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Abstract  
 
The exponential growth of urban metabolic activities due to rapid urbanization and industrialization has resulted 
in the increasing material off-flows into the urban sinks, which can either be anthropogenic or geogenic. The 
materials may undergo transformation and transportation processes and eventually settles in the environmental 
compartment we called final sink. The substance in the sink will become an environmental threat when the 
concentration of substance exceeds the carrying capacity of any environmental compartments. Therefore, it is 
essential to gauge the flow and accumulation of substances into the sink. Normative criteria of hazardous 
substances to identify the maximum acceptable inflow to the various sink are important to the urban managers. 
We propose human health risk assessment as tool for this purpose. 
The flow of heavy metal lead (Pb) in Taipei city is presented as an example to examine the human health risk 
based on urban substance flows in sinks through the following procedure: (1) Quantification of urban lead flow 
through substance flow analysis method (2) Identification and characterization of the risk-related sinks according 
to the functionality and the emission sources. (3) Mapping of substance flows into the identified sinks (4) 
Modelling the concentrations of sink through a multimedia fate model (5) Formulation of acceptable risk criteria 
and evaluation of substance load in sink. The result serves as a benchmark of urban metabolic sustainability by 
comparing acceptable loading and estimated loading. In addition, strategies to manage urban processes, along 
with major off-flows will be discussed. 
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1 Introduction 

1.1 The need to know the constraint of urban sinks in terms of health risk 

The sustainability of an urban system is constrained by its sinks able to receive wasted substances (Brunner, 
2007). Urban can be considered as a system consuming intensive material and substance. The processes of urban 
economy metabolized the substances to gain utilities to the producers and consumers.  Inevitably, part of the 
throughput would turn into off-flows and need sinks to receive the substance out of utility. The sink in this 
paper refers to the environmental compartments which can provide either the service of storage, transformation 
or delivery of substances to the other sinks. For example, ocean and sediment accumulate the anthropogenic 
substances; surface water can transform organic substance; atmosphere delivers air pollutants through diffusion 
and advection. The substance can exchange between some sinks depends on the concentration difference and 
the different affiliation to specific sinks. The input of substance from urban economy can deteriorate ecosystem 
and the health of citizens when the loading of anthropogenic flows goes beyond the carrying capacity of sinks. 
The concentrations of substance increase in the sinks when the rate of anthropogenic inputs surpasses the rates 
of removing and transforming. For hazardous substances, the population may be under the risk of exposure via 
the sinks of high concentration. To sustain the economy and environment of an urban system, the capability to 
measure the off-flows and the sink capacity is prerequisite. Substance flow analysis (SFA) serves as a systems 
analysis tool to capture the flow system with comprehensive and interrelated processes and flows; environmental 
risk assessment (ERA) can evaluate the level of health impact due to the flows damage. The integration of SFA 
and ERA methodology can provide the insight to the criteria of loading in terms of health risk. SFA specifies the 
links between emissions and the related urban processes; ERA quantifies the damage which is the referential 
information that supports the criteria setting for sinks management. 

1.2 The state of the art risk assessment upon anthropogenic flows 

ERA has been integrated to SFA by several techniques. Firstly, system dynamics has been used to project steady-
state metal concentrations in the environmental media, based on current substance flows (Guinee et al., 1999). 
The trend of increasing concentration is a dominant factor of potential exposure and health risk. Secondly, 
multimedia fate model has been used to bridge the gap between SFA and ERA. Kwongpongsagoon et al. (2003) 
evaluated the flows of anthropogenic cadmium associated with environmental compartments in Australia, based 
on the SFA which informs the emissions into the air, water, and land. The accumulation of cadmium in 
environmental compartments serves as essential information to carry out comprehensive ERA. The 
concentrations and exposure of cadmium were estimated as well, but the health risk. Thirdly, the concentration 
increments of environment media were attributed to each emission source. A Swiss study of endocrine disruptor 
has identified the contributions of four main emitting industries (Morf et al. 2009). The quantification of SFA 
based risk has been presented by various indicators. The risk ratio presented by Guinee et al. (1999) divides the 
exposure by the corresponding toxicity; the hazard ratio and cancer risk shown in Taiwan case studies considered 
the landscape properties and exposure conditions, as well as toxicities (Ma et al. 2007; Chen et al. 2011). Most of 
these studies undertook ERA at national scale because most of SFA were implemented at national scale. 
However, the space-averaged risk assessment at national scale can neglect the variability throughout the country 
due to the homogeneity assumption. ERA based on the SFA at urban scale can have lower uncertainty and 
variability than that at national scale. A few case studies demonstrated the spatial distribution of risk by allocating 
national emission inventory to local regions (Ma et al. 2007; Chen et al. 2011). Up to now, there have been few 
studies focusing on the risk derived from the hazardous substance flows at urban scale. This paper presents a 
frontier research as the risk of anthropogenic lead emissions at urban scale.  

