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ABSTRACT 
 
 
 

AN INVESTIGATION OF WATER QUALITY CONSIDERATIONS FOR PREMISE 

PLUMBING SYSTEMS IN BUILDINGS 

 
 
 

 Providing potable and palatable water to their consumers is a top priority for drinking 

water treatment utilities in the US. To ensure the safety of the drinking water, disinfection 

methods have been applied for over a century. Chlorine is the most extensively used disinfectant 

to control waterborne pathogen activities. Despite its effectiveness, chlorine is known to react 

with natural organic matter (NOM) and produce disinfection by-products (DBPs) (e.g., 

trihalomethanes and haloacetic acids) that are known to be harmful to humans.  

 Currently, DBPs are regulated at the distribution system level. However, premise 

plumbing systems are unique and different from water distribution systems. Moreover, there are 

knowledge gaps for premise plumbing in residential and non-residential buildings under routine 

operations, and that has not been fully understood for different operation scenarios (e.g., use of 

water-efficient fixtures in conventional buildings) and building types (e.g., green-certified 

buildings).  

 The primary purpose of this dissertation was to contribute to the body of knowledge on 

water quality in premise plumbing systems by addressing some of the knowledge gaps identified 

in the literature. This dissertation comprises three independent but complementary studies. Each 

study focused on essential aspects of water quality in premise plumbing systems as follows: i) 

identifying the effects of building type (e.g., conventional vs. green-certified) on water quality in 

premise plumbing systems, ii) providing a comprehensive literature review on existing 
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contaminant prediction models for premise plumbing systems, and iii) developing a DBP 

prediction tool for premise plumbing systems.  

 In the first study, effects of building type on premise plumbing water quality were 

addressed. For this purpose, trihalomethanes (THMs) and water quality parameters, including 

temperature, pH, free chlorine levels, and total organic carbon (TOC) were collected and 

compared between a combined conventional and green-certified (i.e., water-efficient) building 

drinking fountains. Even though the distributed water quality to the green and conventional 

building sides was the same, statistically significant differences in water quality parameters and 

TTHMs were observed due to the changes in water chemistry in the premise plumbing systems. 

The study findings point out the importance of the plumbing pipe age and its impacts on water 

chemistry. 

 In the second study, a state-of-the-art review was conducted to provide background 

information on water quality and indoor air quality models that have been implemented in 

residential and non-residential building premise plumbing systems and indoor air environments. 

A systematic literature search was conducted in the Compendex, Web of Science, IEEE Explore, 

Science Direct, and PubMed databases. A total of 22 contaminant prediction modeling studies 

for premise plumbing and 12 for indoor air quality were reviewed in this study. Among the 

premise plumbing models, lead and copper prediction models have drawn more attention from 

researchers than any other contaminants. Due to increased inhalation exposure levels, shower 

models have been excessively included in risk exposure studies. This review aimed to draw 

attention to the research needs in modeling approaches, identify the gaps in the literature, and 

provide a baseline for future research attempts. 
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 In the third study, a chloroform prediction model was developed and incorporated into a 

simulation software to predict chloroform concentrations in a premise plumbing system for eight 

hours of water stagnation. The model coefficients were determined with the bench-scale 

experiments based on water quality parameter ranges that can be seen in premise plumbing 

systems. Chloroform concentrations were tested in a two-story townhouse; experimental and 

model prediction results were compared. The chloroform prediction model underpredicted 

chloroform concentrations by 27-37% compared with the house measurements. This study 

represents an important initial attempt in developing a simulation-based water quality prediction 

model, which can be implemented in premise plumbing systems.  

