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Foreword 
 
 
Environmental protection and conservation of limited non-renewable 
resources are important aspects to consider when planning 
sustainable environmental sanitation systems. The material flow 
analysis (MFA) method studies the fluxes of resources used and 
transformed as they flow through a region. It can thus be used to 
optimize resource management when planning environmental 
sanitation systems. Environmental sanitation systems comprise water 
supply, sanitation, drainage and solid waste management. 
 
MFA fits well into the Household-Centered Environmental Sanitation 
(HCES) planning approach characterized by a “circular model, which 
emphasizes resource conservation and reuse to reduce waste 
disposal, in place of the traditional linear model of unrestricted supply 
and subsequent disposal” (Eawag, 2005). The present publication 
attempts to provide advices to environmental sanitation planners, 
particularly those implementing the HCES approach, on how to 
assess material flows with limited data availability.  
 
This publication is based on a case study conducted in Hanoi, 
Vietnam by Sandec and its partners from 2004 to 2006. The case 
study results have been published in journals and in a PhD thesis 
report on which the present publication is based: 
 
• Montangero A, Belevi H (2008). An approach to optimise 

nutrient management in environmental sanitation systems 
despite limited data. Journal of Environmental Management 
2008; 1538–1551. 

 
• Montangero A, Belevi H (2007). Assessing nutrient flows in 

septic tanks by eliciting expert judgement: A promising method 
in the context of developing countries. Water Research 2007; 
41: 1052-1064.  

 
• Montangero A, Cau LN, Viet Anh N, Tuan VD, Nga PT, Belevi H. 

(2007). Optimising water and phosphorus management in the 
environmental sanitation system of Hanoi, Vietnam. Science of 
the Total Environment; 384: 55–66 

 
• Montangero, A (2006). Material flow analysis for environmental 

sanitation planning in developing countries: an approach to 
assess material flows with limited data availability. PhD thesis 
University Innsbruck. 

 
Special thanks go to our project partners in Hanoi: Mr Le Ngoc Cau 
from the Asian Institute of Technology Center in Hanoi (AITCV), Prof. 
Nguyen Viet Anh and Ms Pham Thuy Nga from the Center for 
Environmental Engineering in Towns and Industrial Areas (CEETIA) 
at Hanoi University of Civil Engineering and Mr Vu Dinh Tuan from 
the National Institute for Soils and Fertilisers (NISF). 
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We hope that this report will provide a valuable tool for environmental 
sanitation planners in low and middle income countries who wish to 
bring in the resource management perspective. 
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1. Introduction 
 
 
1.1 Conventional sanitation system: linear water 

and nutrient flows 
 
Water, nutrient and energy management practices of the conventional 
sanitation system are unsustainable (Fig. 1). Large quantities of clean, 
potable water are used to carry excreta through sewer systems even 
though water scarcity affects many regions of the world. The world’s 
drinking water resources decreased from 17,000 m3 capita−1 in 1950 
to 7,000 in the 1990s (UNDP, 1998) as a result of decreasing 
freshwater quantity and a near doubling of the world’s population 
(Berndtsson and Hyvönen, 2002). 
 
Moreover, some 90% of the wastewater generated worldwide are 
reportedly discharged untreated into receiving water bodies (GTZ, 
2006). Excessive nutrient loads in aquatic systems stimulate plant 
growth and reduce dissolved oxygen in the water (eutrophication). 
This, in turn, can have adverse impacts such as fish dying, loss of 
aesthetic and recreational value, and high cost of treating raw 
drinking water (UNEP, 2002). 
 
On the other hand, nutrients contained in wastewater discharged to 
the environment are “lost” and artificial fertilizers must be produced to 
cover the agricultural nutrient demand. Production of artificial nitrogen 
fertilizer is energy-intensive and phosphate rocks are mined for the 
production of phosphorus fertilizers. However, phosphorus reserves 
are likely to be depleted within 50-100 years (Cordell, 2005). 
 
Although a large fraction of nutrients contained in wastewater is 
removed in wastewater treatment plants equipped with tertiary 
treatment, it can generally not be reused in agriculture. The nitrogen 
removal process converts ammonia to nitrate 
and subsequently to nitrogen gas, it is therefore 
lost to the air. Nowadays this is the most costly 
part of wastewater treatment plants (Maurer et 
al., 2002). Besides, the same amount of energy 
required for removing 1 kg of nitrogen in a 
wastewater treatment plant is needed to 
produce 1 kg of nitrogen fertilizer (45 MJ kg-1

N, 
Maurer et al., 2003). The phosphorus removal 
process allows its accumulation in the 
treatment plant sludge. However, as sludge 
also contains hazardous substances such as 
heavy metals, its application in agriculture 
represents a risk and is expected not to be 
allowed any more in Europe in the near future 
(Maurer et al., 2002). 
 
There is a need for new environmental 
sanitation concepts that contribute to 
protecting the natural environment and to 
conserving resources.  

Clean water as 
excreta carrier 

Fish dying 

The phosphorus 
crisis 

High costs and 
energy 

requirement to 
remove valuable 

nutrients 

Figure 1: Conventional 
sanitation approach (source: 
Morel, A; adapted from 
Otterpohl R. 
http://www.otterwasser.de) 
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1.2 Material flow analysis as a tool for closing 
the water and nutrient cycle 

 
The material flow analysis (MFA) method studies the fluxes of 
resources used and transformed as they flow through a region. In 
industrialized countries, MFA proved to be a suitable instrument for 
the early recognition of environmental problems and development of 
countermeasures (Baccini and Brunner, 1991). It is a widespread tool 
in many fields such as waste and wastewater treatment, agricultural 
nutrient management, water quality 
management, resource conservation and 
recovery (Brunner and Rechberger, 2004). It 
can be applied for example to evaluate the 
impact of changes in consumption patterns, 
solid waste and wastewater treatment 
infrastructure, peri-urban agricultural 
production, as well as waste and wastewater 
reuse practices on resource consumption and 
environmental pollution. It provides useful 
information that can be used by planners and 
decision-makers to optimize resource 
management in the environmental sanitation 
system for example by “closing the water and 
nutrient loop” (Fig. 2).  
 
However, limited data availability, reliability 
and collection means (available laboratory 
equipment, trained laboratory staff, financial 
and human resources) are common problems 
faced by developing countries restraining the 
use of MFA as a policy-making tool. 
 
 
1.3 What is the purpose of this publication? 
 
In order to facilitate the application of MFA as part of the 
environmental sanitation planning process in developing countries, 
this publication aims at providing practical recommendations on how 
to assess material flows despite limited data availability.  
 
This report is intended for water and environmental sanitation 
professionals with a natural science or engineering background and 
interested to bring in the resource management perspective in 
environmental sanitation planning at city or regional level.  
 
The publication attempts to provide advices on how to assess 
material flows with limited data availability on the basis of a case 
study conducted in Hanoi, Vietnam. Basic principles of the MFA 
method are presented in Chapter 2 and are followed by a detailed 
description of the procedure proposed to optimize water and nutrient 
flows in a regional environmental sanitation system (Chapter 3).. 
 

What is material 
flow analysis? 

MFA helps 
optimize resource 

management 

Data scarcity 
restrains the use 

of MFA in 
developing 

countries 

Figure 2: Environmental 
sanitation in the future (source: 
Morel, ????; adapted from 
Otterpohl R. 
http://www.otterwasser.de) 
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2. Material flow analysis: basic principles 
 
 
The material flow analysis method is described in Baccini and 
Brunner (1991), Baccini and Bader (1996) and Brunner and 
Rechberger (2004). Material flow analysis comprises the following 
main steps: 
 

 
These steps are illustrated by the following example: what are the 
main phosphorus flows in a typical household in Hanoi, Vietnam? 
What are the main sources of phosphorus? And how could 
phosphorus use and discharge into the environment be reduced? 
 
As a general rule, the system should be geared to specific objectives 
or questions such as the ones mentioned in the last paragraph. In this 
example, the indicator substance is clearly phosphorus. Relevant 
goods are the input and output goods to and from the household, 
which contain phosphorus: food and detergent, excreta, blackwater 
(toilet wastewater), greywater (domestic wastewater from kitchen, 
laundry, bathroom, etc. except toilet wastewater), and kitchen waste.  
 

 
 
Figure 3 System comprising relevant goods and processes used to 

describe phosphorus flows at household level 

The main steps of 
an MFA 

1. System analysis (selection of the relevant goods, 
processes, indicator substances, and system boundaries). 

2. Quantification of mass flows of goods and of indicator 
substances. 

3. Schematic representation and interpretation of the results. 
 
Substance (or material): a chemical element such as nitrogen 
and phosphorus or a chemical compound such as CO2 and NH3. 
Good: a substance or a mixture of substances with a function 
valued by man such as food, solid waste and wastewater. 
Process: transformation, transport or storage of goods and 
substances such as household, wastewater treatment plant, 
agricultural soils. 

The phosphorus 
crisis: zooming on 

the households 

1. System 
analysis 
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In order to get a detailed overview of phosphorus pathways at 
household level, the following processes are selected: kitchen 
(cooking), human body (food consumption, digestion, and excretion), 
toilet and on-site sanitation system, bath/shower, and laundry. 
Phosphorus containing goods are being transformed in these 
processes. For example, phosphorus enters the human body as food 
and leaves it, after digestion, with the excreta. The system boundary 
includes all household activities. The system is represented in Figure 
3: The boxes designate processes and the arrows represent the flows.  
 
The second step consists in quantifying good and substance flows in 
the system. Only the substance (phosphorus) flows are of interest in 
this case. Substance flows are often calculated based on the mass 
flows of goods and substance concentrations in these goods. For 
example, the phosphorus flow in laundry detergent can be assessed 
by multiplying the detergent consumption with the phosphorus 
content in detergent. However, information on substance flows may 
also be directly available. Examples on how to assess good or 
substance flows are given in Chapter 3.  
 
In the third step, the assessed good and/or substance flows are 
represented graphically and interpreted (Fig. 4). A closer look at the 
figures shows that the total input (1.6 g P cap−1 day−1) does not 
exactly correspond to the total output (1.7 g P cap−1 day−1). This is 
due to the fact that each flow has a certain uncertainty that must be 
taken into account. Chapter 3 gives examples how to consider 
uncertainty. According to Brunner and Rechberger (2004), it is very 
rare that a balance between inputs and outputs of a measured 
system yields an error less than 10% of the total flow. 
 

 
 
Figure 4 Average phosphorus flows in urban household in Hanoi. 

Flows are expressed in g P cap−1 day−1. Data are based on: a 
FAO (1972), FAOSTAT (2004). b Büsser (2006). c Diaz et al. 
(1996), Rytz (2001), Schouw et al. (2002b), Strauss et al. (2003), 
Sinsupan (2004). d Polprasert et al. (1981), Heinss et al. (1998). e 
Montangero and Belevi (2007). Other flows are based on 
assumptions. 

 

2. Quantification 
of flows 

3. Schematic 
representation 

and interpretation 
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As aforementioned, global phosphorus reserves are limited and the 
question therefore arises how its consumption can be lowered. The 
main phosphorus sources in Hanoi are the food and laundry 
detergent. According to Büsser (2006), phosphorous is also used in 
detergents for dishwashing machines, but these are not common in 
Hanoi yet. Obviously, phosphorus in food supply is essential. 
However, banning phosphorus-containing detergent would not only 
reduce household P consumption by a quarter but also decrease the 
P load in greywater and thus lower the amount of P discharged into 
the environment or to be removed from wastewater in a wastewater 
treatment plant. 
 
Moreover, reusing part of the phosphorus contained in the output 
goods (liquid effluent and sludge from septic tanks, greywater and 
kitchen waste) for irrigating/fertilizing the garden would further reduce 
P consumption as fertilizer and lower the amount of P discharged into 
the environment. It must be noted that the type of on-site sanitation 
facility strongly influences the characteristics of its output goods. 
Urine diversion latrines, for example, lend themselves better to 
nutrient recovery than septic tanks (Chapter 3.5.2).  
 
The HCES approach recommends that “solutions of environmental 
sanitation problems should take place as close as possible to the 
place where they occur” so as to avoid “exporting” the problems 
(Eawag, 2005). In this sense, zooming in on the “household” process 
enables to develop household-level measures which could allow to 
lower wastewater treatment requirement at a “higher” level, for 
example at city level and avoid causing nuisance to downstream 
communities by reducing pollutant load into the environment. 
 
However, after having zoomed in the household process, it might be 
useful to zoom out and get an overview of phosphorus flows at a 
regional level. Even though, for example phosphorus in food supply is 
a “given value”, the type of food production has a strong impact on 
phosphorus fertilizer consumption (Chapter 3.5.3). Chapter 3 will thus 
describe how to assess material flows in a regional environmental 
sanitation system exemplified by the case of Hanoi province in 
Vietnam. 
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3. Optimizing water and nutrient flows in 
an environmental sanitation system - 
The example of Hanoi province in 
Vietnam 

 
 
An approach to assess material flows within the environmental 
sanitation system of a region with limited data availability has been 
developed (Fig. 5). It is based on the method of material flow analysis 
(Baccini and Brunner, 1991) and attempts to integrate ways to deal 
with scarce data in order to render the method more affordable and to 
avoid drawing wrong conclusions. 
 

 
 
Figure 5 Proposed procedure to assess material flows despite limited 

data availability and reliability. The different steps are 
described in the chapters below (chapter numbers in brackets). 

 
The different steps of the approach illustrated in Fig. 5 are discussed 
and exemplified in Chapters 3.1-3.5 on the basis of a water and 
nutrient management case study conducted in Hanoi province, 
Vietnam.  
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3.1 System analysis 
 
In this step, the relevant goods, processes, indicator substances and 
system boundaries (spatial and temporal) are selected. As mentioned 
in Chapter 2, the system should be geared to analyze specific issues, 
answer specific questions. In the case of Hanoi, the system was 
developed based on the following issues. 
 
• Hanoi’s water supply relies mainly on groundwater; however, 

the city’s water demand is already reaching the aquifer’s 
recharge rate. The groundwater level is lowered by 
overexploitation and sectors of the city are suffering from land 
subsidence. Water demand is likely to increase in the coming 
decades due to population growth, improved living standards 
and industrial development.  

 
• Lakes, ponds and canals in Hanoi are seriously affected by 

untreated domestic and industrial wastewater. They exhibit 
very low dissolved oxygen level and high concentrations of 
organic matter, nutrient, and pathogenic microorganisms 
(CEETIA, 2002). This causes a threat to health and the 
environment.  

 
• Peri-urban agriculture in Hanoi is of key importance in the 

supply of food and provision of income to the poorest section 
of the population. The amount of land available for agriculture 
is decreasing due to rapid urbanization, causing an increase 
in land prices and forcing farmers to intensify their land use. 
Farmers tend to use more fertilizers in an attempt to enhance 
yield and benefit from their decreasing land area. 

 
It was decided that the system should support the analysis of 
measures aiming at reducing water consumption, nutrient 
discharge into surface water and fertilizer use. 
 
A first qualitative description of the system was conducted on the 
basis of discussions with local specialists, field visits, and review of 
relevant literature (Box 1). Brunner and Rechberger (2004) state that 
the definition of the system is a decisive and demanding task. Poor 
results of MFA can often be traced back to an unsuitable system 
definition. The system analysis should therefore be given particular 
care and be critically revised during the later steps of the MFA. 

