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Presentation Notes
My project looks at using the tools in Esri’s ArcGIS environment to understand and model the factors within a city’s water distribution system that contribute to water quality issues.  

One reason why I chose this topic is because water quality affects all of us everyday and I wanted to make water quality modeling more accessible to municipalities so they can better understand their water system and be more proactive in addressing issues.



Background 
 Chlorine (Cl2) is the most common drinking water 

disinfectant 

 Residual Cl2 travels through the distribution system  

 Residual Cl2 measures water’s potability 

 Minimum levels (>.5 mg/L) necessary to maintain 
water quality 

 Water samples tested throughout the city 
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Presentation Notes
The most common indicator of water quality is the measure of residual chlorine at endpoints in a water distribution system.

Chlorine is the most commonly used drinking water disinfectant primarily because it is inexpensive and very effective.

At a treatment plant, chlorine is added to the water where is reacts with organic and inorganic materials.

The chlorine that remains after the initial reactions, called free or residual chlorine, travels through the distribution system where it continues to disinfect the water.

Chlorine gets used up through interactions with microbes and the pipe material along the pipelines which reduces the levels as it reaches the end of the distribution line

The Environmental Protection Agency requires a "detectable" level of residual chlorine - CDC suggests 0.2 mg/L, however several other sources state 0.5 mg/L should be the minimum to ensure sufficient disinfection

The presence of Cl2 at an endpoint indicates that enough was added at the treatment plant for proper disinfection throughout the system.

It is important for municipalities to test their water and identify the normal patterns of Cl2 decay within their system so they can identify when values are abnormal for a given area.

They must understand what affects Cl2 amounts so they can address issues in their water system that may be causing chronically low levels.

To get an idea of how a water system works, let’s look at a basic setup



Distribution Systems 
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Presentation Notes
The image on the left depicts a general water distribution system

The water treatment plant takes in water from a water supply, such as a lake or groundwater, then treats the water before it is delivered to the city’s water network

The pump station pumps the water from the treatment plant to city reservoirs, which are usually elevated above the distribution system where gravity pulls the water from the tank and into the water network.

The map on the right of the slide gives an overview of the system that will be used in this analysis, with a focus on the main water lines that feed testing sites.
 
The main water supply for the city is from a nearby lake.
  
The water is filtered at the treatment plant and disinfected with 2 mg/L of chlorine. 
 
The treated water is pumped uphill through a series of pump stations to three city reservoirs where it is stored and distributed to approximately 3,000 homes and businesses.  

A local water authority regularly collects water samples at 12 sites across the city and then tests the chlorine levels

As you can see on the map, most of the testing sites are fairly evenly distributed throughout the city, except for site L which is at the farthest location on the distribution line.




Background (cont) 

 Water age – water’s travel time from treatment plant to 
customer 

 Water turnover & distance affect water age 

 Water quality typically modeled using hydraulic modeling 

 State-of-the-art hydraulic modeling software is expensive 
and time-consuming to use 

 Most municipalities invest in GIS, but have limited 
resources to create models 
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There are several factors that contribute to chlorine decay within the system, and water age is the primary factor

Water age refers to the travel time of water after leaving the treatment plant and before entering the customers' plumbing system.    

Chlorine can decay as water age increases, leaving low residual chlorine levels at distant parts of a distribution line.  

Many variables contribute to water age, including distance from source and water turnover (difference between system capacity and water used by customers).

Water quality is typically modeled using hydraulic modeling software.

It is expensive and time-consuming to establish a model because consultants are typically hired to collect data and build the model.  Plus the expense of purchasing the software and training staff to run and update the model once it is built.

GIS has become integral in managing and analyzing utility infrastructure, and a municipality should be able to fully utilize their current investment in GIS software to understand their infrastructure and its effects on water quality.




Objectives 
 Analyze factors that affect residual chlorine levels 

 Distance from source (pump station to test sites) 

 Pipe characteristics – material, diameter 

 Water usage 

 Model the influence of each factor within the ArcGIS 
environment 
 Analyze the level of influence of each factor 

 Visualize chlorine decay  

 Predict residual chlorine values 

 



Data Sources 
 Cl2 test results from pump station and 12 city sites 

(April 2012- July 2015) 

 GIS waterline data–length, diameter, pipe material 

 Daily water input to city reservoirs from treatment 
plant 

 Metered water usage 

 



Methods 
 Base Calculations  

 average monthly & seasonal residual chlorine levels  
 pipe length to each site 
 % chlorine loss 
 chlorine loss per foot 
 quantity of pipe material to each site  
 quantity of small, med, & large pipe diameters to each site 

 Graphical trend analysis 
 Water use estimations & comparisons 
 Statistical Modeling 

 Regression – OLS and GWR 
 Path distance analysis 
 Diffusion interpolation 



Workflow 
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Presentation Notes
The blue-shaded chain of boxes outlines the sequence of the distance analysis methods, which lead to the darker blue boxes for statistical modeling. 