1.3 Goal and research questions 

The sustainability of an urban system should include the burden of anthropogenic flow over the available sink 
carrying capacity, because the accumulation of substances in sink can damage the environment system associated 
the sink. Since health impact of accumulating hazardous substance in the urban environment is a general concern 
for cities, this paper proposes risk assessment as one of the tools to evaluate the urban sinks’ carrying capacity.  
We aim at developing a method to answer how much anthropogenic off-flow shall be considered overloading. 
These steps to study the constraint of urban sinks are as follows: 
1. Assess the health risk for the citizens due to the exposure to the toxics as result of anthropogenic flows. 
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2. If the risk has surpassed acceptable level, then identify the candidate flows of potential to significantly 
reduce the risk. 

3. If the risk is acceptable, then evaluate the remaining safe space for operating sinks stock in the future. 
 

2 Material and Methods 

2.1 Material 

We took the distribution of lead in Taipei City in 2009 as the case study here, using substance flow analysis (SFA) 
and risk assessment to estimate the potential risk due consumption and emission. Taipei City is the capital of 
Taiwan. The area of Taipei is 0.75% of whole area in Taiwan; it goes from southeast to northwest. Keelung River, 
Xindian River and Dahan Creek converge into Danshui River which flows into Taiwan Strait. Population density 
of Taipei City is 15 times more than that of whole Taiwan and the average consumption expenditure per 
household is the 2.28 fold of the lowest city. As for the industrial structure, secondary and tertiary sector 
industries are significant in Taipei City. The background information of people, economy, and environment in 
Taipei City is showed in Table 2-1-1. 
 
Table 2-1-1: The characteristics of Taipei’s people, economy and environment 

  Value 

People Population 2607428 
 Average body weight (kg) 56.77 
 Average life expectancy (yr) 76.6 
Economy Number of factories 1269 
 Industrial distribution of employed persons  
    Primary industry (%) 0.2 
    Secondary industry (%) 19.3 
    Tertiary industry (%) 80.6 
 Daily water consumption for domestic use (L/c.a.) 508 
 Automobiles 714266 
 Motorcycles 1092788 
Environment Area (km2) 271.8 
    Industrial area 4.2 
    Residential and commercial areas 46.6 
    Land for public facilities 73.1 
    Agricultural conservation, scenic areas 76.2 
 Annual average precipitation (mm/yr) 2405.1 
 Land surface runoff (m/d) 4E-04 
 Atmospheric dust load (kg/m3) 6.8E-05 
 Ambient environmental temperature (∘ C) 23 
 Yearly average wind speed (m/sec) 2.7 
 Danshui River flux (m3/year) 5.1E+09 

Source: Taiwan urban and regional development statistics, 2009 
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Input of lead is majorly by the usage of phosphate, lead–acid battery, cement and paint as construction material 
as well as household and computer appliances. In order to clarify the distribution of lead in Taipei, urban system 
was summarized as Figure 2-2-1. In figure 2-2-1, ”Economy” means manufacturing industry, ”Transport” only 
includes automobiles and motorcycles, ”Construction” includes construction nd public work, and ”Solid waste 
and waste water treatment” includes incinerators and waste water treatment plants. C1~C5 and W1~W4 denote 
the estimation of consumption and waste, respectively; P1~P6, R1 and R2 represent the pollutant emission, 
recylcing or exportation. S1~S4, the difference of input and output in each process, show the possible 
alternation of stock in that year. 