Selecting key 
issues 

Understanding the 
environmental 

sanitation system 
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Box 1 Environmental sanitation in Hanoi 
 
Water supply 
 
Hanoi’s water supply mainly relies on 
groundwater. 8 water treatment plants 
and a number of small water stations 
using groundwater from a confined 
aquifer supply water to the population 
living in the urban districts (Nga Tran 
Thi Viet, 2005). Besides, a large 
number of wells are exploited by 
factories and households in peri-urban 
districts (Hanoi DOSTE, 2003).  
 
Sanitation and drainage 
 
Hanoi’s inhabitants rely on on-site 
sanitation such as septic tanks, dry 
single and double pit latrines with or 
without urine diversion, pour flush 
latrines, biogas latrines and bucket 
latrines. Septic tank is the most 
common on-site sanitation option in the 
urban area. As groundwater table in 
Hanoi is high, most septic tanks are not 
equipped with a leaching pit or field but 
the septic tank effluent flows in the 
sewerage and drainage system.  
 

 
 
Wastewater flowing through a street 
drain in Hanoi (© Ruth Scheidegger, 
Eawag). 

As septic tanks are only rarely emptied, 
solids are carried over and accumulate 
in the sewerage and drainage network, 
increasing the pollutant load in surface 
water and reducing the capacity of the 
drainage network. Greywater usually 
flows untreated to the drainage 
network. 
 
Drainage and sewerage form a 
combined system (transport of 
domestic, industrial and storm water) 
that flows by gravity into lakes, ponds 
and rivers (Wnukowska, 2004). Except 
for domestic black wastewater which is 
treated in septic tanks and a limited 
amount of industrial and hospital 
wastewater which passes through 
preliminary treatment, all wastewaters 
are discharged untreated into surface 
water bodies which drain towards the 
Nhue and Red rivers (Viet Anh et al., 
2004).  
 
Fecal sludge from septic tanks as well 
as pit latrines in the urban center is 
usually disposed of in a landfill. A small 
fraction of the sludge is co-composted 
with solid waste at the Cau Dien co-
composting plant using forced aeration 
by blowers. Additives are used to 
increase the N, P, K content of the 
compost (Thai, 2005). In peri-urban 
areas, latrines are mainly emptied by 
individuals and their content is reused 
as fertilizer in agriculture or 
aquaculture either directly or after 
storage or on-farm composting with 
other wastes.  
 
Solid waste management  
 
A large percentage of the solid waste 
generated in the urban districts are 
collected and landfilled. A small 
proportion of the total waste volume 
(mainly market waste) is co-composted 
at the Cau Dien composting plant (Thai, 
2005). The uncollected waste ends up 
on open dumps or in the drainage 
channels, is burnt in the open or 
recycled. In peri-urban areas, solid 
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waste is mainly disposed of in open 
dumps, some is mixed with manure or 
other wastes and stored before being 
reused as fertilizer; food waste is 
sometimes fed to livestock. The large 
amount of solid waste disposed of in 
open dumps or discharged in open 
drainage channels also leads to 
pollution of water bodies.  
 

 
 
Solid waste collection in Hanoi (© Ruth 
Scheidegger, Eawag). 
 
Industrial waste is usually collected and 
disposed of with domestic solid waste 
at the Nam Son landfill or in open 
dumps. The Nam Son landfill also 
includes a hazardous waste treatment 
plant. Only a small number of larger, 
foreign-invested firms have hazardous 
waste treatment systems, and some 
have agreements with suppliers to 
return hazardous waste back to the 
manufacturer for treatment and 
disposal (Palladino, 2001).  
 
The Nam Son landfill includes refuse 
cells, synthetic landfill liners (plastic 
liner) placed on a clay layer at the 
bottom of the landfill, and 
embankments to prevent the infiltration 
of leachate. The collected leachate is 
treated in a series of 3 ponds. The cells 
are covered with soil once they are 
filled with solid wastes (Hanoi URENCO, 
2004).  
 
Agriculture 
 
Cereals, vegetables and pulses are the 
major crops grown in Hanoi (Anh et al., 
2004). The urbanization process has 

various impacts on the peri-urban 
agricultural sector. First, urban growth 
decreases the amount of land available 
for agriculture, causing an increase in 
land prices and forcing farmers to 
intensify their land use. Second, the 
demand for food products such as meat 
(pork), vegetables, fruit and fish 
increases (van den Berg et al., 2003).  
 

 
 
Peri-urban Hanoi: Mix of agricultural and 
new housing zones. 
 
Urban and industrial effluents are used 
by the farmers in Thanh Tri (South of 
Hanoi) as a free substitute for chemical 
fertilizers and fish food (van den Berg et 
al., 2003). Wastewater-fed fish ponds 
and wastewater irrigated paddy fields 
reportedly give higher yields and higher 
financial benefits (Nguyen Ngoc Thu, 
2001). However, wastewater reuse is 
also associated with risks.  
 

 
 
Wastewater-irrigated fields in Thanh Tri, 
Hanoi. 
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On the basis of the selected key issues, the indicator substances 
phosphorus, nitrogen and water have been selected. The system 
should include both urban environmental sanitation and peri-urban 
agriculture as reuse of treated wastewater and organic solid waste as 
water and nutrient sources for food production in the peri-urban area 
could reduce both resource consumption (water, energy, phosphate 
rock) and nutrient discharge into the environment. Furthermore, the 
links between the environmental sanitation and peri-urban agricultural 
system and the environment should also be identified. 
 
The households play a key role in the system. Water consumption 
behaviour, selection of water-efficient house installations and reuse of 
rainwater or greywater for toilet flushing or garden irrigation are some 
of the factors affecting water exploitation. Moreover, the type of on-
site sanitation installations used also influences the amount of 
nutrients available for use as fertilizer. 
 
The system should thus comprise the following elements:  
 
• The household as water, detergent and food consumer as 

well as excreta, wastewater and organic waste producer. 
• The urban environmental sanitation sector: water supply, 

on-site sanitation, sewerage & drainage network, solid waste 
collection, landfill, open dumps, and composting. 

• The peri-urban food production sector: crop production, 
livestock production and aquaculture. 

• The environment as water supply source (groundwater, 
surface water, atmosphere) as well as nutrient supplier 
(nitrogen fixation, nutrient deposition from the atmosphere) 
and receiver (surface water, soil, groundwater, and 
atmosphere). 

 
The system proposed is illustrated in a simplified way in Fig. 6 and in 
more detail in Fig. 7. The boxes designate processes and the arrows 
represent flows. The simplified system illustrated in Fig. 6 is 
appropriate to give a rapid overview over the main processes and 
flows; while the system described in Fig. 7 is a good basis for a more 
comprehensive analysis of the impact of changes (e.g. household 
consumption patterns, type of on-site sanitation infrastructure, 
wastewater and solid waste reuse strategies, type of crops and 
livestock categories, etc.) on water and fertilizer consumption as well 
as on nutrient discharge into the environment. 
 
The process “market” contained in Fig. 7 represents a platform for the 
exchange of goods produced in Hanoi and distributed to the 
households in and outside Hanoi province. It is also the place where 
“imported” products such as food and agricultural inputs (fertilizer) are 
distributed to the households and to agricultural processes. The 
process “industry” was left outside the system border; only industrial 
water consumption, solid waste and wastewater generation have 
been considered. 
 
Some processes are divided into sub-processes. The different types 
of on-site sanitation systems operating in Hanoi (septic tank, single pit 
latrine, pour flush infiltration latrine, double pit urine diversion latrine, 

Identifying 
appropriate 

indicator 
substances and 

relevant 
processes and 

goods 
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biogas latrine, bucket latrine) are sub-processes of the process “on-
site sanitation”. Similarly, the process “agriculture” is divided into crop 
production (major crops grown), livestock production (main livestock 
categories reared) and aquaculture. 
 

 
 
Figure 6 Simplified system representation of environmental 

sanitation and agriculture in Hanoi province. The exclamation 
marks indicate the aforementioned key issues. Only the main 
processes and goods are indicated here.  

 
 

 
 
Figure 7 System description of environmental sanitation and 

agriculture in Hanoi province. Some process numbers are 
missing as some processes are not represented here. 

Representing the 
system 

comprising 
processes, goods 

flowing to and 
from the 

processes, and 
system boundary 
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The next steps will consist in identifying “control points”, i.e. factors in 
the different processes determining the key flows: groundwater 
withdrawal, nutrient use as fertilizer, and nutrient discharge into 
surface water. Moreover, the impact of different interventions at the 
“control points” on the key flows will be assessed. These steps can be 
supported by mathematical modelling of the material flow system 
(Box 2). Propositions for interventions should be developed in a multi-
stakeholder process (see HCES approach: Eawag, 2005).  
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Box 2 Why and how to model material flow systems? 
 
The mathematical description of MFA 
systems allows to simulate the impact 
of changes in the system and can 
therefore be used to evaluate potential 
environmental sanitation scenarios with 
regard to resource consumption and 
environmental pollution. 
 
Development of a mathematical model 
for a specific MFA system consists of 
the following steps (Baccini and Bader, 
1996): 
 
1. Identification of system variables 

based on the system analysis. 
 
The variables of an MFA system are: 
 
• Mass (total mass or mass of 

substance i) increase or decrease in 
each process: dMi

(j)/dt 
• Mass flow (total mass or mass of 

substance i) from or to a process: 
Ai,j-s or Ai,r-j 

 
System analysis forms the conceptual 
model and basis of the mathematical 
model. The variables are determined by 
system analysis.  
 

 
 
Example of a system analysis 
illustrating system variables (green).  
 
An MFA system is regarded as fully 
described when all variables, i.e. stock 
change rates of goods or substances in 
each process and all good or substance 
flows in the system are known. 
 
2. Determination of the balance 

equations 

 
The law of mass conservation allows to 
formulate a balance equation for each 
process. Stock change rate, equaling 
input minus output flow, is defined for 
each process:  
Error! Objects cannot be 
created from editing field 
codes. 

 

 
where i expresses the indicator 
substance (for example P for 
phosphorus), j the process number, Mi

(j) 

the stock of substance i in process j, t 
the time, r the source process, s the 
destination process, Ai,r-j the input flow 
of substance i from the source process 
r to the process j, and Ai,j-s the output 
flow of substance i from the process j to 
the destination process s. The left side 
of the equation indicates the stock 
change rate of substance i within the 
process j; the right side stands for the 
difference between input and output 
flows of substance i to and from 
process j. If i is not a chemical element 
but a compound, such as for example 
NO3-, a production term (sources and 
sinks) should be displayed in the 
balance equation. 
 
3. Development of the model 
 
This step consists in determining 
“model equations” based on scientific 
and expert knowledge. They represent 
the characteristic features of the system 
and express how different parameters 
determine the variables in the system. 
For example:  
Error! Objects cannot be 
created from editing field 
codes. 

 

 
where p1, p2,..., pn are parameters 
influencing the variable Ai,r-j. By 
formulating balance and model 
equations and assessing parameter 
values, material flows and stock change 
rates can be quantified. 
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3.2 Estimating material flows 
 
3.2.1 Developing a material flow model  
 
The system analysis forms the basis of the material flow model. 
Based on the system analysis, system variables are identified and 
system equations are formulated, whereby two types of equations 
can be distinguished: balance and model equations (Box 2). To 
establish model equations, a deep understanding of the phenomena 
occurring in each process and factors influencing material flows is 
needed. This understanding can build on expert knowledge (on the 
entire system or system parts as well as on specific processes), 
literature review or surveys and field measurements. It is 
recommended to develop the model process by process.  
 
The following example illustrates how a simple model describing 
phosphorus flows in the household process in Hanoi can be 
developed. This process includes all household activities related to 
water and nutrient flows such as cooking, eating, defecating, bathing, 
washing dishes and clothes. Sub-processes are already described in 
Chapter 2. However, unlike in Chapter 2, “On-site sanitation” is not 
considered as a sub-process of the “household” but as a distinct 
process (see Fig. 10). This allows a finer analysis of the impact of 
different types of on-site sanitation installations on nutrient flows.  
 
Phosphorus (P) inputs in the “household” are food and detergents. 
The food is consumed or ends up as food waste (inedible part or food 
leftovers). Some of it is flushed out during dish washing (greywater). 
P in detergents or cleansing products also ends up in the greywater. 
Consumed phosphorus leaves the human body with the excreta. In 
the case of Hanoi, mainly blackwater (excreta and flushwater) is 
discharged into on-site sanitation systems, while greywater flows 
directly into the sewerage and drainage network. Greywater is 
sometimes also pretreated with blackwater in septic tanks.  

 
The system variables are 
the stock change rate of 
phosphorus in this process: 
dMP

(1)/dt and the input and 
output phosphorus flows: 
AP,5-1, AP,6-1, AP,1-2, AP,1-3, 
AP,1-4, AP,1-17 (see Figs. 7 
and 8).  
 
Basically, seven equations 
must be formulated in order 
to assess the seven 
variables.  
 
 
 
 
 

 
 
Figure 8 The household process in 

Hanoi with its input and 
output flows. See Fig. 7 for a 
complete picture of the system. 

Identifying system 
variables based 

on the system 
analysis 

Understanding the 
phenomena 

occurring in the 
process 
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The balance equation for phosphorus in the household (HH) process 
can be formulated as follows: 

171,41,31,21,16,15,

)1(

−−−−−− −−−−+= PPPPPP
P AAAAAA
dt
dM  HH balance 

equation

 
Six model equations are subsequently formulated. They represent 
the characteristic features of the system and express how different 
parameters determine the variables in the system: 
 
The P flow from the process “market” to the process “household” is 
expressed as a function of the per capita food consumption and use 
of detergent (afood_f, adet_d) in kg cap−1 year−1, P content in food items 
and P content in detergent (CP,food_f, and CP,det_d) in g kg−1 and the 
number of inhabitants (n):  

∑ ∑ −
− ⋅⋅+⋅⋅=

f d
dPdffoodPffoodP CaCanA 3

,det_det__,_16, 10)(  HH model 
equation 1

 
P input through water supply has been neglected in this model: 

015, =−PA  HH model 
equation 2

 
The P flow from “household” to “on-site sanitation” systems is 
expressed as a function of the per capita P load in excreta (aP,excreta), 
per capita P load in greywater (aP,greywater), both in g cap−1 day−1, 
fraction of greywater discharged into the on-site sanitation 
installations (rgrey_ST), and number of inhabitants: 

3
_,,21, 10365)( −

− ⋅⋅⋅⋅+= nraaA STgreygreywaterPexcretaPP  HH model 
equation 3

 
The P flow from “household” to “sewerage and drainage network” is 
expressed as a function of the per capita P flow in greywater, fraction 
of greywater discharged into “on-site sanitation” systems and number 
of inhabitants: 

3
_,31, 10365)1( −

− ⋅⋅−⋅⋅= STgreygreywaterPP ranA  HH model 
equation 4

 
The P flow from “household” to “solid waste collection” is expressed 
as a function of the per capita P load in kitchen waste (aP,kitchen waste) in 
g cap−1 day−1 and the number of inhabitants: 

3
,41, 10365 −

− ⋅⋅⋅= wastekitchenPP anA  HH model 
equation 5

 
There is no P loss in gaseous form: 

0171, =−PA  HH model 
equation 6

 

When developing model equations by limited data availability, it is 
important to minimize as much as possible the number of 
parameters. Moreover, equations containing parameters difficult to 
assess should be reformulated so as to eliminate these 
parameters. 

