101 

VOC (kg) 1.5x10-3 1.4x101 

PM10 (kg) 3.0x10-5 2.8x10-1 

GWE (kg as CO2-eq) 2.9x10-1 2.7x103 

Electricity (kWh) 0 0 

Fuel (MJ) 2.1x100 1.9x104 
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