 This study contributes to the body of knowledge on water quality in premise plumbing 

systems by providing a better insight into the effects of conventional and green-certified 

buildings, shedding light on the current state of numerical modeling research, and implementing 

a chloroform prediction tool in premise plumbing systems. 
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CHAPTER. 1:Introduction 

 
 
 

 Water is essential for all living organisms. Access to clean drinking water and sanitation 

is recognized as a human right by the United Nations. According to Resolution A/RES/64/292, 

water should be sufficient, safe, acceptable, physically accessible, and affordable for everybody 

(UN, 2010). In the United States, The Safe Drinking Water Act (SDWA), a federal law passed in 

1974, protects the public health by regulating public water systems. The SWDA delegates 

responsibility to the United States Environmental Protection Agency (EPA) to establish the 

maximum contaminant levels (MCL) of microorganisms, disinfectants, disinfection by-products 

(DBPs), radionuclides, and inorganic and organic chemicals in drinking water (USEPA, 2017). 

For over a century, chlorine has been extensively used as a disinfection agent to control 

waterborne pathogen activities (CDC, 2016). Despite its effectiveness, chlorine is known to react 

with natural organic matter (NOM) and produce DBPs (e.g., trihalomethanes and haloacetic 

acids) that are known to be harmful to humans (Richardson et al., 2007).  

 Currently, DBPs are regulated at the distribution system level. However, premise 

plumbing systems are unique and different from water distribution systems due to a large surface 

area to-water volume ratio, smaller pipe diameters, intermittent and frequent stagnation 

conditions, higher residence times, elevated and variable temperature, redox potentials, deposit 

accumulation, biofilm growth, and lower flow rates (Nguyen et al., 2012; Zheng et al., 2015). 

Moreover, the previous research shows that higher water quality deterioration occurs in buildings 

than in water distribution systems (Chowdhury et al., 2011; Dion-Fortier et al., 2009). Currently, 

there are knowledge gaps for premise plumbing in residential and non-residential buildings under 

routine operations that has not been fully understood for different operation scenarios (e.g., use 
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of water-efficient fixtures in conventional buildings) and building types (e.g., green-certified 

buildings) (Julien et al., 2020). A recent study identified five main topics for building premise 

plumbing as needing urgent research: i) stagnation, ii) water use, iii) standards, iv) risk and 

disease modeling, and v) safety and sustainability (Julien et al., 2020). 

 The primary purpose of this dissertation was to contribute to the body of knowledge on 

water quality in premise plumbing systems by addressing some of the knowledge gaps identified 

in the literature. This dissertation comprises three independent but complementary studies. Each 

study focused on essential aspects of water quality in premise plumbing systems as follows: i) 

identifying the effects of building type (e.g., conventional vs. green-certified) on water quality in 

premise plumbing systems, ii) providing a comprehensive literature review on existing 

contaminant prediction models for premise plumbing systems, and iii) developing a DBP 

prediction tool for premise plumbing systems.  

 This dissertation was initially motivated by the observations of increased water quality 

deterioration in green-certified buildings compared with conventional buildings (Rhoads et al., 

2016). To investigate these findings further, selected water quality parameters (i.e., temperature, 

pH, free chlorine residual, and total organic carbon (TOC)) and trihalomethanes (THMs) were 

compared between the drinking fountains of a combined conventional and green-certified 

building in the first study. The building selected for the study has a unique structure with a 

conventional design on one side of the building, while the other side is green-certified. 

Therefore, this sampling location provides a unique opportunity for cross-comparisons of water 

quality parameters between conventional and green-certified buildings by eliminating some 

uncontrollable factors such as distance to the water utility entrance point, water usage rate, and 

variations in distributed water quality to the buildings. 
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 The literature review conducted as a part of the first study displayed the scarcity of 

contaminant prediction model applications for premise plumbing systems. Thus, in the second 

study, a comprehensive literature review was conducted to shed light on the current state of the 

modeling research on premise plumbing systems. The second study's findings revealed that even 

though water quality models have been excessively used for water distribution systems 

(Chowdhury et al., 2009), this trend was not observed for the water quality model 

implementations in premise plumbing systems. In the third study, a DBP prediction and 

simulation tool was developed based on the premise plumbing conditions to address this gap.  

1.1. Three-Article Dissertation Organization 

 The three-article dissertation format is used in this dissertation, which comprises three 

independent but complementary studies focusing on varying aspects of water quality in premise 

plumbing systems. The three articles together highlight the importance of the premise plumbing 

system's effects on water quality at the point of use. The findings from this dissertation could be 

used to identify strategies for improving water quality in residential and non-residential buildings 

and support decision-making for public health risk management.  