 
Figure 2-1-1 Taipei city’s Pb flow system 

 
High consumption comes along with large waste generation. In Taipei, three incinerators, three wastewater 

treatment plants, and one landfill are in charge of treating waste and wastewater within the urban area (see Table 

2-1-2).  Thirty years ago, no sewer system in Taipei that untreated wastewater was discharged directly into rivers 

resulting in the degradation of river ecosystem. Waste was landfilled without incineration or disposed along the 

riverside; waste was even burned in the outdoor. The improper treatment has not only seriously affected quality 

of life but also made people expose to high risk environment. In fact, waste treatment unit is the intermediate 

sink of pollutants. The destination of pollutants in the environment, i.e. final sink, will be affected by any 

environmental factor after the emissions. Hence, we adopted multimedia transport model to simulate the final 

sink of pollutants and calculated the potential health risk. 
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Table 2-1-2: Taipei’s intermediate sink 

 Capacity(t/yr) Processing in 2009 (t/yr) 

Incinerator Beitou 6.57E+05 3.03E+05 

Mucha 5.48E+05 2.31E+05 

Neihu 3.29E+05 1.42E+05 

Waste water treatment plant Dihua 1.83E+08 1.66E+08 

Neihu 5.48E+07 4.53E+07 

Bali 4.82E+08 4.23E+08(b) 

Landfill Shanchuku 2.25E+09(a) 1.18E+05 

(a)Total design capacity (b) Include wastewater from Taipei City and New Taipei City 

2.2 Methods 

In this study, we constructed the urban metabolism of lead by accounting demand and waste of lead-related 
goods, as well as end-pipe treated waste emission. The approaches of calculation are shown in Table 2-2-1, 
which are mostly bottom-up method that combines data of lead content from literatures and local statistics of 
related products. Besides, C1, P1 and P2 were obtained by top-down approach. For example, estimation of 
phosphate was through the quantity used in Taiwan and the Taipei-Taiwan ratio of agriculture area; such 
calculation may neglect the cultivate intensity. And for the lead emissions from industrial chimneys and vehicles, 
data from TEDS (Taiwan Emission Data System) were adopted. The data are based on the activity intensity and 
emission factor, which may have deviation with the real emission condition. By aggregating the internal 
consumption as the lead input to the city (C5), and distributing the rest of emissions to the unit of private 
household, the system was balanced. 
In addition to the substance flow accounting, we further examined the uncertainty due to various data sources. 
Method brought up by J. Hedbrant and L. SÖ RME (hereafter HS method) was included here. 
 

Table 2-2-1: Calculation in this study 

Flow no. symbol Calculated item 
Top-Down or 
Bottom-Up 

1 C1 Phosphate fertilizers TD 

2 C2 Automobiles & motorcycles BU 

3 C3 Cement and paint BU 

4 C4 Electrical and electronic products BU 

5 C5 C1+C2+C3+C4   
6 W1 Automobiles & motorcycles BU 
7 W2 Construction waste BU 
8 W3 General waste and recyclables BU 
9 W4 (W1+W2+W3)-(P3+P4+P6+R1+R2)   
10 P1 Industrial emission TD 
11 P2 Automobiles & motorcycles emission TD 
12 P3 Incinerator emission BU 
13 P4 Surface runoff BU 
14 P5 Landfill leaking water BU 
15 P6 Fly ash, sludge and cement landfill BU 
16 R1 Compost BU 
17 R2 Bottom ash and cement exporting reuse BU 
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Table2-2-2: Uncertainty level and the sources of information (H. and S., 2001) 

 

In general, the procedure of substance flow analysis (SFA) is comprised of three steps (1) Goal and system 
definition, (2) Inventory and modeling, (3) Interpretation of results (Lassen et al., 2000). The procedure of risk 
assessment (RA) includes (1) Hazard identification, (2) Dose-response assessment, (3) Exposure assessment, and 
(4) Risk characterization. The two methods complement each other in the risk management. On the one hand, 
SFA serves the emissions of wide range of sources and to diverse environmental media. Thus, SFA is the basis 
for exposure assessment in RA. SFA can link the sources of emissions by critical processes in the whole system, 
and shed light on the critical processes by evaluating the contributions to the estimated risk. On the other hand, 
RA can enrich the implication of the result interpretation of SFA. Without RA, SFA simply presents the 
magnitude of flows, but determines the associated health impacts. RA quantifies the health impact of the flows, 
thereby adding the implication of whether current flows are causing high risk to the population of potential 
exposure to the anthropogenic substance. We proposed a procedure that integrates SFA and RA, as shown in 
Figure 2-1. 
 