Formulating 
balance and 

model equations 

Minimizing 
number of 

parameters and 
eliminating 
parameters 

difficult to assess 
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This principle is illustrated by the example of the phosphorus load in 
human excreta. As the per capita P load in excreta is dependent on 
dietary habits, it will vary regionally. To avoid experimental 
determination of this load, the model was adapted so as to express it 
as a function of the total food protein (aTFP) and vegetable food 
protein (aVFP) supplied to the “household” in g cap−1 day−1 as well as 
of the ratio between P load in excreta and the sum of total and 
vegetable protein supply (rP_excreta) according to Jönsson et al. (2004): 

)(_, VFPTFPexcretaPexcretaP aara +⋅=   
 
According to Jönsson et al (2004), “vegetable food stuffs contain on 
average twice as much phosphorus per gram of protein as animal 
ones”. This is why the vegetable protein is counted twice in the above 
mentioned equation. Information on protein supply is available at 
country level (FAOSTAT, 2004). Moreover, food consumption survey 
data is available for several regions and cities. These surveys were 
conducted in Hanoi and provide data on food protein supply both in 
urban and peri-urban areas of Hanoi (Anh et al., 2004). If information 
on food consumption is not available, these surveys are more easily 
conducted than excreta characterisation. Jönsson et al. (2004) also 
provide a value for rP_excreta. The parameters aP_excreta can thus be 
disregarded and “Household model equation 3” reformulated as 
follows: 

3
_,_21, 10365))(( −

− ⋅⋅⋅⋅++⋅= nraaarA STgreygreywaterPVFPTFPexcretaPP  HH model 
eq. 3

 
3.2.2 Assessing parameter values 
 
Balance and model equations have now been formulated. In order to 
quantify the variables (stock change rates and material flows), 
parameter values must be assessed.  

 
This iterative procedure is very important as it reduces the cost of 
the flow estimation and hence of the entire material flow analysis. 
Why? Determining all model parameters experimentally (by sampling 
and analysis or surveys) would neither be feasible (cost, time, etc.) 
nor meaningful. It is difficult to determine which parameters should be 
assessed accurately at first sight and hence there is a risk to spend 
the limited budget on measuring few parameters, which may not 

As illustrated in Fig. 5, parameter assessment is an iterative 
procedure. It is important to start by a rough parameter 
assessment, particularly where data collection means are limited. 
Parameter values should thus initially be assessed by reviewing 
local reports, statistical data, scientific publications and databases, 
and by eliciting expert judgement (Box 5). Variables are initially 
calculated (Chapter 3.2.3) on the basis of the first parameter 
approximation values. Plausibility of parameter values and model 
outcomes is subsequently assessed (Chapter 3.4). If not all the 
plausibility criteria are met, the most sensitive parameters 
(Chapter 3.3) are reassessed more accurately. A more 
differentiated literature review and/or field measurements or 
surveys can be carried out to obtain a more accurate assessment 
of the sensitive parameters.  

Start by a rough 
parameter 

approximation 
 

Only start 
conducting 

measurement 
campaigns once 

sensitive 
parameters have 

been identified  
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significantly influence the key flows. One may thus end up having 
spent the entire budget but without a reasonable assessment of the 
most determining parameters. The iterative procedure should help 
avoiding ending up like that. The first rough parameter assessment 
serves as a basis to calculate material flows and identify the most 
sensitive parameters, i.e. the ones significantly influencing the key 
flows. The limited budget can now be spent for assessing the most 
sensitive parameters with a sufficient accuracy.  
 
Large material flow uncertainties can lead to incorrect conclusions. 
Assuming that the phosphorus flow into surface water is estimated for 

the current situation as well as for a given scenario, comparison of 
both average flow values could lead to the conclusion that one of the 
flows is larger than the other. However, considering not only average 
values but also the ranges or uncertainties could lead to the 
conclusion that both flows are of the same order of magnitude. 
Working with probability distributions rather than mean values thus 
allows a more differentiated interpretation of the model outcomes. 
 
The iterative procedure and the consideration of uncertainty are 
illustrated here on the basis of the household parameters. Table 1 
(Annex A) contains the results of the first rough parameter 
approximation. The parameters are not only characterized by an 
average value but by a distribution type and the characteristics of the 
distribution such as mean and standard deviation (Box 3). The 
number of inhabitants was for example assumed to be normally 
distributed as most values are likely to range around the mean value, 
with fewer values far below or far above the mean value. A mean 
value of 3.1 million was assessed on the basis of the values provided 
by the Hanoi Statistical Office (HSO, 2002) and assuming that 15% of 
Hanoi’s inhabitants are unregistered (local expert knowledge). 
Standard deviation was assessed at 0.4 million based on the range of 
literature values.  
 
Variables were subsequently calculated on the basis of these 
parameter values (Chapter 3.2.3). However, several plausibility 
criteria could not be met (Chapter 3.4) and thus the sensitive 
parameters (identified in Chapter 3.3) should be reassessed more 
accurately. This reassessment is illustrated here based on one of the 
most sensitive parameters - the per capita P load in greywater. The 
first approximation, based on a general literature review, resulted in a 
very wide range of values: aP,greywater ranges between 0.1 and 3.5 with 
a mean value of 0.15 g cap−1 day−1. Surveys and field measurements 
conducted in Hanoi resulted in a more accurate determination of 
detergent consumption, P content in detergent as well as greywater 
generation and P concentration in greywater (20 samples). The P 
load in Hanoi’s greywater amounts to 0.5 (0.1-1.1) g cap−1 day−1 (0.6 
in urban area and 0.4 in suburban area) (Büsser, 2006). Table 2 

Moreover, considering data uncertainty is of utmost importance. 
Parameters can be expressed as probability distributions instead 
of average values (Box 3). Parameter uncertainties are 
subsequently propagated through the model in order to assess 
uncertainty in material flows (Box 6). 

Consider data 
uncertainty 
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parameter 
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based on 

literature data or 
expert judgment 

More accurate 
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measurements 
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(Annex A) contains values of the reassessed parameters. Similarly, 
values for all sensitive model parameters were reassessed until all 
plausibility criteria were met. 
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Box 3 Uncertainty of model parameters 
 
Considering data uncertainty is of 
utmost importance, particularly when 
data availability is limited. Not 
considering uncertainty could lead to 
incorrect conclusions, for example 
when comparing the impact of different 
scenarios. One way of characterizing 
uncertainty of model inputs (parameters) 
is to express them as probability 
distributions.  
 
There are two distinct views of 
probability. The standard view of 
probability is the frequentist view: the 
probability of an event is derived from 
repeated experiments in which the 
frequency that an event occurs is 
analyzed. According to the subjectivist 
(or bayesian) view the “probability of an 
event is the degree of belief that a 
person has that it will occur, given all 
the relevant information currently 
known to that person. Thus the 
probability is a function not only of the 
event but of the state of information” 
(Morgan and Henrion, 1990). 
 
In case of limited data availability, the 
type of probability distribution can 
usually not be determined from existing 
data but has to be assumed on the 
basis of our knowledge on each 
parameter (subjectivist view). According 
to Morgan and Henrion (1990), the 
lognormal distribution is appropriate 
to represent “physical quantities that 
are constrained to being non-negative, 
and are positively skewed, such as 
pollutant concentrations, stream flows”, 
etc. Moreover, the lognormal 
distribution is particularly suitable to 
represent large uncertainties.  

 
 
Example of a lognormal distribution. 
 

The normal distribution provides a 
good model for a parameter, when 
there is a strong tendency for the 
parameter to take a central value, 
positive and negative deviations from 
this central value are equally likely, and 
the frequency of deviations falls off 
rapidly as the deviations become larger 
(StatSoft, Inc., 2006).  

 
 
Example of a normal distribution. 
 
According to Gränicher (1996), for the 
normal distribution, around 68% of the 
values lie within one standard deviation 
from the mean value and 95% within 
two standard deviations.  
 
Use of the uniform distribution is 
appropriate when we are able to 
“identify a range of possible values, but 
unable to decide which values within 
this range are more likely to occur than 
others” (Morgan and Henrion, 1990).  

 
 
Example of a uniform distribution. 
 
Characteristics of the probability 
distributions, such as mean and 
standard deviation or minimum and 
maximum, were estimated based on 
knowledge on parameters, available 
data and reliability of the information 
sources or by applying expert 
judgment elicitation technique (Box 
5). 
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Box 4 Probability “refresher” 
 
How to build, represent and 
interpret probability distributions? 
 
A frequency histogram can be built 
based on a series of data points as 
illustrated by the following example. We 
assume that n data points for the 
parameter “per capita household water 
consumption” are available: 
 
Per capita household water 
consumption in Hanoi (n data points) 
 
Household water 
consumption (l cap-1 day-1) 
Value 1 110 
Value 2 127 
Value 3 122 
...  
Value n 120 

 
These values can be classified in 
different intervals. The number of data 
points or percentage of data points 
contained in each interval can be 
plotted on a graph (frequency 
histogram). 
 
Per capita household water 
consumption in Hanoi (frequencies of 
data points in different ranges) 
 
Water consumption 
range (l cap-1 day-1) 

Data points in 
each range (%) 

≤88 0
88-90 0.1
90-92 0
92-94 0.1
94-96 0.4
96-98 0.4

98-100 0.7
100-102 1.1
102-104 1.7

... 
152-154 0.1
154-156 0

>156 0
 
The sum of all bar heights corresponds 
to 100%. The proportion of values lying 
in a specific range can be estimated by 
adding the heights of the bars in this 
range based on the frequency 
histogram. The proportion of values 

between 110 and 130 l cap-1 day-1, for 
example, amounts to 68%.  
 

 
Water consumption in Hanoi 
represented as frequency histogram. 
 
A smooth curve can be plotted through 
the bars of the frequency histogram: 
this is a probability density function. 
The total area below this curve is one. 
The area under the curve above a 
certain range corresponds to the 
probability of lying in this range. The 
shaded area in the figure below 
between 110 and 130 l cap-1 day-1 

amounts to 0.68.  
 

 
Water consumption in Hanoi 
represented as probability density 
function. 
 
However, it is very likely that we do not 
have enough data points available to 
build a frequency histogram or a 
probability density function. In this case, 
we can use the subjectivist view to 
generate the data points. Assuming that 
household water consumption is likely 
to range around the mean value with 
fewer values much smaller or much 
larger that the mean, it can be 
described by a normal distribution. In 
the case of Hanoi, a mean value of 120 
l cap-1 day-1 was determined on the 
basis of available data and a standard 
deviation of 10 was assumed also 
based on the range of available data 
and on the reliability of the data sources. 
The characteristics of the distribution 
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function can be used to generate 
random data points (for example using 
excel) and subsequently to plot a 
frequency histogram or probability 
density function. If data is too scarce to 
estimate the characteristics of the 
probability distribution such as mean 
and standard deviation, assessing 
expert judgement is a promising 
method (Box 5). 
 
Another way of expressing probabilities 
is the cumulative distribution 
function. It represents the probability 

that an uncertain quantity is less than or 
equal to a specific value (see figure 
below). The cumulative distribution 
function is the integral of the probability 
density function. 
 
The Palisade’s DecisionTools software 
(Clemen and Reilly, 2001) can help 
plotting probability density or 
cumulative probability functions. 
 
Sources: Clemen and Reilly (2001), 
Morgan and Henrion (1991) 
 

 

 
Cumulative distribution function and probability density function of the same parameter 

 



 

 22

Box 5 Expert judgment elicitation 
 
Box 5.1 How to assess expert judgment? 
 
If data is scarce, assessing expert 
judgement is a promising method to 
estimate model parameter values. 
Expert knowledge (subjective 
judgements) can be translated into 
probability distributions, i.e. prior 
probability distributions (Morgan and 
Henrion, 1990). 
 
This approach usually requires the 
development of a protocol for expert 
assessment. The main steps of the 
approach (Morgan and Henrion, 1990; 
Clemen and Reilly, 2001) are described 
here and are followed by an example: 
 
1. Background 
The first step consists in identifying the 
parameters for which expert 
assessment is needed. A search of 
relevant scientific literature should be 
conducted to determine the extent of 
available scientific knowledge. 
 

2. Identification and recruitment of 
experts 

There is no rule related to the 
appropriate number of experts. 
However, enough experts are required 
to illustrate the main views (Morgan and 
Henrion, 1990). 
 

3. Motivating experts 
Scientists often prefer to rely on 
measurements rather than on 
subjective judgement. Since they may 
hesitate to express their opinions, it is 
important to gain the experts’ 
confidence and raise their enthusiasm 
for the project.  
 
4. Structuring and decomposition 
This step explores the experts’ 
understanding of causal relationships 
among the relevant parameters. The 
objective is to develop a general model 
such as an influence diagram that 

reflects the experts’ thinking about the 
relationships among the parameters.  
 

5. Probability assessment training 
It is important to explain the principles 
of expert assessment, to provide 
information on the inherent biases in 
the process and ways to counteract 
those biases (see below), and to give 
the experts an opportunity to practice 
probability assessments. 
 

6. Probability elicitation and 
verification 

This step produces the required 
probability assessments and a 
documentation of the reasoning behind 
the assessments. Each expert should 
be asked to review the plotted 
distributions and provide clarifications 
(see example below). 
 

7. Aggregation of experts’ 
probability distributions 

If experts’ views on the same 
parameter differ, it is important to try to 
understand why they reach different 
conclusions. If the range of opinions 
has no significant consequence on the 
model outcome, their conclusions can 
be combined to obtain an average view. 
On the other hand, if the range of 
experts’ opinions has a major impact on 
model outcome, their opinions should in 
most cases not be combined (Morgan 
and Henrion, 1990).  
 
 
Additional knowledge subsequently 
gained through measurements for 
example can be combined with expert 
knowledge. Bayes’ rule provides the 
mechanism for using data to update a 
prior probability distribution in order to 
obtain a posterior probability distribution 
(Morgan and Henrion, 1990; Clemen 
and Reilly, 2001). 
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Box 5.2 How to avoid biases? 
 
Heuristics are simple rules, like rules of 
thumb we use when making judgments 
in the presence of uncertainty. However, 
they can lead to biases (Morgan and 
Henrion, 1990). These biases are 
described here as well as measures to 
counteract them. 
 
Anchoring and adjustment. According 
to this heuristic, we tend to use the 
most readily available piece of 
information as a reference point (the 
"anchor") and make adjustments to it to 
reach our estimate (Spetzler and Staël 
von Holstein, 1975). A possibility to 
counter anchoring bias is to ask experts 
for extreme judgments before obtaining 
their likely ones (Meyer and Booker, 
1991). 
 
Availability “refers to the ease with 
which relevant information is recalled or 
visualized”. Information that made a 
strong impression on us or recent 
information is likely to be easier to 
recall and therefore to be given too 
much weight (Spetzler and Staël von 
Holstein, 1975). “In general, group 
discussion will cause the expert to think 
of more than just the first readily 

accessible information” (Meyer and 
Booker, 1991). 
 
Representativeness. We tend to make 
probability judgments on the basis of 
similarity. For example we judge the 
probability that someone belongs to a 
specific group by comparing information 
about that person with the stereotypical 
member of that group (Clemen and 
Reilly, 2001).  
 