 A brief research summary for each study is provided as follows:  

 Chapter 2: A Case Study: Comparison of Disinfection By-product Formations Between 

Green and Conventional Buildings 

 The first study aimed to identify and compare the effects of conventional and green-

certified premise plumbing on drinking water quality. For this purpose, Total THMs (TTHMs ) 

and water quality parameters (temperature, pH, free chlorine residuals, and TOC) were collected 

from the four drinking fountains located on the second and third floors of a combined 

conventional and green-certified building. The building was selected as the sampling location 
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considering its unique structure to eliminate the effects of variables such as distance to the water 

utility entrance point, water usage rate, and variations in distributed water quality to the 

buildings. The findings of this study showed that even though the same quality of water was 

distributed to the green and conventional building sides, statistically significant differences in 

water quality parameters and TTHM formations were observed between some of the drinking 

fountains due to the changes in water chemistry in the premise plumbing systems. This study 

points out the impacts of the physical factors (e.g., system age) on water quality.  

 Chapter 3: A State-of-the-Art Review of Contaminant Prediction Models for Premise 

Plumbing Systems and Indoor Air Environments 

 The second study provides a comprehensive review of existing contaminant prediction 

models that could be implemented in residential and non-residential buildings, specifically for 

premise plumbing systems. In the review, considering the importance of inhalation exposure due 

to contaminated water use in indoor environments, contaminant prediction models for indoor air 

quality were also included. A systematic literature search was conducted in the Compendex, 

Web of Science, IEEE Explore, Science Direct, and PubMed databases. The inclusion and 

exclusion criteria were applied to select the relevant studies for this review. After three 

publication screening steps, a total of 22 modeling studies for premise plumbing and 12 for 

indoor air quality were reviewed. This study provides an insight into the current state of premise 

plumbing and indoor air quality modeling. Additionally, this study identifies the research gaps 

and highlights future research trends.  
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 Chapter 4: Development of a Disinfection By-product Prediction Simulation Model in a 

Premise Plumbing System  

 The third study aimed to implement a first-order chlorine decay model to predict and 

simulate chloroform concentration within a premise plumbing system for eight hours of 

stagnation. For this purpose, bench-scale experiments were conducted to determine prediction 

model coefficients considering the water quality parameter ranges reported for premise plumbing 

systems. The fitted model coefficients were incorporated into simulation software. Chloroform 

concentrations were tested in a two-story townhouse; experimental and model prediction results 

were compared. The prediction model underpredicted the chloroform concentrations compared 

with the house measurements. This study is an important initial attempt in developing a 

simulation-based water quality prediction model, which can be implemented in premise 

plumbing systems and can be used by building and facility managers as a decision-making tool 

to improve water quality at the point of use under normal operations and during extended 

building closures such as the ones caused by COVID-19. 

 In the following chapters, three articles are presented with their introduction and purpose, 

literature review, methodology, results and discussions, and conclusions with further research 

directions. The significant findings of the studies, research contributions, and future research 

directions are summarized in the final chapter. 
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CHAPTER. 2: A Case Study: Comparison of Disinfection By-product Formations Between 

Green and Conventional Buildings 

 
 
 

2.1. Introduction and Purpose 

 Disinfection by-products (DBPs) have challenged water authorities since the 1970s. 

During a routine water quality check, Rook (1974) observed new spikes on the chromatograph 

and determined the spikes were results of reactions between chlorine and natural organic matter 

(NOM) in water, such as humic substances. Today, testing can identify hundreds of halogenated 

DBPs in drinking water; some of the halogenated DBPs are trihalomethanes (THMs), haloacetic 

acids (HAAs), halo ketones (HKs), haloacetonitriles (HANs), cyanogen chloride, chloral 

hydrate, and chloropicrin (CP) (Singer, 1994). THMs are the most ubiquitous DBPs in drinking 

water and are extensively investigated in the literature. Chloroform (CHCl3), 

dichlorobromomethane (CHBrCl2), chlorodibromomethane (CHBr2Cl), and bromoform (CHBr3) 

are THMs, and the sum of individual THMs' concentrations make up the total THMs (TTHMs). 

