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Groundwater contamination

Groundwater resources are important. However, the contamination of the 
subsurface environment pose threats to human health.
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Introduction

Chlorinated solvents are common contaminants found in contaminated groundwater.

• Used for dry cleaning, metal degreasing

• Dense non-aqueous phase liquids (DNAPLs)

• Carcinogenic

Subsurface environmental contamination

Chlorinated solvents

Contaminated site evaluation



Human health risk assessment (HHRA)

• HHRA is the process to estimate the potential adverse health effects in humans who are exposed to
chemicals in contaminated environmental media.

• HHRA helps in decision-making for site remediation and risk management, also can help governments to
deliver technical knowledge to the public.

4Four steps of human health risk assessment process

Contaminants of concern

Site extent

Geology information

Hydrology information

…

How much dosage cause people sick:

Reference dose, RfD; Cancer slope factor, SF

How, where, and how long people are exposed

Introduction



• BIOCHLOR

• Excel-based table software.

• Most used software simulates remediation by 
natural attenuation released in 2000.

All contaminants can only use the same 
retardation factor.

• HYDROSCAPE

• MATLAB-based window software.

• With map view result.

• Released in 2017.

Only can simulate single contaminant.
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Previous contaminants transport analytical solution software
Introduction

BIOCHLOR interface HYDROSCAPE interface



MUSt software
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MUSt (MUltiSpecies transport analytical model):

• Using analytical solutions (Liao et al., 2021) for
simulating transport of chlorinated solvent contaminant
and its degradation products, without the limitations of
those previous software.

• Integrated with human health risk assessment for
groundwater ingestion.

• With user-friendly interface and multiple visualize output
results.

What other features may be needed?

• Site information management module

• Multiple exposure pathways

Introduction



Why new features?
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• Site information management module:

• Improve the efficiency

• Better management of data

• Multiple exposure pathways:

• Accurate Dose Estimation

• Provide a solid scientific basis

Introduction



Objective

• This study enhances existing software MUSt, integrating advanced
functionalities for managing and visualizing site information (GIS),
and expands the human health risk assessment module to consider
multiple exposure pathways.
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Introduction
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Software usage flow chart

Site information visualizing

Contaminants transport 

simulating

Risk calculation

ProcessInput Result

Site data

Contaminants 

concentration 𝐶𝑤

Cancer risk

Non-cancer risk

Contaminants’ properties

Transport properties

Exposure factors

Toxicity factors

Methodology

Map, graphics



Contaminant transport model
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Methodology

• MUSt software base on the three-dimensional multispecies ADEs from Liao et al., 2021:

𝐶𝑖(𝑥, 𝑦, 𝑧, 𝑡): concentration(mg/L)

x, y, z: spatial coordinates(m), t: time(year)

v: constant pore-water velocity in the x direction(m/year)

𝐷𝑥 , 𝐷𝑦, 𝐷𝑧: dispersion coefficients(m2 /year)

𝑅𝑖: retardation factor (-)

𝜇𝑖: first-order degradation reaction rate constant(1/year)

𝑔𝑖−1→𝑖: yield coefficient(-)



Exposure dose calculation and exposure pathways
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Methodology

Exposure dose (average daily dose, ADD) are calculated as:

• Groundwater ingestion1: 𝐴𝐷𝐷 = 𝐶𝑤 ×
𝐼𝑅×𝐸𝐹×𝐸𝐷

𝐵𝑊×𝐴𝑇

• Groundwater inhalation through shower2: 𝐴𝐷𝐷 = (𝐶𝑎1 × 𝐼𝑅𝑠 × 𝑡1 + 𝐶𝑎2 × 𝐼𝑅𝑠 × 𝑡2) ×
𝐸𝑉𝑠×𝐸𝐹×𝐸𝐷

𝐵𝑊×𝐴𝑇

where 𝐶𝑎1 =
1

2
×

𝐶𝑤×𝑓×𝐹𝑠×𝑡1

𝑉𝑎
× 𝐶𝐹, 𝐶𝑎2 =

𝐶𝑤×𝑓×𝐹𝑠×𝑡2

𝑉𝑎
× 𝐶𝐹

• Groundwater inhalation through indoor washing1: 𝐴𝐷𝐷 = 𝐶𝑎 ×
𝐼𝑅𝑤×𝐸𝐹×𝐸𝐷

𝐵𝑊×𝐴𝑇

where 𝐶𝑎 =
𝐶𝑤×𝑓×𝐹𝑊

𝑉ℎ×𝐸𝑅×𝑀𝐶
× 𝐶𝐹

• Groundwater dermal contact through shower or washing1: 𝐴𝐷𝐷 = 𝐷𝐴 × 𝑆𝐴 ×
𝐸𝑉×𝐸𝐹×𝐸𝐷