Underestimating uncertainty. This 
“may be reduced by asking the expert 
to further disaggregate the parts of the 
question and give estimates of the 
quantities of interest for each small 
part” (Meyer and Booker, 1991). 
 
Consequently, expert interviews must 
be very carefully conducted in order to 
avoid biases. In particular, it is 
recommended to disaggregate the 
question in different parts and then to 
estimate the parameters for each small 
part, to start by estimating extreme 
values before assessing mean values 
and to conduct group discussion to 
avoid basing our estimation on events 
that are easy to recall.  
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Box 5.3 Assessing nutrient transfer coefficients in septic tanks by eliciting 
expert judgment 
 
The expert elicitation technique was 
applied in the Hanoi case study to 
determine prior probability distributions 
for nitrogen and phosphorus transfer 
coefficients in septic tanks – one of the 
most common on-site sanitation 
systems in developing countries.  
 
Transfer coefficients, commonly used 
when modelling material flows, describe 
the partitioning of a substance in a 
process and provide the fraction of the 
total input of a substance transferred 
into a specific output good (Baccini and 
Bader, 1996). Transfer coefficient 
values, which are not necessarily 
constant, are substance and process-
specific. Transfer coefficients are 
therefore defined for specific conditions 
(e.g. operational procedure, 
geographical location). The transfer 
coefficient for a substance i (e.g. 
phosphorus) through a process (e.g. 
septic tank) into an output good j (e.g. 
faecal sludge) is defined by the 
following equation: 
Error! Objects cannot be created 
from editing field codes.  

where k(j)
i,g stands for the transfer 

coefficient of substance i in output good 
g for process j, A(j)

i,g is the flow of 
substance i in good g generated in 
process j, and ∑Ai,r-j the total input flow 
of substance i into process j.  
 
Since septic tanks were designed to 
reduce solids and organic matter loads 
in the wastewater and not to remove 
nutrients, it is not surprising that 
information on nutrient removal in 
septic tanks is scarce.  
 
Experts were selected on the basis of 
their theoretical knowledge on 
wastewater treatment techniques and 
research experience related to septic 
tanks. Three experts participated in the 
expert elicitation study on nitrogen and 
phosphorus partitioning, and an 
additional one supported the study with 
his knowledge on nitrogen behaviour.  

 
Experts were first introduced to the 
project and to the principles of 
subjective probability assessment. They 
examined the results of a literature 
review on septic tanks and were given 
the opportunity to correct or add 
information. They were then asked to 
generally describe the qualitative 
mechanisms occurring in a septic tank 
and, in particular, the ones influencing 
nutrient separation in faecal sludge, 
effluent and gas. 
 
In a second step, points on the 
cumulative distribution function were 
assessed by assigning a transfer 
coefficient value to a given cumulative 
probability. To avoid anchoring, 
extreme points, i.e. transfer coefficient 
values corresponding to cumulative 
probabilities of 95% and 5% were first 
assessed. After having assessed the 
largest and smallest values, 
intermediate cumulative probabilities 
and their corresponding transfer 
coefficient values were determined. 
Experts were asked to explain the 
rationale for their assessment.  
 

 
 
First step of the probability elicitation. 
Phosphorus transfer coefficient values are 
assigned to given cumulative probabilities 
starting by extreme values. Points 1.1-3.2 
designate the points assessed by the 
experts in their order of assessment.  
 
The cumulative distribution functions 
were then fitted through the points 
(non-linear regression) using the 
Palisade’s DecisionTools software 
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(Clemen and Reilly, 2001) and 
assuming that transfer coefficients 
follow a lognormal distribution (non-
negative, positively skewed, 
appropriate to represent large 
uncertainties).  
 

 
 
Second step of the probability elicitation. 
Cumulative distribution functions are 
subsequently fitted through the points. 
 
The cumulative distribution functions 
were then converted to probability 
density functions (derivation of the 
cumulative distribution functions). 
Experts were invited to review the 
results of their interviews.  
 

 
 
Third step of the probability elicitation. 
The cumulative distribution functions are 
converted to probability density functions 
(derivation of the cumulative distribution 
functions). 
 

The resulting probability density 
functions were averaged by attaching 
the same weight to the results obtained 
by each expert. 
 

 
 
Fourth step of the probability elicitation. 
Averaging of the obtained probability 
density functions (grey area). 
 
The mathematical properties of the 
obtained theoretical distribution were 
subsequently used in the entire Hanoi 
nutrient flow model.  
 
 
Source: Montangero and Belevi (2007) 
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Box 6 Uncertainty propagation 
 
The question is how to propagate the 
parameter uncertainties through the 
model in order to assess uncertainty in 
model outcomes, i.e. in variables such 
as material flows. Many methods can 
be used to assess propagation of 
uncertainties including those under the 
general descriptions of analytical, 
approximation and numerical methods. 
If parameter uncertainties are large and 
deviate from normal distribution, it may 
be difficult or impossible to combine 
uncertainties using the conventional 
statistical rules (IPCC, 2000). However, 
the numerical Monte Carlo method 
can deal with this situation. The 
principle consists in generating model 
parameter values randomly within the 
parameter uncertainty distribution 
specified initially (i.e. more values are 
selected from the high probability 
range). Variable values are 
subsequently calculated based on the 
generated parameter values. An 
uncertainty distribution for the variable 
can be determined based on the 
calculated variable values. The method 
is computationally time-intensive, but 
well suited to deal with the problem of 
propagating and aggregating 
uncertainties in an extensive system 
(IPCC, 2000). 
 

The following example illustrates how 
the Monte Carlo simulation can be used 
to estimate the uncertainty of the 
phosphorus load in human excreta on 
the basis of the parameter uncertainties: 
 
As aforementioned, the phosphorus 
load in excreta can be expressed as a 
function of the total food protein (aTFP) 
and vegetable food protein (aVFP) 
supplied to the “household” in 
g cap−1 day−1 as well as of the ratio 
between P load in excreta and the sum 
of total and vegetable protein supply 
(rP_excreta): 

)(_, VFPTFPexcretaPexcretaP aara +⋅=   
n random values for these three 
parameters can be generated, for 
example using excel, based on their 
type of probability distributions and 
characteristics such as mean and 
standard deviation. A series of n 
phosphorus load values can 
subsequently be calculated using the 
equation above and the n parameter 
values. The n phosphorus load values 
are classified in different intervals 
based on which a frequency histogram 
or a probability density function can be 
plotted (Box 4). Mean and standard 
deviation of the phosphorus load can 
now be determined.  

 

 
Principles of the Monte Carlo simulation illustrated by the assessment of the 
phosphorus load in human excreta. 
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3.2.3 Calculating variable values 
 
Once parameter values are assessed, variables, i.e. stock change 
rates in each process and flows can be calculated using the defined 
equations (Chapter 3.2.1). Variable uncertainty was assessed by 
Monte Carlo simulation (Box 6), whereby a set of values was 
calculated for each variable by randomly selecting parameter values 
based on their probability distributions and by applying the model 
equation. As mentioned in Chapter 3.2.2, parameter values are 
determined in an iterative way: they are reassessed until all 
plausibility criteria are met. Variable values are thus also recalculated 
after each parameter reassessment.  
 
There are different ways of presenting results of a material flow 
analysis. It is important to give the audience a feeling for flow 
uncertainty. Flows can be represented as arrows characterized by a 
specific thickness in the material flow scheme, frequency histograms 
or probability distributions (Fig. 9). However, if the target reader does 
not feel comfortable with probability distributions, it may be better to 
represent flows as intervals using for example the 90% or 95% 
confidence interval (see Fig. 14). When using power point 
presentations, it is appropriate to represent the outcomes of different 
scenarios as a series of material flow schemes where the relative 
importance of the flows is represented by arrows of different 
thicknesses.  
 

 
 
Figure 9 Phosphorus flows to and from the household process in 

Hanoi province. Flows are represented as arrows of different 
thicknesses. Means and standard deviations are indicated 
(tonnes P per year). One of the flows, P in greywater is also 
represented as frequency histogram and probability density 
function. 

 
 
3.3 Identifying sensitive parameters 
 
Sensitivity analysis provides insight into the most determining 
parameters. This helps design effective measures and select 
parameters requiring a more precise assessment in order to reduce 
variable uncertainty. This is a very important step where only limited 

Material flows can 
now be calculated 

based on the 
defined equations 

and parameter 
values 
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simulation 
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data collection resources are available, as it reduces the number of 
parameters requiring further quantification. 
 
Sensitivity was determined as follows: A variable value was 
calculated on the basis of the parameter values whereby one of the 
parameters was changed by 10%, for example, and all other 
parameters were left unaltered. The difference between the variable 
value and the value obtained by changing one parameter was then 
determined. The procedure was repeated for all parameters 
influencing the given variable. This is illustrated here based on two 
examples: groundwater consumption and phosphorus discharge into 
surface water. 
 
Groundwater consumption can be expressed as a function of the 
following parameters: number of inhabitants (n), per capita household 
water consumption (aHH_water), market water consumption, industrial 
water consumption (A5-0), and ratio of water lost through leakage 
(rleakage). As data on market water consumption was not available, it 
was assessed on the basis of market wastewater generation rate 
(aMWW), evaporation (aevap), and market area (sM): 

)1/()10)365(10365( 05
33

_516 leakageMevapMWWwaterHH rAsaaanA −+⋅⋅−⋅+⋅⋅⋅= −
−−

−  

 
To identify sensitive parameters, the groundwater abstraction variable 
was calculated by increasing one of the parameters by 10% while 
leaving the others unaltered and repeating this procedure for each 
parameter. Fig. 10 illustrates the results of the sensitivity analysis for 
the groundwater abstraction variable. It illustrates changes in 
groundwater abstraction for a 10% parameter increase. The number 
of inhabitants, per capita water consumption and proportion of water 
lost through leakage are the most sensitive parameters. Measures to 
reduce per capita water consumption such as water saving house 
installations or reuse of rainwater or greywater for toilet flushing 
would therefore lead to a significant reduction in groundwater 
withdrawal. 
 

 
 
Figure 10 Effect of a 10% parameter increase on water consumption 

(sensitivity analysis). 
 
The following parameters are of key influence on phosphorus flows 
into surface water: the number of inhabitants, ratio of septic tank 
effluent discharged into the drainage network, food protein amount 

The sensitive 
parameters, i.e. 

the most 
determining 
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effective 
measures and 

optimizing data 
collection or 

monitoring plans 



 

 29

supplied to the households, ratio between P load in excreta and food 
protein supply, ratio of inhabitants equipped with septic tanks, and P 
load in greywater (Fig. 11). Assuming that the number of inhabitants 
and per capita protein supply are given conditions and that the ratio 
between P load in excreta and food protein is a constant value, the 
percentage of inhabitants equipped with septic tanks as well as per 
capita phosphorus load in greywater appear to be key control points 
to regulate the phosphorus load discharged into surface water 
(Chapter 3.5.2).  
 

 
 
Figure 11 Effect of a 10% parameter increase on phosphorus 

discharge into surface water (sensitivity analysis). Only the 
most sensitive parameters are represented here.  

 
Moreover, those are also the parameters on which to focus when 
reassessing parameter values (Chapter 3.2.2). As a whole, around 
150 parameters determine phosphorus discharge. Focusing only on 
the most 5 or 10 sensitive ones thus considerably reduce the means 
required for data collection. 
 
 
3.4 Assessing plausibility of parameter and 

variable values 
 
3.4.1 Formulating plausibility criteria 
 
When dealing with scarce data, it is important to determine plausibility 
of model input parameters and of model outcomes by developing a 
set of plausibility criteria representing parameters, variables (flows 
and stock change rates) or relationships between parameters or 
variables (e.g. N/P ratios). Plausibility criteria ranges are then derived 
from reliable sources. Should the estimated parameter values or 
calculated model outcomes lie outside the plausible ranges, the 
assessed parameter values have to be revised.  
 
Plausibility criteria can be based on crosschecking. For example, a 
flow value calculated using the model could be compared with the 
results of field measurements or literature data considered as reliable. 
This is illustrated by the following examples: 
 
A wastewater generation rate of approximately 460 000 m3 day−1 was 
estimated by Hanoi DOSTE (2003). The sum of the different 
wastewater flows determined by the model, i.e. industrial, household 
(greywater and effluent from on-site sanitation systems) and market 
wastewater should thus amount to: 
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13
36323130 %15000460 −
−−−− ±=+++ dmAAAA  (Criteria 1)

(assuming a 15% uncertainty interval for the DOSTE value) 
 
Moreover, the literature provides various per capita P load ranges in 
excreta for different regions. In Vietnam, a P load in excreta of 0.7-1.5 
g cap−1 day−1 was assessed based on information from Polprasert et 
al. (1981) and Heinss et al. (1998). The P flow in excreta calculated 
by the model on the basis of the total and vegetable food protein 
contained in the food supplied to the households is compared to the 
aforementioned literature range: 

-1-1
_, day cap g5.17.0)( −=+⋅= VFPTFPexcretaPexcretaP aara  (Criteria 2)

 
A reliable P concentration range in greywater was determined based 
on a field study conducted in Hanoi (Büsser, 2006). The P 
concentration was first approximated by literature review and 
compared to this range: 

-13
,, l g6210/ maaC greywatergreywaterPgreywaterP −=⋅=  (Criteria 3)

 
Another possibility to establish plausibility criteria is to use an 
overdetermined set of equations. For example, we could add an 
equation to the ones characterizing phosphorus flows in the 
household process (Chapter 3.2.1): there should be no decrease or 
increase of the phosphorus stock in this process and thus, based on 
the household balance equation: 

%150171,41,31,21,16,15,

)1(
±=−−−−+= −−−−−− PPPPPP

P AAAAAA
dt
dM  (Criteria 4)

 
 
3.4.2 Verifying the plausibility of parameter and variable 

values 
 
This step compares parameter values and model outcomes with the 
reliable ranges determined for the plausibility criteria. If plausibility 
criteria are not met, parameter assessment should be repeated. Fig. 
12 illustrates plausibility assessment on the basis of selected criteria. 
Parameters and model outcomes are represented as frequency 
histograms and were obtained from the first rough parameter 
approximation. It is assumed here that the criteria are fulfilled if at 
least 68% of the estimated parameter or calculated variable values lie 
within the plausible range. The limit of 68% was selected as it 
corresponds to the proportion of values ranging within one standard 
deviation from the mean value for a normally distributed variable (Box 
3). Since the criterion for P concentration in greywater was not met 
(Fig. 12), it was reassessed more accurately (Chapter 3.2.2). 
Similarly, all sensitive parameters determined in Chapter 3.3 were 
reassessed more accurately until all plausibility criteria were met. 
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Figure 12 Plausibility assessment results obtained from selected 

criteria. Model outcomes are illustrated as frequency histograms 
and plausible ranges as rectangles. Model outcomes are based 
on the first parameter approximation values. Plausibility criteria 
and percentage of the values within the plausible ranges are 
indicated.  

 
The model can be used as a basis for problem identification and 
scenario simulation once model parameter values and model 
outcomes are plausible. 
 