 Upon THMs' discovery, many epidemiological and toxicology studies have been 

conducted, and some of THMs are identified as probable human carcinogens (e.g., 

bromodichloromethane), while some are trans-species carcinogens (e.g., chloroform) 

(Richardson et al., 2007). The long-term exposure to chlorinated water was linked to an 

increased risk of colon cancer in males (King et al., 2000). In another study, bladder cancer risk 

was found to be 1.63 times more for 35 years of exposure or more compared to 10 years of 

exposure to chlorination by-products (King & Marrett, 1996). 
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 These studies have promulgated the water quality standards for THMs, and over the 

years, the compliance requirements have been improved to protect public health by limiting 

exposure to these contaminants. Currently, THM and five haloacetic acid (HAA5) levels are 

regulated at the level of public water systems (PWSs) according to Stage 1 and Stage 2 

Disinfectants and Disinfection By-products Rules (DBPRs). The maximum contaminant level 

(MCL) allowed in drinking water determined by the Environmental Protection Agency (EPA) is 

0.080 mg/L for the THMs and 0.060 mg/L for the HAA5. 

 Currently, drinking water quality is regulated at the distribution system level. However, 

premise plumbing systems are unique and different from water distribution systems due to a 

large surface area to-water volume ratio, smaller pipe diameters, intermittent and frequent 

stagnation conditions, higher residence times, elevated and variable water temperatures, redox 

potentials, deposit accumulation, and lower flow rates (Nguyen et al., 2012; Zheng et al., 2015). 

Moreover, the previous research shows that higher water quality deterioration occurs in buildings 

compared to the water distribution systems (Chowdhury et al., 2011; Dion-Fortier et al., 2009). 

A recent study revealed that there are still knowledge gaps for premise plumbing in residential 

and non-residential buildings under routine operations; and water quality has not been fully 

understood for different operation scenarios (e.g., use of water-efficient fixtures in conventional 

buildings) and building types (e.g., green-certified buildings) (Julien et al., 2020). 

 Given this gap, this study's purpose is to identify the effects of building type on premise 

plumbing water quality. For this purpose, temperature, pH, free chlorine levels, total organic 

carbon (TOC) and TTHM levels taken from the drinking fountains were compared between a 

combined conventional and green-certified building. As such, this study contributes to the body 
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of knowledge by providing a better understanding of the effects of green building practices on 

drinking water quality. 

2.2. Literature Review 

2.2.1. Influential Factors on Chlorine Decay and THM Formation Kinetics  

 Despite the existence of other disinfection methods (e.g., chloramines, ultraviolet light, 

potassium permanganate, and ozone), chlorine is the most commonly used disinfectant due to its 

effectiveness in controlling microbiological growth, easy application, sustained residual levels, 

and cost-effectiveness (Al-Jasser, 2007). However, chlorination requires relatively tight control. 

Low chlorine doses can exacerbate microbial activities, whereas excess chlorine doses promote 

DBPs formation. To overcome this issue, and considering chlorine is a limiting factor for DBPs 

formation, many researchers investigated: i) reaction kinetics of chlorine with organic and 

inorganic compounds and ii) predictive DBP models to assist decision-makers in their 

management decisions (Chowdhury et al., 2009). Since monitoring DBPs can be time-consuming 

and often requires expensive techniques, predictive modeling has gained importance in 

quantifying DBP levels (Sadiq & Rodriguez, 2004). Most models utilize statistical methods such 

as non-linear regression using one or more field and laboratory water sample results in the 

prediction process (Sadiq & Rodriguez, 2004). Prediction models are outside of the scope of this 

study, and detailed information on these models can be found elsewhere (See Chowdhury et al., 

2009; Sadiq & Rodriguez, 2004). 