The chain of light and dark purple boxes outline the process for path distance analysis and interpolation. 

Pipe material analysis in green

Diameter analysis in red

Water usage in orange




Analyze Residual Cl2 Testing Data 
Base calculations: 

 Average monthly Cl2 levels at each site across all years 
 Seasonal averages (spring, summer, fall, winter) 

Test Sites 
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This graph shows how individual sites vary over time

I have calculated the monthly residual chlorine levels from 2012 to 2015 for each testing location.  

I then calculated the seasonal averages for spring, summer, fall and winter  (spring = March/April/May, summer = June/July/August, and fall = September/October/November, winter = December/January/February)

This graph shows the overall seasonal average for all sites in bright red, next to the seasonal averages for each site.  The overall average remains consistent throughout the year. 

No clear trend persists throughout each site.

The next phase of analysis looks at what factors are affecting these averages…





Distance 
 Residual Cl2 decreases as distance increases 
 Longer time to react with organisms and pipe material 
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One of the main factors contributing to water age is the distance the water must travel through the network

Residual Cl2 decreases the farther water must travel through the pipes

Increased distance means a longer time to react with organisms and pipe material, which promote Cl2 decay 

This graph shows the average residual chlorine levels for each testing site, ordered from closest to pump station to the farthest.  

With the exceptions of sites D and I, the overall trend supports the theory that the further water must travel, the more chlorine decays.




Seasonal Averages vs. Distance 
 Subtle variation between seasonal averages 
 Overall trend - decrease in Cl2 with increased distance 
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Comparing seasonal averages between sites is intended to normalize the data for more standard comparisons between sites

This graph plot the seasonal average chlorine values at each testing site against the water travel distance, from shortest to farthest

Chlorine levels follow relatively similar trends during each season for all test sites.  

With the exception of sites D and I, we can see that the overall trend is consistent with predictions that as distance increases, residual chlorine levels decrease.  





Chlorine Decay Comparison 
% Cl2 loss = ((pump Cl2 - site Cl2)/pump Cl2)*100 
 
Inconsistencies between sites within similar distances 
to pump station. 
 
•Site D has significantly more chlorine loss (54%) than 
comparable sites like A, B, and C (19% -27% loss) 
 

•Site L is 14.6 more miles from the pump than K, 
however there is only a 3% difference in residual 
chlorine loss between the sites 
 

• Sites I and J have a distance difference of .1 miles 
from the pump, but site I has 11% chlorine loss while 
site J has 51% loss 
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I have calculated the percent of chlorine loss which equals the Cl2 at the pump, minus Cl2 at the test site, divided by the Cl2 at pump

This map displays the spatial layout of testing sites and the corresponding percent of chlorine that is lost between the pump station and test locations. 

The distance to sites A, B, C, D are within .9 miles difference.  Site D experiences significantly more chlorine loss (54%) than comparable sites such as A, B, and C (19% -27% loss)

Water has 14.6 more miles to travel to reach site L than K, however there is only a 3% difference in residual chlorine loss between L and K

Sites I and J only have a distance difference of .1 miles, but site I only experiences 11% chlorine loss while site J has 51% loss

The inconsistencies hint that factors besides just distance are affecting the Cl2 results, such as the material of the pipe the water must pass through…




Pipe Material 
 Materials have different chemical reactions with Cl2 

 Reactive hierarchy  

  Iron  >         Steel         >     Cement       >     Plastic 
 
 
 
 
 
% material = (Total ft of material/Total ft of pipeline)*100  
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Pipe material affects water quality because materials react differently with disinfectants, which impacts corrosion and the amount of biofilm growth on pipe walls

Biofilms - layers of bacteria that attach themselves to pipe walls, trap nutrients and microbes, and build upon themselves to form a plaque-like coating that can clog water lines to the point where adequate pressure can’t be maintained for normal consumer or firefighting needs. 