 
3.5 Simulating the impact of measures 
 
To simulate the impact of changes in the system, parameter values 
are adapted so as to describe these changes. For example, the 
impact of population growth is simulated by replacing the initial 
characteristics of the parameter “number of inhabitants” (n) with the 
new ones, i.e. at a specific point of time (in 10 or 20 years time, for 
example). Or if a new process is introduced for example, an 
additional model component is integrated into the existing model. A 
few examples are given here to illustrate the procedure. 
 
3.5.1 Reducing water consumption 
 
The model results reveal that the current groundwater abstraction in 
Hanoi province amounts to 620,000 ± 90,000 m3 day−1 (Montangero 
et al., in press). Even though uncertainty is rather high, the model 
outcome compares well with the plausible range of 600,000 - 650,000 
m3 day−1 (Hanoi CERWASS, 2004). 60% are used for domestic 
consumption and a relatively large amount is lost through leakage 
(Fig. 13). The groundwater withdrawal rate is in the same order of 
magnitude as the estimated aquifer recharge rate of about 700,000 
m3 day−1 (Nga, 2005). Moreover, abstraction rate is steadily 
increasing as a result of population growth, increase in per capita 
water consumption and industrialisation. 
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Figure 13 Groundwater consumers and their relative importance (mean 

± standard deviation) 
 
Sensitivity analysis for the groundwater abstraction variable revealed 
that the parameters with the greatest impact on groundwater 
abstraction comprise number of inhabitants, per capita water 
consumption and ratio of water lost through leakage (Fig. 10). Thus, 
assuming that population continues to grow at a high rate, measures 
leading to a decrease in per capita water consumption and to an 
improvement of the water distribution network will have the most 
significant influence on the amount of water withdrawn. 
 
The model was used to determine the impact of different measures 
on groundwater withdrawal (see Table 3, Annex A for parameter 
values). In the first scenario, groundwater abstraction was simulated 
for the year 2015 based on unchanged current trends. Assuming that 
Hanoi’s population continues to increase at a high rate and reaches 5 
million by 2015, water consumption rises from 120 to 140 
l cap−1 day−1, market area increases by 10%, and industrial water 
consumption doubles, water abstraction by 2015 would almost double 
to 1,134,000 ± 171,000 m3 day−1. Since this figure is far above the 
aquifer recharge rate of 700,000 m3 day−1, urgent measures are 
required to guarantee adequate water supply and avoid land 
subsidence problems in future. 
 
In the second scenario, the impact of a series of measures aiming at 
reducing water consumption was simulated for the year 2015. The 
results of the sensitivity analysis give first indications of the kind of 
measures likely to be effective. The first simulated measure consists 
in reducing domestic water consumption by reusing a fraction of the 
greywater for toilet flushing. This measure would lead to a decrease 
in mean water consumption from 140 to 112 l cap−1 day−1 and 
correspond to a 16% water abstraction decrease. The second 
measure consists in improving the water distribution network and thus 
reducing leakage from 25 to 10% and total water consumption by 
17%. The third measure consists in reducing the industrial water 
consumption by using more water-efficient production techniques. A 
30% reduction in industrial water consumption would lead to a 4% 
reduction in total groundwater withdrawal. By implementing all three 
measures, a 33% reduction in water consumption could be achieved, 



 

 33

corresponding to 762,000 ± 106,000 m3 day−1. Interventions such as 
information and awareness raising campaigns, as well as introduction 
of financial mechanisms (incentives and/or sanctions) are 
preconditions for successful implementation of the aforementioned 
measures. However, even though groundwater abstraction rate could 
be reduced by a third, it would still be in the same order of magnitude 
as the maximal recommended withdrawal rate (Fig. 14). 
 

 
 

 
 
Figure 14 Groundwater abstraction today, in 2015 if current trends 

remain unchanged (scenario 1), and in 2015 if leakage is 
reduced, greywater reused for toilet flushing and industrial 
water consumption reduced (scenario 2). The estimated 
aquifer recharge rate is also illustrated assuming an uncertainty 
interval of ± 20%. Representation as probability density functions 
(top) and as ranges (90%confidence interval, bottom). 

 
Working with probability distributions rather than mean values allows 
a more differentiated interpretation of the model outcomes. 
Knowledge of the probability distribution of groundwater abstraction in 
scenario 2, for example, reveals that the probability that groundwater 
consumption lies in the range of the aquifer recharge rate amounts to 
75%. There is a 23% probability that it exceeds the aquifer recharge 
rate and only a 2% probability that it lies below. In order to determine 
whether the mean values of model outcomes representing the same 
variable simulated for two different scenarios differ significantly from 
each other, statistical tests can be performed (see Gränicher, 1996 
and Gellert et al., 1966). 
 
Use of river water as additional water supply source is currently being 
discussed in Hanoi. However, the fact that surface water is seriously 
polluted renders its treatment unaffordable. Recently, water is being 
piped to Hanoi from the 70-km distant Da River. Imports of less 
polluted surface water from other regions are likely to increase in the 
near future. Yet this could lead to conflicts among consumers and 



 

 34

increase water production costs. Surface water quality improvements 
in and around Hanoi could render its use as water supply source 
more affordable. Furthermore, promoting the development of 
neighbouring small to medium-size cities, as proposed in the Master 
Plan for Development of Hanoi (Hau, 2004), could limit groundwater 
consumption increase in Hanoi. Groundwater replenishment 
measures should also be discussed.  
 
3.5.2 Reducing phosphorus discharge into surface water 
 
Besides reducing the amount of phosphorus-containing detergent 
used in the households, replacing septic tanks by urine diversion 
latrines seems promising as urine diversion latrines, unlike septic 
tanks, can immobilise most of the nutrients either as dehydrated 
faeces or urine; both reusable as fertiliser in peri-urban agriculture 
(Montangero and Belevi, 2007). The model allows to simulate the 
impact on nutrient load discharged into surface water when septic 
tanks are replaced by urine diversion latrines. Fig. 15 illustrates P 
flows today and in the year 2015 assuming trends remain unchanged, 
as well as for the year 2015 assuming the inhabitants equipped with 
septic tanks use urine diversion latrines. 
 
Despite the high uncertainty, a comparison of the probability density 
functions reveals a significant reduction between the nutrient flows 
simulated for the year 2015 and for the same year based on the 
assumption that Hanoi’s inhabitants use urine diversion latrines. The 
phosphorus flow simulated for the year 2015 amount to 2,700 ± 600 
tonnes year−1. Replacing septic tanks by urine diversion latrines 
would reduce it to 1,500 ± 400 tonnes year−1, corresponding to a 45 ± 
11% reduction. The main parameters determining this flow are 
contained in Table 4 (Annex A). Results can be illustrated for 
example as probability distributions (Fig. 15) or as arrows of different 
thicknesses in material flow schemes (Fig. 16). 
 

 
 
Figure 15 Simulated phosphorus flows to surface water today, in 2015 

assuming unchanged trends and in 2015 assuming septic 
tanks are replaced by urine diversion latrines. 

 
Double-pit latrine with 
urine diversion (Viet Tri, 
Vietnam): latrine floor 
with openings to the two 
chambers for faeces, a 
urine diversion channel 
and a urine pot. 

 
Ecosan latrine in Ha 
Tay Province, Vietnam. 
© CEETIA. 
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Figure 16 Relative importance of the main phosphorus flows in Hanoi 

province today (top), in 2015 assuming unchanged current 
trends (center), and in 2015 assuming that septic tanks are 
replaced by urine diversion latrines (bottom).  
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3.5.3 Reducing artificial phosphorus fertilizer use 
 
The calibrated model can also be used to simulate the effect of 
different measures on phosphorus recovery in Hanoi’s peri-urban 
agriculture (Montangero et al., in press).  
 
In a first step, it is useful to have an overview of the distribution of the 
phosphorus load in the different waste products (Fig. 17). Phosphorus 
quantity in waste products (generated in households, markets, 
industries, and peri-urban agriculture) amount to 4,400 ± 800 tonnes 
P year−1. It is important to note that a considerable amount of the load 
is contained in agricultural waste products: 38% in manure and 6% in 
crop residues. Furthermore, 36 ± 13% of the phosphorus load are 
contained in liquid waste products (on-site sanitation effluent and 
greywater). 
 

 
 
Figure 17 Fractions of the phosphorus load in waste products. 
 
Septic tank effluent in Hanoi is one of the main contributors of the 
nutrient load in waste products: A high percentage of the nutrient 
entering the septic tank with urine and faeces leave the tank with the 
liquid effluent (Montangero and Belevi, 2007). Moreover, septic tank 
effluent in Hanoi is mainly discharged into the sewerage and drainage 
network instead of infiltrating into the ground through leaching pits or 
fields.  
 
Currently, 1,000 ± 200 tonnes P year−1 or 23 ± 5% of the phosphorus 
load in waste products are recovered as organic fertiliser, irrigation 
water, livestock or fish feed through reuse of waste products. The 
remaining waste products are landfilled or discharged into the 
drainage network or on open grounds, leading not only to a loss of 
valuable resources but also to environmental pollution (Fig. 18). The 
phosphorus recovered corresponds to 18 ± 3% of the total 
phosphorus actually used for food production in Hanoi province. The 
residual phosphorus demand is covered by artificial fertiliser and 
commercial livestock feed (Fig. 19). 
 
Food production within the urban and peri-urban area of the province 
covers about 44% of the food demand (Anh et al., 2004). Only 11 ± 
3% of the P amount required to produce food for the entire population 
of Hanoi (agriculture in and outside Hanoi) are currently covered by 
waste products generated in the province (Fig. 19). 
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As aforementioned, a large fraction of the phosphorus load in waste 
products is contained in the effluent from on-site sanitation 
installations and in greywater. However, since rainwater covers most 
of the irrigation water requirement during the rainy season (May to 
October), only a small fraction of this wastewater can be recovered. A 
large amount of wastewater therefore ends up in the river. The 
question is therefore whether the environmental sanitation and 
agricultural system can be altered so as to increase phosphorus 
recovery. 
 
The model was used to tackle this question and to analyse the impact 
of changes in the environmental sanitation and agricultural system on 
phosphorus recovery. Extreme scenarios were selected to clearly 
reveal the impact of policy changes. Scenario 1 describes the 
situation for the year 2015 and assumes unchanged current trends. 
Scenario 2 describes the situation for the year 2015 where Hanoi’s 
septic tanks are assumed to be replaced by urine diversion latrines. 
Furthermore, an increased organic fertiliser application rate is 
assumed. Scenario 3 describes the situation for the year 2015 and 
assumes that Hanoi’s population eliminates meat from its diet. Protein 
intake is compensated by a higher consumption of fish, vegetables, 
beans, soybean, and nuts. Fig. 18 illustrates the phosphorus loads in 
waste products recovered for food production as well as landfilled or 
discharged into the environment. Fig. 19 contains the phosphorus 
load applied in Hanoi’s peri-urban agriculture (in waste products, 
commercial livestock feed and artificial fertiliser) as well as the 
phosphorus load applied outside Hanoi to produce food consumed in 
Hanoi. Figs. 18 and 19 compare the aforementioned phosphorus 
loads in the different scenarios (see Table 3 in Annex A for parameter 
values). 
 

 
 
Figure 18 Phosphorus loads in waste products generated in Hanoi and 

reused in peri-urban agriculture as well as landfilled or 
discharged into the environment. The sum corresponds to the 
total amount of phosphorus in waste products generated by 
Hanoi’s households, markets, industries, and agriculture. The 
error bars represent the standard deviation. 
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Figure 19 Phosphorus loads in waste products generated in Hanoi and 

reused in peri-urban agriculture, in artificial fertilizer and 
commercial livestock feed used in Hanoi, and in different 
agricultural inputs applied outside Hanoi to produce food for 
Hanoi’s population. The error bars represent the standard 
deviation. 

 
Uncertainty in Figs. 18 and 19 is represented by the standard 
deviation. Simulation results illustrated in these figures are discussed 
in the following paragraphs. Replacing septic tanks by urine diversion 
latrines has a considerable impact on the amount of nutrient that 
could potentially be recovered as organic fertiliser for food production. 
The amount of P that could potentially be recycled amounts to 1,000 
± 200 tonnes P year−1 in 2015, and 2,700 ± 500 tonnes P year−1 if 
septic tanks are replaced by urine diversion latrines. This amount 
would cover 17 ± 3% and 46 ± 9% of the P required as agricultural 
inputs, respectively. The quantity of required artificial fertiliser would 
correspondingly decrease 57 ± 16%.  
 
Some 50% of the nutrients would still not be recovered and thus end 
up in landfill or the environment. The results reveal that modifying the 
agricultural production system would also have a considerable impact 
on nutrient recovery. A vegetarian based agricultural system would 
lead to a further increase in P recovery. 3,000 ± 400 tonnes P year−1, 
corresponding to 69 ± 12% of the required phosphorus input would be 
recovered. Artificial P fertilizer would be reduced by 60 ± 16%. 
 
Moreover, a considerable reduction in the total amount of nutrients 
required to nourish the entire population of Hanoi (peri-urban 
agriculture in Hanoi and neighbouring provinces) would also occur in 
the vegetarian scenario (Fig. 19). This is attributed to the fact that P 
use efficiency (required P input as fertilizer or feed per unit P 
produced as crop or meat) for animal production are lower than for 
crop production. In other words, the production of 1 kg of P as meat 
requires far more P input than the production of 1 kg of P as crop.  
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4 Summary and conclusions 
 
 
When developing and calibrating material flow models with limited 
data availability, the following points should be taken into account: 
 
• The model should be developed so as to minimize the number 

of parameters. Moreover, parameters difficult to quantify 
should be replaced by others more easily assessed or 
measured.  

 
• To consider uncertainties, model parameters can be 

expressed as probability distributions. Monte Carlo simulation 
can subsequently be conducted to assess variables 
uncertainty.  

 
• A set of plausibility criteria should be established and 

plausibility criteria ranges determined based on values from 
reliable sources. 

 
• Application of an iterative approach is of key importance. 

Parameter values should first be assessed on the basis of a 
literature review and by eliciting expert judgement. If 
parameter values or calculated variables are not plausible or if 
the uncertainty of key variables is larger than targeted, 
parameter values should be reassessed more accurately. 
Sensitivity analysis allows to optimize data collection through 
identification of the parameters requiring further assessment. 

 
• Eliciting expert judgement enhances the understanding of 

specific system parts and provides prior probability 
distributions for unknown model parameters. The prior 
probability distributions can be updated subsequently with 
data from field measurements. It is a very promising method if 
data availability is limited but sound expert knowledge is 
available. 

 
The calibrated model developed to describe water and nutrient flows 
in the environmental sanitation system of Hanoi can be applied to 
assess the impact of different system changes, such as population 
growth, changes in sanitation infrastructure, consumption patterns, 
and reuse practices, on groundwater consumption, nutrient discharge 
into the environment and nutrient recovery. Sensitivity analysis allows 
to determine the model parameters that mostly influence the key 
variables. Insight into sensitive parameters thus helps propose 
effective measures to optimise water and nutrient management. 
 
With regard to groundwater abstraction in Hanoi, the most sensitive 
parameters comprise: the number of inhabitants, per capita water 
consumption and ratio of water lost through leakage. By improving 
the water distribution network, reusing greywater for toilet flushing 
and increasing water efficiency of industrial processes, groundwater 
abstraction could be reduced by a third. However, even if these 
measures were implemented, groundwater abstraction would still be 
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of the same order of magnitude as the aquifer recharge rate due to 
the expected high population growth. As a result of lower surface 
water quality, treatment is likely to be rather expensive and cleaner 
surface water imports from other provinces could lead to conflicts. 
Strategies, such as promoting the development of small to medium-
size satellite cities, and thus reducing Hanoi’s population growth as 
well as replenishing groundwater and improving surface water quality, 
should therefore be further discussed. 
 