 Chlorine dose, pH, temperature, water, and pathogen characteristics are considered to be 

highly influential on chlorination efficiency (Brown et al., 2011). Vasconcelos et al. (1997) 

suggested that chlorine demanding reactions with organic and inorganic compounds, biofilm on 

the pipe wall, corrosion, and mass transfer of chlorine between bulk water and pipe wall should 
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all be considered in chlorine dose selection. Chlorine chemistry is pH dependent; at lower pH 

values (3-7) hypochlorous acid (HOCl) predominates whilst above 7.5 HOCl further 

disassociates into hypochlorite ions (OCl-) and hydrogen ions (H+) and OCl- becomes the 

dominant species (Gordon & Tachiyashiki, 1991; Hung et al., 2017). Thus, lower pH values are 

favored to maintain higher HOCl levels in drinking water due to its inactivation power on 

pathogens (Brown et al., 2011). Mutoti et al. (2007) found that a 10 °C increase in water 

temperature (21 °C vs. 31 °C) tripled chlorine consumption rates. Beyond the factors given 

above, different premise-plumbing pipe materials showed variability in reacting with free 

residual chlorine. For instance, higher chlorine decay rates were observed for copper pipes 

compared to galvanized iron and polyvinyl chloride (PVC) (i.e., copper > galvanized iron > 

PVC), suggesting that higher chlorine concentrations should be considered for copper plumbing 

pipes. Cleaning the pipe deposits in the copper pipes enhanced the kinetic reactions significantly 

between chlorine and cleaned copper surfaces, resulting in higher chlorine decay rates. This 

finding implies that deposits slow the oxidization process between free chlorine and copper pipe 

walls. When the deposits were cleaned in PVC and galvanized iron pipes, less difference in 

decay rates was observed (Zheng et al., 2015). Vasconcelos et al. (1997) found that pipe 

diameter and chlorine reactions on the pipe wall are inversely related.  

 Similar to chlorine, other significant factors have been identified for THM formation. 

According to Liang and Singer (2003), nature and concentration of NOM, pH, water temperature 

and season, disinfectant dose and residual level, contact time, and bromide concentration are the 

most substantial factors. Gallard and von Gunten (2002) looked into THM formation potentials 

based on slow and fast-reacting THM precursors and found that resorcinol and phenol type 

structures might be considerable on fast and slow THM formations, respectively. Different 



12 

organic fractions of NOM (e.g., hydrophobic acids, hydrophilic charged acids, hydrophilic 

neutral compounds) yielded various THM formation rates suggesting that most of the THMs 

were formed from hydrophilic charged acids (61.7%) (Jegatheesan et al., 2008). The molecular 

weight fraction of NOM also impacts chlorine demand and TTHM formation rates; a smaller 

molecular weight fraction of NOM yielded increased TTHM formation while chlorine demand 

was high for bigger molecular weights (Gang et al., 2003). In another study, Gang et al. (2002) 

found that alum coagulation reduced DBP formation (i.e., reduced TTHM and HAA formation 

potentials by 54%) by decreasing chlorine demand and removing some of the organic carbon 

composition. Adin et al. (1991) observed increased THM formations when pH increased from 4 

to 8. The authors explained the relationship between high pH and THM formations with i) 

increased base-catalyzed hydrolysis (i.e., THM formation mechanism) under alkaline conditions 

and ii) increased ionization, solubility, and stability of humic molecules at high pH values 

yielding more contact sites for chlorine attack eventually forming more THMs. Chowdhury et al. 

(2011) found that THM concentrations were significantly higher during warm months than cold 

months, and this result was also reported in an earlier study (Golfinopoulos et al., 1998). 

According to Singer (1994), seasonal effects might occur due to increased water temperature; 

therefore, increased reaction rates between chlorine and organic compounds and, eventually, 

increased THM formation is expected.  

 It is known that chlorine decay can occur in bulk water and on inner pipe surfaces 

(Vasconcelos et al., 1997). Xu et al. (2018) found chlorine decay and THM formation were 

higher in the pipes with biofilm depositions than the pipes without biofilm under the same 

operating conditions, suggesting that reactions with depositions and diffusion into biomass 

profoundly influence chlorine decay mechanisms. Biofilm properties were also pointed as an 
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important factor in chlorine decay and THM formation in the study. Bromide ion (Br-) presence 

in water is another critical factor in DBP formation. As the amount of Br- increased, the 

formation of brominated THMs increased while the formation of chlorinated THMs decreased 

(Clark et al., 2001; Hong et al., 2007). The strength of oxidizing agents explains this 

phenomenon, as hypobromous acid (HOBr) is stronger than HOCl (Symons et al., 1993).  