𝐵𝑊×𝐴𝑇

𝐴𝐷𝐷: average daily dose (mg/kg-day)

𝐶𝑤 : contaminant concentration in groundwater (mg/L) 

𝐸𝐹: exposure frequency (days/year)

𝐸𝐷: exposure duration (years)

𝐵𝑊: body weight (kg); 𝐴𝑇: average lifetime (days)

1 USEPA, 1989
2 Andelman, 1990

For 𝑡 ≤ 2.4𝜏

For 𝑡 > 2.4𝜏

𝐷𝐴 = 2 × 𝐹𝐴 × 𝐾𝑝 × 𝐶𝑤 × 6 ×
𝜏 × 𝑡

𝜋
× 𝐶𝐹

𝐷𝐴 = 𝐹𝐴 × 𝐾𝑝 × 𝐶𝑤 ×
𝑡

1 + 𝐵
+ 2 × 𝜏

1 + 3 × 𝐵 + 3 × 𝐵2

1 + 𝐵 2 × 𝐶𝐹



Parameters in ADD calculation
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Methodology

𝐼𝑅: water ingestion rate (L/day)

𝐼𝑅𝑠: shower inhalation rate (𝑚3/ℎ𝑜𝑢𝑟), 𝐼𝑅𝑤: inhalation rate (𝑚3/𝑑𝑎𝑦)

𝐸𝑉: event frequency (events/day), 𝐸𝑉𝑠: shower event frequency (events/day)

𝐶𝑎: contaminant concentration in air (𝑚𝑔/𝑚3)

𝐶𝑎1: contaminant concentration in air while shower (𝑚𝑔/𝑚3), 𝐶𝑎2: contaminant concentration in air after shower (𝑚𝑔/𝑚3)

𝑡1: shower time (ℎ𝑜𝑢𝑟), 𝑡2: the time still stays in bathroom after shower (ℎ𝑜𝑢𝑟)

𝑉𝑎: bathroom volume (L), 𝑉ℎ: house volume (L)

𝐹𝑠: shower water flow rate (L/hour), 𝐹𝑤: daily water usage (L/day)

𝑓: evaporation fraction (-)

𝐸𝑅: indoor air exchanged rate (air changes/day)

𝑀𝐶: air mixture coefficient (-)

𝐷𝐴: exposure dose in single event (𝑚𝑔/𝑐𝑚2)

𝐹𝐴: absorb fraction (-)

𝑆𝐴: skin surface area (𝑐𝑚2)

𝐾𝑝: skin permeability coefficient (cm/hour)

𝜏: lag time per event (hour)

𝐵: Relative permeability coefficient ratio of the contaminant from the stratum corneum to the epidermis (-)

𝑡: time of skin contact in single event (hour)
𝐶𝐹: unit transfer factor (𝐿/𝑚3 or 𝐿/𝑐𝑚3)



Risk calculation
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Methodology

• Non-carcinogenic and carcinogenic risk indexes are calculated as:

• Non-carcinogenic: 𝑅𝑒𝑝 =
𝐴𝐷𝐷

𝑅𝑓𝐷𝑒𝑝

• Carcinogenic: 𝑅𝑒𝑝 = 𝐴𝐷𝐷 × 𝑆𝐹𝑒𝑝

• The total non-carcinogenic and carcinogenic risk are calculated as:

𝑅𝑡𝑜𝑡𝑎𝑙 = 𝑅𝑜𝑟𝑎𝑙 + 𝑅𝑖𝑛ℎ + 𝑅𝑑𝑒𝑟𝑚𝑎𝑙

𝐴𝐷𝐷: average daily dose (mg/kg-day)

𝑅𝑓𝐷: reference dose (mg/kg-day); 𝑆𝐹: cancer slope factor (
1

mg/kg−day
)

𝑅𝑓𝐶: inhalation reference dose(mg/m3);        IR: inhalation rate(m3/day)

𝐴𝐵𝑆𝐺𝐼: fraction of chemicals absorbed in the gastrointestinal tract(-)

Transfer function

Inhalation:

𝑅𝑓𝐷𝑜𝑟𝑎𝑙 = 𝑅𝑓𝐶 ×
𝐼𝑅𝑖𝑛ℎ
𝐵𝑊

𝑆𝐹𝑜𝑟𝑎𝑙 = 𝑆𝐹𝑖𝑛ℎ ×
𝐵𝑊

𝐼𝑅𝑖𝑛ℎ
Dermal contact:

𝑅𝑓𝐷𝑑𝑒𝑟𝑚𝑎𝑙 = 𝑅𝑓𝐷𝑜𝑟𝑎𝑙 × 𝐴𝐵𝑆𝐺𝐼

𝑆𝐹𝑑𝑒𝑟𝑚𝑎𝑙 =
𝑆𝐹𝑜𝑟𝑎𝑙
𝐴𝐵𝑆𝐺𝐼

ep = oral, inhalation, dermal contact



• Visualization toolkit is a library for 3D
computer graphics, image processing,
and scientific visualization.

• Widely used in fields like medical
imaging, computational fluid dynamics,
and geological data visualization.

Development tools
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• .NET is a platform provides a large class library, 
enabling developers to create high-performance 
applications.

• Csharp is the most popular programming 
language in .NET which can build a wide range 
of applications from desktop to mobile.

• Gmap.NET is a library in
.NET provides interactive
maps from various providers,
supports creating objects on
map.

Methodology



User interface : Site
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By importing shapefile and text file, 

the boundary of the site and the well location can be shown on the map.

Results and discussions



User interface : Geology
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By importing text file, 

the borehole record can be shown as the cylinder inside the boundary.

Results and discussions
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User interface : Hydrology

By importing text file, 

the hydraulic head record can be shown on the map picture, 

also to generate flow field and average flow direction.

Results and discussions
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User interface : Chemistry

By importing text file, the contaminant concentration record 

can be shown on map with colors.

Results and discussions



User interface : Output
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New result option:

Apply the concentration contour on the map 

with specified location and average flow 

direction.

Results and discussions



User interface : Output
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New result option:

a. Inhalation through shower using groundwater

b. Inhalation through indoor washing using groundwater

c. Total risk

a.

b.

c.

Results and discussions



• This study enhance the software’s ability, incorporate geographic, geological, hydrological, and chemical
visualizations, while also consider multiple exposure pathways. These improvements provide a
comprehensive framework for site evaluation and decision-making.

• The new version software can improve the efficiency of site management while enhancing risk
communication, enabling more informed decisions and fostering better stakeholder engagement.

• Future work :

• Improve the risk calculation function with more exposure pathways considered.

• Add probabilistic method into software for the more complex contaminated site evaluation.

Conclusions and future work 
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Conclusions and future work



Thank you for your attention!
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Reference

• United States Environmental Protection Agency : https://www.epa.gov/

• Exact analytical solutions with great computational efficiency to three-dimensional multispecies advection-
dispersion equations coupled with a sequential first-order reaction network : 
https://www.sciencedirect.com/science/article/pii/S0309170821001731

• HYDROSCAPE: A new versatile software program for evaluating contaminant transport in groundwater : 
https://www.sciencedirect.com/science/article/pii/S235271101730050X

• 103年環保署 土壤及地下水污染場址健康風險評估方法

24

https://www.epa.gov/
https://www.sciencedirect.com/science/article/pii/S0309170821001731
https://www.sciencedirect.com/science/article/pii/S235271101730050X


26

I.C.

B.C.



27



28

contaminant cancer

四氯乙烯PCE 
Bladder cancer, liver cancer, kidneys 
cancer and blood system related 
cancers

三氯乙烯TCE Kidney, liver, and lymphoma

氯乙烯VC 
Liver cancer, brain cancer, lung cancer, 
blood cancer


	投影片 1: A software integrating sophisticated transport analytical model, GIS, and human health risk assessment for comprehensive site evaluation of groundwater contaminated with chlorinated solvents 
	投影片 2: Outline
	投影片 3: Groundwater contamination
	投影片 4: Human health risk assessment (HHRA)
	投影片 5: Previous contaminants transport analytical solution software
	投影片 6: MUSt software
	投影片 7: Why new features?
	投影片 8: Objective
	投影片 9: Software usage flow chart
	投影片 10: Contaminant transport model
	投影片 11: Exposure dose calculation and exposure pathways
	投影片 12: Parameters in ADD calculation
	投影片 13: Risk calculation
	投影片 14: Development tools
	投影片 15: User interface : Site
	投影片 16: User interface : Geology
	投影片 17
	投影片 18
	投影片 20: User interface : Output
	投影片 21: User interface : Output
	投影片 22: Conclusions and future work 
	投影片 23: Thank you for your attention!
	投影片 24: Reference
	投影片 26
	投影片 27
	投影片 28