The key parameters influencing phosphorus flows into surface water 
include: the number of inhabitants, ratio of septic tank effluent 
discharged into the drainage network, ratio of inhabitants equipped 
with septic tanks, and per capita P load in greywater. Analysis of 
simulation results reveal that by replacing septic tanks with urine 
diversion latrines, a reduction in P to surface water of 45 ± 11% could 
be achieved. 
 
Assuming that the additional amount of “organic fertiliser” (stored 
urine and dehydrated faeces) obtained by introducing urine diversion 
latrines would be used for food production in Hanoi’s peri-urban area, 
the percentage of phosphorus demand covered by waste products in 
Hanoi’s peri-urban agriculture would increase from 17 ± 3% to 46 ± 
9%. 
 
About 50% of the nutrient demand will still have to be covered by 
commercial fertilizer and livestock feed. Additional simulation results 
reveal that not only the type of sanitation infrastructure and reuse 
practices but also the agricultural system play a key role in increasing 
nutrient recovery. A vegetarian-based agricultural system would 
further increase the percentage of phosphorus demand covered by 
waste products (69 ± 12%). Both nutrient discharge into the 
environment and use of commercial fertilizer and livestock feed would 
consequently be reduced.  
 
Working with probability distributions increases model information 
output and can hinder drawing incorrect conclusions. It enables a 
preliminary assessment as to whether or not simulated impacts of two 
different scenarios are of the same range. Should probability 
distributions overlap, a statistical test (for example a Student's t-test) 
can be performed to assess whether mean values of both scenarios 
differ significantly at a selected confidence interval. Use of the tool in 
Hanoi’s case study allowed to document how careful characterisation 
and analysis of uncertainty allow to draw conclusions despite large 
uncertainties.  
 
Application of the tool to Hanoi’s case study allowed to calibrate the 
water and nutrient flow model and revealed potential strategies to 
optimize water and nutrient management despite limited data 
availability. The tool therefore proved to support the planning of 
environmental sanitation options contributing to minimize resource 
consumption and environmental pollution despite limited data 
availability.  
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However, by including additional processes such as further 
wastewater, faecal sludge and solid waste treatment options, a 
generic model would be achieved, which could be more easily 
adapted to the environmental sanitation and agricultural system of 
any urban region in developing and transition countries. 
 
Moreover, consideration of further indicators would be valuable. In 
many regions, agricultural soils are poor in organic matter. Application 
of treated waste products such as compost supplies organic matter 
and improves soil quality. Assessment of organic matter flows could 
therefore also be useful to optimize resource management. However, 
reuse of waste products is also associated with risks. The fate of 
pathogenic microorganisms, hormone disrupting substances and 
antibiotics possibly contained in human excreta should thus be 
determined. Furthermore, the energy saving and energy generation 
potential linked to changes in the environmental sanitation and 
agricultural system, such as reduction of fertilizer consumption and 
biogas production, would be interesting to assess. 
 
Determining the ecological sustainability indicators, such as the 
assimilative capacity of rivers, would contribute to assess the 
proposed scenarios. For example, if the simulated nutrient load 
discharged into the river still exceeds the assimilative capacity, further 
measures should be developed.  
 
Finally, the planning of appropriate environmental sanitation systems 
should be carried out by the local stakeholders considering aspects 
such as people’s perceptions, demand for improved environmental 
sanitation, acceptance of new options, health impact, costs, 
willingness and ability to pay, resource consumption and 
environmental pollution. It is therefore recommended to integrate this 
tool into a broader planning approach such as the HCES approach. 
However, a more differentiated MFA procedure may be required to 
include different spatial zones (household, neighbourhood, district, 
city, and region) and neighbourhood types characterized by different 
income levels, housing density, existing infrastructure and services, 
and presence of factories or farms. The next step should thus consist 
in testing and further adapting the tool as part of a comprehensive 
environmental sanitation planning project.  
 



 

 42

References 
 
 
Anh M.T.P., Ali M., Anh H.L., Ha T.T.T., 2004. Urban and Peri-urban 

Agriculture in Hanoi: Opportunities and Constraints for Safe and 
Sustainable Food Production. AVRDC - The World Vegetable 
Center, Technical Bulletin No. 32, AVRDC Publication 04-601. 
Shanhua, Taiwan, 66 pp. 

Baccini P., Bader H.P., 1996. Regionaler Stoffhaushalt – Erfassung, 
Bewertung, Steuerung. Spektrum Akademischer Verlag GmbH, 
Heidelberg. 

Baccini P., Brunner P.H., 1991. Metabolism of the Anthroposphere. 
Springer, New York. 

Berndtsson J.C., Hyvönen I., 2002. Are there sustainable alternatives 
to water-based sanitation system? Practical illustrations and 
policy issues. Water Policy 4: 515-530. 

Bertrand-Krajewski J.-L., Cardoso M.A., Ellis B., Frehmann T., 
Giulianelli M., Gujer W., Krebs P., Pliska Z., Pollert J., Pryl K., 
2005. Towards a better knowledge and management of 
infiltration and exfiltration in sewer systems: the APUSS project. 
In: Proceedings 10th International Conference on Urban 
Drainage, 21-26 August 2005, Copenhagen/Denmark. 

Brunner P.H., Rechberger H., 2004. Practical Handbook of Material 
Flow Analysis, Lewis Publishers, New York. 

Büsser S., 2006. Characteristics of domestic wastewater flows in 
urban and peri-urban households in Vietnam. ETHZ practical 
training report. Duebendorf, Switzerland: Eawag/Sandec. 

CEETIA, 2002. Vietnam State of Environment. Annual reports (1997-
2002). Vietnam National Environment Agency (NEA), Ministry of 
Science, Technology and Environment (MOSTE) - Center for 
Environmental Engineering in Towns and Industrial Areas 
(CEETIA), Hanoi (in Vietnamese). 

Clemen R.T, Reilly T., 2001. Making hard decisions with Decision 
Tools. Brooks/Cole, USA. 

Cordell D., 2005. Phosphorus - the forgotten ingredient in Food 
Security. Prepared for the Masters of Water Resources & 
Livelihood Security, Department of Water & Environmental 
Studies, Linköping University, 2005. 

CROPWAT, 2002. CROPWAT. Land and water development division. 
FAO Food and Agriculture Organization of the United Nations. 

 http://www.fao.org/waicent/faoinfo/agricult/agl/aglw/cropwat.stm 
(last accessed January 2006). 

Czemiel J., 2000. Phosphorus and nitrogen in sanitary systems in 
Kalmar. Urban Water 2 (2000) 63-69. 

De Bénédittis J., Bertrand-Krajewski J.-L., 2004. Infiltration in sewer 
systems: comparison of measurement methods, In: 
Proceedings 4th International conference on "Sewer Processes 
and Networks", 22-24 November 2004, Madeira, Portugal. 



 

 43

Diaz L.F., Savage G.M., Eggerth L.L., Golueke C.G., 1996. Solid 
Waste Management for Economically Developing Countries. 
ISWA. CalRecovery Inc. Concord, CA, United Sates of America. 

Drangert J.O., 1998. Fighting the urine blindness to provide more 
sanitation options. Water South Africa Vol. 24 No. 2 April. 

Eawag, 2005. Household-Centred Environmental Sanitation. 
Implementing the Bellagio Principles in Urban Environmental 
Sanitation. Provisional Guideline for Decision-Makers. 
Eawag/Sandec, Dübendorf and WSSCC, Geneva, Switzerland. 

Ellis J.B., 2001. Sewer infiltration/exfiltration and interactions with 
sewer flows and groundwater quality. In: Proceedings of 
INTERURBA II, 19-22 February 2001, Lisbon, Portugal. 

Eriksson E., Auffarth K., Henze M., Ledin A., 2002. Characteristics of 
grey wastewater. Urban Water 4 85–104. 

FAO, 1972. Food composition table for use in east asia. A Research 
Project Sponsored by U. S. Department of Health, Education, 
and Welfare and FAO, Food Policy and Nutrition Division. 
Rome, FAO. 334p.  

 http://www.fao.org/DOCREP/003/X6878E/X6878E00.htm (last 
accessed March 2006). 

FAO, 1992. Wastewater treatment and use in agriculture - FAO 
irrigation and drainage paper 47. By M.B. Pescod. FAO - Food 
and Agriculture Organization of the United Nations Rome, 1992. 
http://www.fao.org/docrep/T0551E/t0551e00.HTM (last 
accessed August 2006). 

FAO, 2003. Assessment of soil nutrient balance. Approaches and 
Methodologies. FAO Fertilizer and Plant Nutrition Bulletin 14. 
By Roy RN, Misra RV, Lesschen JP, Smaling EM. FAO - Food 
and Agriculture Organization of the United Nations Rome, 2003. 

 http://www.fao.org/documents/show_cdr.asp?url_file=/docrep/0
06/y5066e/y5066e00.htm (last accessed March 2006). 

FAOSTAT, 2004. Statistical databases. Food and Agriculture 
Organization of the United Nations. 
http://faostat.fao.org/faostat/collections (last accessed May 
2005). 

Funamizu N., Mizukubo T., Lopez Zavala M.A., Takakuwa T., 2002. 
Fractioning Gray-Water in the differentiable Onsite-Wastewater 
Treatment System. In: Proceedings of the 1st International 
Conference on Ecological Sanitation, 5-8 November 2001, 
Nanning, China. 

 http://www.ecosanres.org/Nanning_Conf_Proceedings.htm (last 
accessed September 2006). 

Gajurel D.R., Li Z., Otterpohl R., 2002. Newly developed medium-
tech decentralised sanitation concepts for closing nutrient and 
water cycle. In: Proceedings of the First International 
Conference on Ecological Sanitation, 5-8 November 2001 
Nanning, China. 

Gellert W., Hellwich M., Kästner H., Küstner H., 1966. Kleine 
Enzyklopädie Mathematik. Pfalz Verlag Basel. 



 

 44

GHD, 2003. Composting Toilet Demonstration. Feasibility Study. 
VOLUME 2: Appendices. GHD Pty Ltd, Demaine Partnership, 
Bensons Property Group Ltd and Environment Equipment PTY 
Ltd. ©2003 State of Victoria, Australia. Department of 
Sustainability and Environment. 

Gränicher W.H.H., 1996. Messung beendet - was nun? Einführung 
und Nachschlagewerk für die Planung und Auswertung von 
Messungen. vdf Hochschulverlag AG an der ETH Zürich. B.G. 
Teubner Stuttgart.  

GTZ, 2006. Ecological Sanitation. Deutsche Gesellschaft für 
Technische Zusammenarbeit - Ecological Sanitation 
Programme. 

 http://www2.gtz.de/ecosan/english/thema1.htm (last accessed 
August 2006). 

Gumbo B., 1999. Establishing phosphorus fluxes through material 
flow accounting and systems thinking in an urban-shed in 
Harare, Zimbabwe. In: Proceedings of the Sharing Scarce 
Resources Zimbabwe (SSRZ) Seminar II, 4-6 November 1999, 
Harare, Zimbabwe. 

Gumbo B. and Savenije HHG. 2002. Inventory of phosphorus fluxes 
and stocks in an urban-shed: Options for local nutrient recycling. 
In Proceedings of the 1st International Conference on 
Ecological Sanitation, 5-8 November 2001, Nanning, China.  

Ha S.-R., Dung P.A., Lee B.-H., 2001. Impacts of agrochemical 
fertilizer on the aquatic environment of paddy fields in Vietnam. 
Water Science and Technology 43(5): 193–202. 

Hanoi CERWASS, 2004. Survey on Rural Environmental Sanitation. 
Centre for Rural Water Supply and Environmental Sanitation 
(CERWASS). Hanoi, Vietnam. 

Hanoi City PC, 2005. Decision No. 84/2005/QD. Hanoi City People's 
Committee. Hanoi, Vietnam. 8 June 2005. 

Hanoi DOSTE, 2003. Environment State Report, 2003. Hanoi 
Department of Science, Technology and Environment (DOSTE), 
Hanoi, Vietnam. 

Hanoi URENCO, 1998. Feasibility Studies Report of Project on 
Upgrading Cau Dien Composting Plant. Hanoi Urban 
Environment Company (URENCO). Hanoi, Vietnam, 1998. 

Hanoi URENCO, 2000. Report on status of solid waste management 
in Hanoi. Hanoi Urban Environment Company (URENCO). 
Hanoi, Vietnam, 2000. 

Hanoi URENCO, 2004. The Nam Son Landfill Complex. Hanoi Urban 
Environmental Company (URENCO), Hanoi, Vietnam. 

Hau D., 2004. Urban Planning in Hanoi City toward Sustainable 
Development. In: Proceedings International Workshop on Asian 
Approach toward Sustainable Urban Regeneration, 4-7 
September, 2004. Center for Sustainable Urban Regeneration, 
the University of Tokyo, Japan. http://csur.t.u-
tokyo.ac.jp/ws2004/papers/B1-Do.pdf (last accessed July 2006). 



 

 45

Heinss U., Larmie S. A., Strauss M., 1998. Solid Separation and 
Pond Systems for the Treatment of Faecal Sludges in the 
Tropics; Sandec Report 5/98; Eawag; Duebendorf, Switzerland. 

Henze M., 1997. Waste design for households with respect to water, 
organics and nutrient. Water Science and Technology Vol. 35, 
No. 9, pp.113.120.  

HSO, 2002. Hanoi Statistical Yearbook 2002. Hanoi Statistical Office, 
Hanoi, Vietnam; 2002. 

HSO, 2004. Agricultural Statistical Data 2003. Hanoi Statistical Office, 
Hanoi, Vietnam; 2004. 

IFA, 2006. World Fertilizer Use Manual. International Fertilizer 
Industry Association (IFA) 1996-2006. 
http://www.fertilizer.org/ifa/publicat/html/pubman/manual.htm 
(last accessed March 2006). 

IPCC, 2000. Good Practice Guidance and Uncertainty Management 
in National Greenhouse Gas Inventories. Intergovernmental 
Panel on Climate Change. National Greenhouse Gas 
Inventories Programme. http://www.ipcc-
nggip.iges.or.jp/public/gp/english/ (last accessed December 
2006). 

Jönsson H., Richert Stintzing A., Vinnerås B., Salomon E., 2004. 
Guidelines on the Use of Urine and Faeces in Crop Production. 
Report 2004–2. EcoSanRes Publications Series. Stockholm 
Environment Institute. 

Jönsson H., Vinnerås B., 2003. Adapting the proposed Swedish 
default values for urine and faeces to other countries and 
regions. In: Proceedings of the 2nd international GTZ 
symposium on ecological sanitation, 7–11 April, Lübeck. 

Lindstrom, C. 2000. Greywater, what it is, how to treat it, how to use it. 
http://www.greywater.com/ (last accessed December 2006). 

Maurer M., Muncke J. and Larsen T., 2002. Technologies for nitrogen 
recovery and reuse. In: Lens P., Hulshoff Pol L., Wilderer P. 
and Asano T. (2002) Water and Resource Re-covery in Industry, 
p. 491-510. IWA Publishing, ISBN-1843390051 

Maurer M., Schwegler P., Larsen T.A., 2003. Nutrients in urine: 
energetic aspects of removal and recovery. Water Science and 
Technology Vol 48 No 1 pp 37–46. 