 Most of the research on this topic has been conducted using samples taken from 

distribution systems; therefore, these samples do not reflect conditions in premise plumbing 

systems. Premise plumbing systems differ from distribution systems by a large surface area to-

water volume ratio, smaller pipe diameter, intermittent and frequent stagnation conditions, higher 

residence times, elevated and variable temperature, redox potentials, deposit accumulation and, 

lower flow rates (Nguyen et al., 2012; Zheng et al., 2015). Previous studies have found higher 

THM levels in premise plumbing than in water distribution systems. Chowdhury et al. (2011) 

found that THM levels are 136%-181% higher in premise plumbing than in water distribution 

systems. In another study, the residents' exposure to DBPs in premise plumbing was found to be 

higher than in distribution systems; based on the collected water samples from six houses 

supplied by three municipal systems, higher levels of THMs (22.1 µg/L, 43.4 µg/L, 37 µg/L for 

systems 1, 2, and 3, respectively) and HAAs (8.4 µg/L, 21.4 µg/L, 18 µg/L for systems 1, 2, and 

3, respectively) were measured in first drawn water samples compared to the distribution systems 

(Dion-Fortier et al., 2009).  

2.2.2. Water Quality in Green Buildings 

 Leadership in Energy and Environmental Design (LEED) is one of the most commonly 

used green rating systems and aims, among other things, to reduce potable water use and 

wastewater generation by utilizing efficient landscaping systems and using innovative potable 
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water conservation technologies (Benjamin, 2019). The most recent version of LEED (v4 at the 

time of this study) promotes water efficiency in various sources of water usage (e.g., indoor 

water use reduction and outdoor water use reduction) in buildings. High-efficiency fixtures, 

waterless urinals, and composting toilet systems are used in green buildings for purposes of 

water conservation (Haselbach, 2008). Past research shows that experiences with these water-

conservation-related innovations were discrepant among professionals involved with green 

buildings (Chambers et al., 2017). The baseline water consumption for fixtures (e.g., toilet (water 

closet): 1.6 gallons per flush (gpf), urinal: 1.0 gpf) listed under LEED v4-WE Prerequisite: 

Indoor Water Use Reduction can be found in U.S. Green Building Council (2014). Apart from 

the WE Prerequisite Indoor Water Use Reduction category, further indoor water use reduction is 

awarded. The credit points might change depending on the building type; however, up to 6 

credits could be earned for new construction for a 50% water reduction under this category. 

 DeOreo et al. (2016) compared indoor water use in single-family residential buildings 

and found that the average water usage was reduced from 177 gallons per household per day 

(gphd) in 1999 to 138 gphd in 2016, indicating a 22 percent decrease. This reduction was 

attributed to water-efficient washing machines and toilets. In another study, comparisons in 

water use between new and existing single-family houses in the US were made. The results 

showed that lower water use was observed in new houses with water-efficient features (110 

gphd) compared to the houses built before 1995 (177 gphd) and houses built after 2001 (140 

gphd) (DeOreo et al., 2011). 

 Recently, increased water age has been linked to green premise plumbing. Problems such 

as rapid disinfectant decay rates, increased corrosion in the plumbing system, higher microbial 

growth rates, and temperature anomalies in cold and hot water systems due to higher water age 
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are anticipated in green-building plumbing systems (Rhoads et al., 2015). Rhoads et al. (2016) 

found higher bacteria levels in green buildings than conventional buildings, and these 

deteriorations in water quality were attributed to increased chlorine decay due to increased water 

stagnation in premise plumbing and water heaters. Greater deterioration of the water quality was 

observed in the premise plumbing of a green residential building compared to the water in the 

distribution system (Salehi et al., 2018). In an institutional green building, Richard et al. (2020) 

found that 95% of the chlorine measurements were under detection limits over six months of 

sampling. According to another study conducted in a net-zero green building, higher TTHM 

formation was observed in premise plumbing compared with the water collected at the point of 

entry of the building. In that study, variations in the concentrations of TTHMs were observed 

across all fixtures for cold and hot water during different seasons (Salehi et al., 2020). 