 
Figure 2-2-1: The procedure to carry out RA on SFA 

 
Because the flows into environmental sinks are seem as an interface to integrate SFA and RA, the selection of 
environmental fate models should take the models that can accept continuous inputs of substance flows. If the 
selected model only accepts the environmental concentrations or concentrations of emitting carrier, such as 
emitted gas, effluent, or waste, several steps would be required to covert the mass flow into the environmental 
concentration, and the concentration of emission medium.  
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We implemented the analysis with a well-developed model called CalTOX 4.0. CalTOX is a risk assessment 
model that calculates the emissions of a chemical, the concentration of a chemical in soil, and the risk of an 
adverse health effect due to a chemical. It consists of two parts: 

1. a multimedia environmental fate model, which evaluates the distribution of a chemical among 
different environmental compartments (air, surface water, etc.), and 

2. a multiple pathway exposure model, which calculates how much of a chemical reaches the body using 
environmental concentration and contact factors (e.g. breathing rate). 

The major benefits of using CalTOX include: 
1. CalTOX accepts continuous inputs by mass flow, as well as the measurement of SFA. 
2. CalTOX was constructed in Excel spreadsheet enable uncertainty analysis and sensitivity analysis. 
3. CalTOX captures the substance flows between environmental compartments. 
4. CalTOX projects the inventory change in the environment over in the future. 
5. CalTOX is capable of integrating other extended model or database, the equations can be examined 

and updated 
The use of CalTOX is associated several limitation 

1. CalTOX assumes that all compartments are of homogenous concentration, thus can’t tell the spatial 
difference throughout the study area. 

2. CalTOX calculated the risk in the case the emissions remain constant in the duration. 
CalTOX only deals with natural sinks but sea and anthropogenic sinks, such as landfill, waste water treatment, 
and incinerator are not take into account. 
 

3 Results and Discussion  

Results of substance flow inventory are presented in Appendix 1. The export of lead is mainly due to the reuse 
of bottom ash, and recycling of vehicles and e-waste products to economy sectors (without considering the 
location of economy sectors). Lead emissions (ton/yr) to the environment were converted into operation unit in 
CalTOX (mol/day) (Table 3-1). In 2009, 15.2,19, and 0.06 ton of lead emitted to the atmosphere, hydrosphere 
and pedosphere in Taipei City, respectively. Surface runoff with pollutants washed out by rainfall is noticeable 
that the water directly enters the storm sewer system without treating. In order to determine the risk uncertainty, 
data were processed with HS method and then the software STAN was utilized to balance and present the 
results. 

Table 3-1: Urban lead emissions to the environment 

Sink Pb flow (ton/yr) Total (ton/yr) Con. conversion (mol/day) 

Air 

Incinerator 0.076 

15.20 200.93 Industrial  11.23 

Automobiles & motorcycles  3.89 

Soil 
Compost 0.00378 

0.06 0.75 
Fertilizer 0.053 

Water 
Surface runoff 3.17 

3.19 42.14 
Landfill leaking water 0.0172 
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Figure 3-1: Taipei’s Pb flow with uncertainty, 2009 

 
By inputting the values from Table 3-1 into CalTOX simulation, lead distribution in Taipei City was obtained 
(STAN diagram as Figure 3-2 shows). The figure indicates that though there are significant lead emissions in air 
and water, most of it leaves from the two processes. On the other hand, majority of the lead emission to soil 
stays (4.407 ton). Therefore, soil is the final sink for lead. 
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Figure 3-2 Pb fate in Taipei’s environment by CalTOX simulation 