These differences create a hierarchy of reactivity - Plastic and cement-based pipes are considered unreactive materials, whereas metals are classified as reactive. Iron pipes have the most potential for bacterial re-growth and pipe corrosion, followed by cement and then PVC.

Asbestos cement and cast iron pipes had been widely used in older water networks

Today, vinyl pipes are used because it resists biofilm, can stand harsh soil and weather conditions, and has minimal failure rate. 

The next factor we’ll look at is water turnover rates…




Water Usage/Turnover 
 Low water turnover lengthens water residence in the 

system 

 Oversized distribution networks provide more supply 
than demand 

    
    EW = WV * PW  
 
 where EW = Estimated water used by site, WV = % Water  volume to 

site, and PW = Amount of water pumped into reservoir 
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Low water turnover lengthens the time water remains in the distribution network which allows particles to settle and biofilm to grow.

Many water systems are designed to not only meet current drinking water demands, but maintain pressures and quantities for firefighting and future needs.  

Cities commonly size pipelines and reservoirs to provide for water demand that will occur 20 years in the future.  

Maintaining proper water pressure and supply for fire flow and other emergencies requires larger pipe diameters, even though smaller sizes would suffice for normal water delivery.  

Water age can be effected by these planning measures because the increased water volume exceeds the current consumer demand

Changes in water demand due to things like water conservation practices or relocation of a major water user can also greatly affect water turnover rates and water age

I plan to estimate water usage by determining the percentage of water volume in the pipes to each site, compared to the volume available in the entire network, then multiple this percentage by the amount of water put into the reservoirs each day

After performing the base calculations and analyzing trends, I will use statistical modeling to test the influence of each factor on chlorine levels…
	



Statistical Modeling 
 Ordinary Least Squares (OLS) Regression 

 Global model across the study region to predict Cl2 

 Geographically Weighted Regression (GWR) 
 Local model to provide linear relationships between 

variables 

 Analysis Goals 
 Determine the amount of negative or positive influence 

factors have on Cl2  
 Predict values at unsampled locations 
 Visual display of results 
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OLS is commonly the first step in spatial regression analysis - a single regression equation is created to model a process across the entire study region to predict Cl2
 
Logistic regression is best used to determine the presence or absence of an event based on several variables, either continuous (measurable elements such as distance or time) or categorical (such as pipe material or diameter)

GWR - creates a local regression equation for each feature in the dataset,  which provides statistics on the relationships between variables 

The relationships revealed with these processes will be used to determine weights to create a cost surface for path distance analysis and diffusion interpolation…




Statistical Modeling (cont) 

 Path Distance Analysis 
 Determines the accumulative "cost" of travel from a 

source to each cell  
 Uses cost surface (weighted cell values for certain 

factors) and the surface distance (elevation layer) 
 

 Diffusion Interpolation 
 Predicts unknown values using raster and feature 

barriers 
 Uses cost surface as input barrier 
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Path distance analysis determines the "cost" of travel from a source to each cell on a raster by considering a cost surface (weighted cell values for certain factors) and the surface distance (elevation layer) 

Using the results from the regression and graphical trend analysis, I can assign weights to water system attributes and create weighted raster layers where attributes with greater influences receive a higher weight, and less influence is given a lower weight.
  
I will use the Raster Calculator tool to combine the weighted rasters to create an overall cost surface layer

Diffusion interpolation with barriers predicts unknown values using raster and feature barriers to change the distance between the input points from a Euclidean, line-of-sight, approach to non-Euclidean.

The cost surface created for the path distance analysis will be used as an input barrier for the diffusion interpolation tool to predict chlorine residuals within the distribution network and visualize the dispersion of chlorine. 



Anticipated Results 
 Understand relationship between factors contributing 

to Cl2 decay 

 Visualize Cl2 decay throughout system 

 Predict residual Cl2 levels at unsampled sites 

 GIS-based workflow 



Schedule 
 Dec 2015– Finish analysis on pipe material, Cl2 loss per foot, 

 & diameter 

 Jan 2016 – Regression analysis; establish weights for cost 

 surface 

 Feb 2016 – Path distance analysis and interpolation 

 April 2016 – Use model builder to create executable analysis 

 process 

 June/July 2016 – Present at conference 
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Questions? 

Presenter
Presentation Notes
A special thanks to Doug for all his guidance

I would be happy to answer any questions.
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