 To date, most of the studies on this topic focused on THMs formation in distribution 

systems. In a few studies focusing on premise plumbing, water quality parameters were 

compared between green and conventional buildings; however, the building characteristics were 

different (e.g., conventional single house building vs. net-zero office building) (Rhoads et al., 

2016), which could cause variations in cross-comparison attempts.  

 In this study, TTHM concentrations collected from water fountains in a combined 

conventional and green-certified building were compared. It is believed that the unique structure 

of this building would help isolate some of the uncontrollable factor impacts (e.g., distance to the 

water utility entrance point, water quality, and water usage rate). 
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2.3. Methods and Materials 

2.3.1. Building Characteristics  

 A combined conventional and green-certified building located in Colorado, United States, 

was selected for water samplings. Both parts (conventional and green-certified) of the building 

are used for educational purposes and contain classrooms, offices, laboratories, and common 

areas. The conventional part is a 73,027 square feet building that was built in 1975. The green 

building addition (113,403 square feet) was completed in 2018, and it was awarded LEED 

Silver, according to LEED BD+C: New Construction (v2009). The water is conserved on the 

green building side by utilizing low-flow water closets, urinals, public laboratory sinks, and 

kitchen faucets. As a result of the design efforts, the annual water use was reduced by 42%, and 

4 out of 4 possible points were earned under the WEc3 Water Efficiency category according to 

LEED BD+C: New Construction (v2009). No water conservation features were observed during 

the building visits on the conventional building side.  

 Tap water at the building sections is distributed by the public water utility (~5 miles away 

from the building) that provides water to more than 35,000 customers covering 35 square miles 

in the area. Chlorine is used as the primary disinfectant at the treatment plant, and the source 

water (from a river and the reservoir) is treated in the following order: pre-sedimentation basin, 

rapid mix, flocculation, sedimentation, filtering, clear well, and chlorine contact basin. The water 

utility brings drinking water to three main meter locations around the campus perimeter. Based 

on the closest main meter distances, the water travels through 2800 ft (Conventional Side) and 

2600 ft (Green Side) of PVC (8") pipes in the campus loop and enters the utility rooms from the 

building sections' basement levels separately.  
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 For the green building side, the plumbing blueprints were used to estimate the length and 

volume of the pipes. In this building section, the water is provided from the basement to the 

upper levels with 2 ½" copper pipes and carried to the drinking fountains with 2" copper 

plumbing on each floor after the riser runs (Table 1). The drinking fountains are the wall mount, 

bi-level water cooler stations with a flow rate of 1.1 gallons per minute (GPM) and manufactured 

by Elkay (Model: VRCTL8WSK). The drinking fountains are equipped with evaporator tanks 

(i.e., water collection tanks) with embedded thermostat units (Elkay, 2019). Once operated and 

cold water is drawn from the evaporator tank, the cooling system is triggered to chill freshwater 

from the premise plumbing up to the selected cooling temperatures.  

 On the conventional building section, wall mount fully recessed cooler units 

manufactured by Elkay (Model: Not available) are assembled on each floor. Although the 

conventional building as-built plumbing drawings were available from 1974, due to the plans' 

unreadability, the conventional building side's pipes' dimensional characteristics are not 

presented in Table 1. Later discussions with the facilities managers revealed that copper piping 

was installed on the conventional building side.  