 
Results of CalTOX simulation show that 90% non-carcinogenic risk (Hazard) confidence interval ranges from 
4.9 to 6.8, with mean as 5.9, which is larger than 1 that is recognized as hazard. The 90% carcinogenic risk (Risk) 
confidence interval is 4.7E-07~6.2E-07 and the mean is 5.4E-07, smaller than 1E-06, which is acceptable risk. 
The order of risk sensitivity of each flow presents in Table 3-2, resulting from the uncertainty due to data 
sources quality. If not taking data sources quality into account and setting 10% of each flow mass for the flexible 
range of resource management, the effect on risk is displayed in Table 3-3. According to the two tables, surface 
runoff has the highest sensitivity to risk. As the sensitivity information is combined with the exposure 
pathways, efficient risk management schemes can be designed.  



 

 

Sinks a Vital Element of Modern Waste Management 
2nd International Conference on Final Sinks 
16 – 18 May 2013 
Espoo, Finland 

 

  

 

 

 

Table3-2: The risk sensitivity analysis  

Rank Name Lower>Baseline Baseline>Upper

1 Surface runoff 9.84 E-1 9.83 E-1

2 Industrial emission 7.33 E-2 9.72 E-2

3 Incinerator gas 4.49 E-2 2.01 E-2

4 Treated water 4.01 E-2 2.34 E-2

5 Fertilizer 2.01 E-2 2.31 E-2

6 Compost 1.98 E-2 1.08 E-2

7 Movables exhaust gas 1.33 E-2 1.61 E-2

Change in Output Statistic for  CalTOX!Hazard (Baseline =5.9)

Rank Name Lower>Baseline Baseline>Upper

1 Surface runoff 7.89 E-8 7.87 E-8

2 Industrial emission 1.37 E-8 1.71 E-8

3 Movables exhaust gas 3.92 E-9 3.05 E-9

4 Incinerator gas 3.76 E-9 1.74 E-9

5 Treated water 3.61 E-9 1.82 E-9

6 Fertilizer 1.70 E-9 1.94 E-9

7 Compost 1.34 E-9 9.65 E-10

Change in Output Statistic for  CalTOX!Risk (Baseline =5.4E-07)

 

 

Table3-3: The risk sensitivity analysis of 10% flow variability 

Rank Name Lower>Baseline Baseline>Upper

1 Surface runoff 9.82 E-1 9.83 E-1

2 Movables exhaust gas 5.45 E-2 3.36 E-2

3 Industrial emission 4.75 E-2 3.69 E-2

4 Compost 3.03 E-2 3.35 E-2

5 Fertilizer 2.75 E-2 2.27 E-2

6 Incinerator gas 2.33 E-2 2.49 E-2

7 Treated water 1.58 E-2 2.74 E-2

Change in Output Statistic for  CalTOX!Hazard (Baseline =5.9)

Rank Name Lower>Baseline Baseline>Upper

1 Surface runoff 7.84 E-8 7.89 E-8

2 Industrial emission 1.31 E-8 1.22 E-8

3 Movables exhaust gas 7.13 E-9 3.75 E-9

4 Compost 2.02 E-9 2.77 E-9

5 Fertilizer 2.38 E-9 1.70 E-9

6 Incinerator gas 1.99 E-9 1.86 E-9

7 Treated water 1.36 E-9 2.29 E-9

Change in Output Statistic for  CalTOX!Risk (Baseline =5.4E-07)
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4 Conclusions 

According to the lead flow analysis, most lead in Taipei City is recycled and reused; highest mount emissions to 
the environment occurs in the atmosphere, then is hydrosphere and pedosphere. Soil is determined to the final 
sink of lead through the model simulation. From the results of risk assessment, lead emissions had no 
carcinogenic effect (<1E-06) yet could be the hazard. In order to lower the risk efficiently, decision makers 
should strengthen management of surface runoff. In this study, we integrate the urban substance flow analysis 
and risk assessment, providing information for related decision making. Since the amount of bottom ash 
recycling and reuse is large, further analysis on urban stock or sensitivity analysis of parameters, spatial risk, 
hinterland risk, international comparison, and etc. are suggested. 
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