Meyer M. and Booker J., 1991. Eliciting and Analyzing Expert 
Judgment: A Practical Guide. Knowledge-Based Systems, Vol. 
5 Academic Press, London. (Biosci reserve). 

Montangero, A., 2006. Material flow analysis for environmental 
sanitation planning in developing countries: an approach to 
assess material flows with limited data availability. PhD thesis 
University Innsbruck. 

Montangero A., Belevi H., accepted for publication. An approach to 
optimise nutrient management in environmental sanitation 



 

 46

systems despite limited data. Journal of Environmental 
Management. 

Montangero A., Belevi H., 2007. Assessing nutrient flows in septic 
tanks by eliciting expert judgement: A promising method in the 
context of developing countries. Water Research 2007; 41: 
1052-1064.  

Montangero A., Cau L.N., Viet Anh N., Tuan V.D., Nga P.T., Belevi H., 
in press. Optimising water and phosphorus management in the 
environmental sanitation system of Hanoi, Vietnam. Science of 
the Total Environment. 

Morgan M.G., Henrion M., 1990. Uncertainty. A Guide to Dealing with 
Uncertainty in Quantitative Risk and Policy Analysis. Cambridge 
University Press. Cambridge, UK. 

Müller M., 1983. Handbuch ausgewählter Klimastationen der Erde. 
Universität Trier. Forschungsstelle Bodenerosion. 

Nga Tran Thi Viet, 2005. Application of Dynamic System for 
Sustainable Urban Water Supply: A Case Study in Hanoi City. 
In: Proceedings World Water Week, Stockholm Water 
symposium, Workshop 3: Water Provision Across Sectors and 
Jurisdictions. 21-27 August 2005, Stockholm, Sweden, 2005. 

Nghien P.S., Calvert P., 2000. Appraisal of the Vinasanres Ecosan 
Toilet Demonstration Project 1997–2000. Nha Trang, Vietnam. 

 http://www.ecosanres.org/PDF%20files/Vinasanres%20Apprais
al%20.pdf (last accessed January 2006). 

Nguyen Ngoc Thu, 2001. Urbanization and Wastewater Reuse in 
Peri-Urban Areas: A Case Study in Thanh Tri District, Hanoi 
City. In Liqa Raschid-Sally, Wim van der Hoek and Mala 
Ranawaka, eds. 2001. Wastewater reuse in agriculture in 
Vietnam: Water management, environment and human health 
aspects. Proceedings of a workshop held in Hanoi, Vietnam, 14 
March 2001. IWMI working paper 30. Colombo, Sri Lanka: 
International Water Management Institute. 

Osterwalder L., 2006. Nutrient and Water Flows in Industry of Hanoi. 
ETHZ practical training report. Eawag/Sandec, Dübendorf, 
Switzerland. 

Palladino AL. 2001. Industrial Waste Management in Hanoi, Vietnam: 
A Case Study of Thuong Dinh Industrial Zone. A research paper 
submitted in conformity with the requirements for the degree of 
Master of Arts graduate Department of Geography, University of 
Toronto. 

Pasquini M.W., Alexander M.J., 2004. Chemical properties of urban 
waste ash produced by open burning on the Jos Plateau: 
implications for agriculture. The Science of the Total 
Environment 319, 225–240. 

Polprasert C., 1996. Organic Waste Recycling. Technology and 
Management. Second edition. John Wiley and Sons. 



 

 47

Polprasert C, Lohani B.N, Chan C.B., 1981. Human faeces, urine and 
their utilization. Translaters: V.A. Tuan, D.M. Tam.: Reviewer 
Feachem, R. ENSIC Translation committee. 

Ridderstolpe P., 2004. Introduction to Greywater Management. 
Report 2004-4. EcoSanRes Publications Series. Stockholm 
Environment Institute, Stockholm, Sweden. 

Ruettimann L, Menzi H., 2001. Nutrient balance calculation program 
(Nuflux), draft version, Swiss College of Agriculture; June 2001. 

 http://www.virtualcentre.org/en/dec/nutrientb/default.htm. (last 
accessed April 2004). 

Rytz I., 2001. Assessment of decentralised composting scheme in 
Dhaka, Bangladesh. Technical, operational, organisational and 
financial aspects. ETHZ practical Training report. 
Sandec/Eawag and Waste Concern. 

Schouw N.L., Danteravanich S., Mosbaeck H., Tjell J.C., 2002a. 
Composition of human excreta - a case study from Southern 
Thailand. The Science of the Total Environment 286, 155–166. 

Schouw NL, Tjell JC, Mosbaek H, Danteravanich S. 2002b. 
Availability and quantity of solid waste and wastewater in 
Southern Thailand and its potential use as fertiliser. Waste 
Management and Research 20: 332-340. 

Sinsupan T., 2004. Material flux analysis (MFA) for planning of 
domestic wastes and wastewater management: case study in 
Pakkret municipality, Nonthaburi, Thailand. MSc thesis report. 
Asian Institute of Technology. Bangkok, Thailand; 2004. 

Spetzler, C.S. and Staël von Holstein, C-A.S., 1975. Probability 
Encoding in Decision Analysis. Management Science, 22:3. 

StatSoft, Inc., 2006. Electronic Statistics Textbook. Tulsa, OK: 
StatSoft. WEB: http://www.statsoft.com/textbook/stathome.html 
(last accessed December 2006). 

Strauss M., Drescher S., Zurbrügg C., Montangero A., Cofie O., 
Drechsel P., 2003. Co-composting of Faecal Sludge and 
Municipal Organic Waste. A Literature and State-of-Knowledge 
Review. IWMI Ghana & Eawag/Sandec, 
Duebendorf/Switzerland. 

Thai, N.T.K., 2005. The Cau Dien Co-composting Plant. Faecal 
Sludge Management Project Report. CEETIA/Sandec - ESTNV 
project.  

Tuan V.D. 2005. Material Flow Analysis Project in Hanoi, Progress 
report. National Institute for Soils and Fertilisers.  

UNDP, 1998. Human Development Report. New York. Oxford 
University Press; 1998. 

UNEP, 2002. Planning and Management of Lakes and Reservoirs: An 
International Approach to Eutrophication. 

 http://www.unep.or.jp/ietc/Publications/TechPublications/TechP
ub-11/ 



 

 48

U.S. EPA, 2002. Onsite Wastewater Treatment Systems Manual. 
EPA/625/R–00/008. United States Environmental Protection 
Agency. 

van den Berg L.M., van Wijk M.S., Pham Van Hoi, 2003. The 
transformation of agriculture and rural life downstream of Hanoi. 
Environment and Urbanization 2003; 15: 35-52. 

Viet Anh N., 2005. Personal communication. 

Viet Anh N., Hanh T.T.H., Thanh V.T.M., Parkinson J., Barreiro W., 
2004. Decentralized wastewater management – a Hanoi case 
study. In: Proceedings 30th WEDC International Conference 
“People-centred Approaches to Water and Environmental 
Sanitation”, 25-29 October 2004, Vientiane, Lao PDR. 

WHO, 2001. Leakage management and control: A best practice 
training manual. By M. Farley. World Health Organization; 2001.  

 http://www.who.int/water_sanitation_health/hygiene/om/leakage
/en/index.html (last accessed July 2006). 

Wnukowska, K., 2004. Management of Urban Water Resources in 
Hanoi, Vietnam. Minor field study. Royal Institute of Technology, 
Stockholm, Sweden. 
http://www.lwr.kth.se/Publikationer/PDF_Files/LWR_EX_04_12.
PDF (last accessed December 2006). 

 
 
 



 

 49

Annex A 
Table 1 Parameter values for the “household” phosphorus flows 

(first approximation!) 
 

Symbol Description Unit 
Uncertainty 
distribution (mean; 
standard deviation) 

Reference 

n  Number of inhabitants 1000 
inhabitants Normal (3,100; 400) a  

rice_fooda  Rice consumption kg cap−1 year−1 Normal (125; 10) b and c  

cereals_fooda  Other cereals consumption kg cap−1 year−1 Normal (13.7; 1) b and c 

starch_fooda  Starchy roots consumption kg cap−1 year−1 Normal (5.3; 0.5) b and c 

pulses_fooda  Pulses consumption kg cap−1 year−1 Normal (29.3; 3) b and c 

veg_fooda  Vegetables consumption kg cap−1 year−1 Normal (89.8; 9) b and c 

fruits_fooda  Fruits consumption kg cap−1 year−1 Normal (45.1; 4) b and c 

meat_red_fooda  Pork and other red meat consumption kg cap−1 year−1 Normal (27.6; 3) b and c 

poultry_fooda  Poultry meat consumption kg cap−1 year−1 Normal (6.5; 0.5) b and c 

eggs_milk_fooda  Milk and eggs consumption kg cap−1 year−1 Normal (9.6; 1) b and c 

fish_fooda  Fish, seafood consumption kg cap−1 year−1 Normal (15.9; 1) b and c 

mis_fooda  Miscellaneous food consumption kg cap−1 year−1 Normal (26.9; 2) b and c 

rice_food,PC  P content rice g kg−1 Normal (3.5; 0.3) d 

cereals_food,PC  Average P content other cereals  g kg−1 Normal (2.5; 0.2) d 

starch_food,PC  Average P content starchy roots g kg−1 Normal (0.4; 0.1) d 

pulses_food,PC  Average P content pulses g kg−1 Normal (1.7; 0.2) d 

veg_food,PC  Average P content vegetables g kg−1 Normal (0.4; 0.1) d 

fruits_food,PC  Average P content fruits g kg−1 Normal (0.2; 0.1) d 

meat_red_food,PC  P content red meat g kg−1 Normal (1.7; 0.2) d 

poultry_food,PC  P content poultry meat g kg−1 Normal (2; 0.2) d 

milk_food,PC  P content milk g kg−1 Normal (1; 0.1) d 

eggs_food,PC  P content eggs g kg−1 Normal (2.2; 0.2) d 

fish_food,PC  Average P content fish, seafood g kg−1 Normal (1.8; 0.2) d 

mis_food,PC  Average P content of the different 
food items g kg−1 Normal (1.2; 0.1) d 

deta  Detergent consumption kg cap−1 year−1 Normal (11; 3.5) Assumption 
det,PC  P content in detergent g kg−1 Lognormal (1.5; 0.75) e 

TFPa  Total food protein in food supply  g cap−1 day−1 Normal (62.3; 6) c 
VFPa  Vegetable food protein in food supply g cap−1 day−1 Normal (46.2; 5) c 

excreta_Pr  Ratio between P load in excreta and 
total+vegetable food protein supply - Normal (0.011; 0.002) f 

greywater,Pa  P load in greywater g P cap−1 day−1 Lognormal (0.15; 1) g,h,i,j,k,l,m,n,o,p 

ST_greyr  Ratio of greywater discharged into 
septic tanks related to total greywater - Lognormal (0.1; 0.1) Assumption 

wastekitchen,Pa  P load in kitchen waste g P cap−1 day−1 Lognormal (0.2; 0.1) g,q,r,s,t 

References: a HSO (2002) and assuming 15% unregistered inhabitants; b Anh et al. (2004); c FAOSTAT (2004); d FAO 
(1972); e Gumbo and Savenije (2002); f Jönsson et al. (2004); g Schouw et al. (2002b); h Henze (1997); i Eriksson et al. 
(2002); j Lindstrom (2000); k Funamizu et al. (2002); l Ridderstolpe (2004); m Gajurel and Otterpohl (2002); n U.S. EPA 
(2002); o Czemiel (2000); p Gumbo (1999); q Diaz et al. (1996); r Rytz (2001); s Strauss et al. (2003); t Sinsupan (2004) 
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Table 2 Reassessed parameter values for the “household” 
phosphorus flows 

 

Symbol Description Unit 
Uncertainty 
distribution (mean; 
standard deviation) 

Reference 

deta  Detergent consumption kg cap−1 year−1 Normal (3.4; 1.5) a 

det,PC  P content in detergent g kg−1 Lognormal (43; 3) a 

greywater,Pa  P load in greywater g P cap−1 day−1 Lognormal (0.5; 0.2) a 

References: a Büsser (2006) 

 
 
Table 3 Parameter values for groundwater consumption in the status 
quo, scenario 1 and scenario 2 
 

Uncertainty distribution (mean; standard deviation) Parameter Unit 

Status quo Scenario 1 Scenario 2 

Number of 
inhabitants 

mill. 
inhabitants 

Normal (3.1; 0.4) a Normal (5; 0.6) Normal (5; 0.6) 

Household water 
consumption 

l cap−1 day−1 Normal (120; 10) b Normal (140; 14) Normal (112; 11) 

Industrial water 
consumption 

mill. 
m3 year−1 

Lognormal (17; 5) c Lognormal (35; 10) Lognormal (24; 7) 

Ratio of water lost 
through leakage  

- Normal (0.25; 0.05) d Normal (0.25; 0.05) Normal (0.10; 0.02)

Market wastewater 
generation rate 

l m−2 day−1 Lognormal (70; 20) e Lognormal (70; 20) Lognormal (70; 20)

Evaporation mm year−1 Normal (1262; 100) f Normal (1262; 100) Normal (1262; 100)
Market area thousand m2 Normal (610; 15) g Normal (670; 18) Normal (670; 18) 
a HSO (2002) and assuming 15% unregistered inhabitants; b Hanoi CERWASS (2004) and Büsser 
(2006); c Osterwalder (2006); d WHO (2001); e Sinsupan (2004); f Müller (1983); g Hanoi City PC 
(2005) 

 
 
Table 4 Parameter values for phosphorus discharge and recovery in 
the status quo, scenario 1, 2 and 3 (main parameters only) 
 

Uncertainty distribution (mean; standard deviation) Parameter Unit 

Status quo Scenario 2015 Scenario 2015, 
urine diversion

Scenario 2015, 
urine 

diversion, no 
meat 

production 
Number of inhabitants mill. inhabitants Normal (3.1; 0.4)a Normal (5; 0.6) Normal (5; 0.6) Normal (5; 0.6) 

Industrial wastewater flow mill. 
tonnes year−1 Log. (15 ; 4.5) b Log. (18; 5) Log. (18; 5) Lognormal (18; 5)

Ratio between greywater 
discharged into septic tanks 
and total greywater 

- Log. (0.1; 0.1) Log. (0.1; 0.1) Log. (0.001; 
0.0005) 

Log. (0.001; 
0.0005) 

Per capita household water 
consumption l cap−1 day−1 Normal (120; 10) 

c and d Nor. (140; 14) Nor. (114; 11) Normal (114; 11)

Per capita water l cap−1 day−1 Normal (2; 0.2) Normal (2; 0.2) Normal (2; 0.2) Normal (2; 0.2) 
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consumption for drinking 
Per capita water 
consumption for toilet 
flushing (pour or low flush) 

l cap−1 day−1 Normal (20; 2.5) e Normal (20; 2.5) Normal (20; 2.5) Normal (20; 2.5) 

Per capita water 
consumption for toilet 
flushing (WC flush) 

l cap−1 day−1 Normal (40; 5) e Normal (40; 5) Normal (40; 5) Normal (40; 5) 

Ratio of inhabitants equipped 
with septic tank (WC flush) - Normal (0.15; 

0.02) c and f 
Normal (0.55; 
0.06) 

Normal (0.001; 
0.0005) 

Normal (0.001; 
0.0005) 

Ratio of inhabitants equipped 
with septic tank (pour flush) - Normal (0.48; 

0.07) c and f 
Normal (0.25; 
0.05) 

Normal (0.05; 
0.01) 

Normal (0.05; 
0.01) 

Ratio of inhabitants equipped 
with septic tanks or biogas 
latrines receiving pig slurry 

- Normal (0.05; 
0.01) c and f 

Normal (0.05; 
0.01) 

Normal (0.045; 
0.01) 

Normal (0.045; 
0.01) 

Ratio of inhabitants equipped 
with pour flush infiltration 
latrines 

- Normal (0.01; 
0.002) c and f 

Normal (0.005; 
0.001 

Normal (0.005; 
0.001) 

Normal (0.005; 
0.001) 

Ratio of inhabitants equipped 
with dry single pit latrines 
related to total No. of 
inhabitants  

- Nor. (0.13; 0.02) c 

and f Nor. (0.1; 0.02) Nor. (0.1; 0.05) Nor. (0.1; 0.05) 

Ratio of inhabitants equipped 
with dry double pit latrines 
with urine diversion related to 
total No. of inhabitants  

- Normal (0.16; 
0.04) c and f Nor. (0.05; 0.04) Nor. (0.8; 0.1) Normal (0.8; 0.1)

Ratio or inhabitants equipped 
with bucket latrines related to 
total No. of inhabitants  

- Normal (0.02; 
0.01) c and f 

Log. (0.0001; 
0.0001) 

Log.(0.0001; 
0.0001) 

Log. (0.0001; 
0.0001) 

Excreta generation rate kg cap−1 day−1 Log. (1.1; 0.2) g Log.(1.1; 0.2) Log.(1.1; 0.2) Log. (1.1; 0.2) 
Ratio between fattener and 
total number of pigs - Normal (0.9; 

0.02) h 
Normal (0.9; 
0.02) 

Normal (0.9; 
0.02) 

Normal (0.9; 
0.02) 

Fattener manure generation 
rate 

kg head−1 cycle−

1 
Normal (1700; 
150) i 

Normal (1700; 
150) 

Normal (1700; 
150) 

Normal (1700; 
150) 

Sow manure generation rate 
(including piglets) kg head−1 year−1 Normal (16 200; 

1500) i 
Normal (16 200; 
1500) 

Normal (16 200; 
1500) 

Normal (16 200; 
1500) 

Ratio of septic tank effluent 
discharged into drainage - Normal (0.9; 

0.05) 
Normal (0.9; 
0.05) 

Normal (0.9; 
0.05) 

Normal (0.9; 
0.05) 

Market surface area  m2 Normal (610 000; 
15 000) j 

Nor. (670,000; 
18,000) 

Nor. (670,000; 
18,000) 

Normal (670,000; 
18,000) 

Market wastewater 
generation rate l m−2 day−1 Log. (70; 20) k Log. (70; 20) Log. (70; 20) Log. (70; 20) 

Cau Dien composting plant 
capacity tonnes year−1 Normal (13 260; 

1500) l 
Normal (16,000; 
1,500) 

Normal (16,000; 
1,500) 

Normal (160,000; 
15,000) 

Ratio between actual and 
total capacity - Log. (0.8; 0.1) m Log. (0.8; 0.1) Log. (0.8; 0.1) Log. (0.9; 0.1) 

Leachate production per 
tonne compost tonne tonne−1 Normal (0.26; 

0.05) l 
Normal (0.26; 
0.05) 

Normal (0.26; 
0.05) 

Normal (0.26; 
0.05) 

Ratio of leachate recycled in 
the composting process - Normal (0.4; 0.1) l Nor. (0.4; 0.1) Nor. (0.4; 0.1) Nor. (0.4; 0.1) 

Ratio between groundwater 
infiltration and wet drainage 
flow (during rainy season) 

- Log. (0.2; 0.1) e, n, 

o, p Log. (0.2; 0.1) Log. (0.2; 0.1) Log. (0.2; 0.1) 

Annual wet weather fraction months months−
1 

Normal (0.6;0.05)
q 

Normal 
(0.6;0.05) 

Normal 
(0.6;0.05) 

Normal (0.6;0.05)

Rain mm year−1 Normal (1682; 
200) q 

Normal (1682; 
200) 

Normal (1682; 
200) 

Normal (1682; 
200) 

Evaporation mm year−1 Normal (1262; 
100) q 

Normal (1262; 
100) 

Normal (1262; 
100) 

Normal (1262; 
100) 

Drainage catchment area ha Normal (22 000; Normal (22 000; Normal (22 000; Normal (22 000; 
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2000) a 2000) 2000) 2000) 
Ratio impervious drainage 
catchment area - Normal (0.3; 0.1) Nor.(0.3; 0.1) Nor. (0.3; 0.1) Normal (0.3; 0.1)

Ratio between drainage 
water exfiltration and dry 
weather drainage flow 
(during dry season) 

- Log. (0.1; 0.05) n,e Log.(0.1; 0.05) Log. (0.1; 0.05) Log. (0.1; 0.05) 

Annual dry weather fraction months months−
1 Nor. (0.4; 0.05) q Nor. (0.4; 0.05) Nor. (0.4; 0.05) Nor. (0.4; 0.05) 

Irrigation water requirement 
(weighted average for the 
different crops) 

mm Normal (72; 10) r Normal (72; 10) Normal (72; 10) Normal (72; 10) 

Total sown area ha Normal (64 300; 
3000) h 

Normal (64 300; 
3000) 

Normal (64 300; 
3000) 

Normal (69 000; 
3200) 

Ratio agricultural drainage 
water recycled for irrigation - Log. (0.2; 0.1) Log. (0.2; 0.1) Log. (0.2; 0.1) Log. (0.2; 0.1) 

Ratio urban drainage water 
in irrigation water - Log. (0.07; 0.03) s Log.(0.07; 0.03) Log.(0.07; 0.03) Log. (0.07; 0.03) 

P flow in industrial 
wastewater kg P year−1 Lognormal (50 

000; 15 000) b 
Log. (60,000; 
18,000) 

Log. (60,000; 
18,000) 

Log.(60,000; 
18,000) 

P load in greywater g P cap−1 day−1 Lognormal (0.5; 
0.2) d  

Lognormal (0.5; 
0.2) 

Lognormal (0.5; 
0.2) 

Lognormal (0.5; 
0.2) 

P transfer coefficient in 
faecal sludge from septic 
tanks 

- Lognormal (0.18; 
0.05) t 

Lognormal 
(0.18; 0.05) 

Lognormal 
(0.18; 0.05) 

Lognormal (0.18; 
0.05) 

P transfer coefficient in 
faecal sludge from biogas 
latrines 

- Lognormal (0.18; 
0.05) 

Lognormal 
(0.18; 0.05) 

Lognormal 
(0.18; 0.05) 

Lognormal (0.18; 
0.05) 

Phosphorus transfer 
coefficient in faecal sludge 
from pit latrines  

- Log. (0.3; 0.1) t Log. (0.3; 0.1) Log. (0.3; 0.1) Log. (0.3; 0.1) 

Faecal sludge emptying 
frequency factor * - Lognormal (5; 2) Log. (5; 2) Log. (5; 2) Log. (5; 2) 

Total food protein in food 
supply  g cap−1 day−1 Normal (62.3; 6) u Normal (62.3; 6) Normal (62.3; 6) Normal (62.3; 6) 

Vegetable food protein in 
food supply  g cap−1 day−1 Normal (46.2; 5) u Normal (46.2; 5) Normal (46.2; 5) Normal (46.2; 5) 

Ratio between P load in 
excreta and total+vegetable 
food protein supply 

- Normal (0.011; 
0.002) v 

Normal (0.011; 
0.002) 

Normal (0.011; 
0.002) 

Normal(0.011; 
0.002) 

Phosphorus load in fattener 
manure  

kg 
P pig−1 cycle−1 Nor. (1.5; 0.25) i Nor. (1.5; 0.25) Nor. (1.5; 0.25) Nor. (1.5; 0.25) 

Phosphorus load in sow 
manure (including piglets) 

kg 
P sow−1 year−1 Normal (10.5; 1) i Normal (10.5; 1) Normal (10.5; 1) Normal (10.5; 1) 

Phosphorus concentration in 
market wastewater mg l−1 Log. (1.7; 1) k Log. (1.7; 1) Log. (1.7; 1) Log. (1.7; 1) 

P concentration composting 
leachate mg l−1 Log.(75; 10) l Log. (75; 10) Log. (75; 10) Log. (75; 10) 

P content groundwater mg l−1 Log. (0.05; 0.05) Log. (0.05; 
0.05) 

Log. (0.05; 
0.05) Log.(0.05; 0.05) 

Atmospheric P deposition kg P ha−1 year−1 Nor. (0.9; 0.2) w Nor. (0.9; 0.2) Nor. (0.9; 0.2) Nor. (0.9; 0.2) 
Ratio between phosphorus 
load in urine and phosphorus 
load in excreta  

- Log. (0.55; 0.08) x, 

y, z, aa, ab Log. (0.55; 0.08) Log. (0.55; 0.08) Log. (0.55; 0.08) 

Ratio of misdiverted urine 
related to total urine  - Log. (0.2; 0.05) ac Log. (0.2; 0.05) Log. (0.2; 0.05) Log. (0.2; 0.05) 

Straw ash added to pit 
latrines  kg cap−1 day−1 Nor. (0.12; 0.03) ad Nor. (0.12; 0.03) Nor. (0.12; 0.03) Nor. (0.12; 0.03) 

Phosphorus content in ash  mg P 100g−1 Log. (84; 25) ae Log. (84; 25) Log. (84; 25) Log. (84; 25) 
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Phosphorus load in kitchen 
waste  g P cap−1 day−1 Log. (0.2; 0.1) k, af, 

ag, ah, ai, Log. (0.2; 0.1) Log. (0.2; 0.1) Log. (0.2; 0.1) 

Generation rate of organic 
market solid waste  kg m−2 day−1 Nor. (0.7; 0.15) k Nor. (0.7; 0.15) Nor. (0.7; 0.15) Nor. (0.7; 0.15) 

Moisture content of organic 
solid waste  % Log. (76; 5) k, ah Log. (76; 5) Log. (76; 5) Log. (76; 5) 

Phosphorus content in 
organic solid waste  %TS Log. (0.5; 0.2) k, ah Log. (0.5; 0.2) Log. (0.5; 0.2) Log. (0.5; 0.2) 

Phosphorus load in industrial 
organic waste  tonnes P year−1 Log. (70; 21) b Log. (70; 21) Log. (70; 21) Log. (70; 21) 

Number of piglets per sow 
per year   piglets sow−1 y−1 Normal (21; 3) i  Normal (21; 3) Normal (21; 3) Normal (21; 3) 

Number of breeding sows  thousand sows Normal (37; 3)h Normal (39; 3) Normal (39; 3) - 
Phosphorus load in fattening 
pig manure  

kg 
P pig−1 cycle−1 Nor. (1.5; 0.25) i  Nor. (1.5; 0.25) Nor. (1.5; 0.25) Nor. (1.5; 0.25) 

Phosphorus load in sow 
manure (including piglets)  

kg 
P sow−1 year−1 Normal (10.5; 1) i Normal (10.5; 1) Normal (10.5; 1) Normal (10.5; 1) 

Sown area of spring paddy  ha Normal (24,260; 
1000)h 

Normal (23,000; 
1000) 

Normal (23,000; 
1000) 

Normal (23,000; 
1000) 

Sown area of summer paddy ha Normal (26,484; 
1000)h 

Normal (25,000; 
1000) 

Normal (25,000; 
1000) 

Normal (25,000; 
1000) 

Yield from spring paddy  tonnes ha−1 year
−1 Nor. (4.45; 0.25)h Nor. (4.45; 0.25) Nor. (4.45; 0.25) Nor. (4.45; 0.25) 

Yield from summer paddy  tonnes ha−1 year
−1 

Normal (3.6; 0.25) 
h 

Normal (3.6; 
0.25) 

Normal (3.6; 
0.25) 

Normal (3.6; 
0.25) 

Phosphorus uptake in rice 
straw  kg P t grain−1 Normal (0.6; 0.1) aj Normal (0.6; 0.1) Normal (0.6; 0.1) Normal (0.6; 0.1)

Irrigation water requirement 
(rice)  mm period−1 Normal (97; 7) r Normal (97; 7) Normal (97; 7) Normal (97; 7) 

Water input in fish ponds  m3 ha−1 day−1 Log. (30; 15) ak Log. (30; 15) Log. (30; 15) Log. (30; 15) 
Fish pond area  ha Nor. (3260; 50) h  Nor. (3400; 60) Nor. (3400; 60) Nor. (6800; 100) 
Phosphorus concentration in 
urban drainage water  mg P l−1 Lognormal (1.2; 1) Log. (1.2; 1) Log. (1.2; 1) Log. (1.2; 1) 

Organic fertiliser application 
rate (rice)  tonnes ha−1 Normal (8; 2.5) h 

and al Normal (8; 2.5) Normal (24; 8) Normal (16; 5) 

Phosphorus content in 
organic fertiliser  kg P t−1 Log. (0.4; 0.1) al Log. (0.4; 0.1) Log. (0.4; 0.1) Log. (0.4; 0.1) 

Weight gain per fattener  kg cycle−1 Normal (70; 5) i Normal (70; 5) Normal (70; 5) Normal (70; 5) 
Feed conversion ratio of 
fattener  kg kg−1 Normal (3.8; 0.5) i Normal (3.8; 0.5) Normal (3.8; 0.5) Normal (3.8; 0.5)

Feed per sow  kg sow−1 year−1 Normal (550; 50)i Normal (550; 50) Normal (550; 50) Normal (550; 50)
a HSO (2002) and assuming 15% unregistered inhabitants; b Osterwalder (2006); c Hanoi CERWASS (2004); d Büsser (2006); e 
Viet Anh (2005); f Hanoi URENCO (2000); g Polprasert et al. (1981); h HSO (2004); i Ruettimann and Menzi (2001); j Hanoi City 
PC (2005); k Sinsupan (2004); l Hanoi URENCO (1998); m Thai (2005); n Ellis (2001), o De Bénédittis and Bertrand-Krajewski 
(2004), p Bertrand-Krajewski et al. (2005); q Müller (1983); r CROPWAT (2002); s Tuan (2005); t Montangero and Belevi (2007); u 
FAOSTAT (2004); v Jönsson et al. (2004); w FAO (2003); x Polprasert (1996); y Drangert (1998); z Heinss et al. (1998); aa Schouw 
et al. (2002a); ab GHD (2003); ac Jönsson and Vinneras (2003); ad Nghien and Calvert (2000) and assuming an ash density of 
600g/l; ae Pasquini and Alexander (2004); af Diaz et al. (1996); ag Rytz (2001); ah Schouw et al. (2002b); ai Strauss et al. (2003); aj 
IFA (2006); ak FAO (1992); al Ha et al. (2001) 
* The emptying frequency factor is a correction factor used in case the emptying frequency of on-site sanitation installations is 
lower or higher than average 

 