Table 1. Characteristics of the Green and Conventional Building Sides 

Parameter Green Building Conventional Building 

Building Year 2018 1975 
Number of Building Floors 4 3 

Square Footage 113,403 73,027 
Plumbing Material Copper Copper 

Length & Diameter & Volume of 
Pipe Feeding Fountains on 2nd-Floor 

169 Ft. & 2 ½" and 2" & 
5.35 CuFt. 

NA 

Length & Diameter & Volume of 
Pipe Feeding Fountains on 3rd-Floor 

193 Ft. & 2 ½" and 2" & 
5.98 CuFt. 

NA 

Number of Drinking Fountains 4, Bi-level 4 

NA: Not Available   
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 In Figure 1, the monthly water consumption of the building sides is shown for both 

buildings from October 2018 to December 2020. A two-sample t-test was conducted to identify 

if there are statistically significant differences between the building sides. The data was checked 

for two-sample t-test assumptions, and all assumptions are met (i.e., independent observations, 

observations are from a normal distribution, equal variances (p-value= 0.6744>0.10). The results 

showed that the mean water consumption differences for conventional and green building sides 

are not statistically significant at the 0.05 significance level (p> 0.9848). Although water-

efficient plumbing components are utilized on the green building side, no statistically significant 

difference was observed in the water consumption levels between the building sections. This 

result can be attributed to the green building side having more classrooms and conference rooms, 

resulting in more occupants and higher water demand. The conventional building side is mainly 

comprised of private office spaces. 

 

 

Figure 1. The Distribution of Total Monthly Water Use Based on Building Type 
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2.3.2. Sample Collection 

 Two sampling events were conducted inside the building. Sampling Event-1 was 

conducted from November 16, 2020, through December 1, 2020. Temperature, pH, free chlorine 

residuals, TOC, and THMs were sampled from a total of four drinking fountains that are located 

on the second (L2) and third (L3) floors of both green (Gre.) and conventional (Con.) building 

sections (One fountain each on L2 and L3 of the green building and one fountain each on L2 and 

L3 of the conventional building). During building visits, it was observed that the cooling unit in 

the first-floor conventional side fountain was not operating; therefore, the first-floor drinking 

fountains were excluded from the study. The fourth-floor drinking fountain on the green building 

side was not included in the study, considering the conventional building does not have the 

fourth floor. Grab samples from the service lines, hot and cold-water faucets in the restrooms, 

breakrooms, kitchens, and laboratories were not collected as they were not within the scope of 

this study. The measurements were taken three times a day (i.e., morning-7:00 AM, noon-12:00 

PM, and evening-5:00 PM) for 16 days (including the weekends), yielding a sample size of 192 

for THMs, free-chlorine, and temperature, individually. TOC measurements were taken during 

the morning and evening sampling trips. Due to a few instrumentation challenges, TOC and pH 

could not be measured on November 19, 20, and 21, 2020, resulting in a total sample size of 104 

for TOC and 158 for pH. 

 Unexpected negative correlations between temperature, free chlorine residuals, and 

TTHMs collected in the Sampling Event-1 data set prompted another sampling effort; Sampling 

Event-2 was conducted from December 14, 2020, through December 20, 2020. In this case, the 

temperature and pH were measured in three sequential samples (40 mL) three times a day from 

the same fountains sampled in Sampling Event-1. Water samples were collected following the 
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same floor order for both sampling events; Green-L2, Green-L3, Conventional-L3, 

Conventional-L2. 

 The building's operation and closure dates were also used in the analyses; the building 

was fully occupied (i.e., in-session) between November 16 and November 21, 2020. From 

November 21 to November 29, 2020, the building was closed due to the fall recess (i.e., not in-

session). On November 30 and December 1, 2020, the building was accessible again (i.e., in-

session). A timeline of sampling and building operation events is given in Figure 2. 

 

 

Figure 2. Timeline for Sampling and Building Operation Events 

2.3.3. Sampling Preparation and Analytical Methods 

 40 mL amber glass vials with PTFE/silicone septum caps were used for the samples 

collected for THM and TOC measurements and were filled headspace-free. The vials for THM 

sampling were primed according to the USEPA 551.1 method; as specified, phosphate buffer and 

sodium sulfite reagents were added in the vials before sample collection to adjust pH and quench 

THM formation, respectively. Based on the recommendations in the followed method (HACH® 

Method 10129), preservative addition was not considered for the TOC samples. The water 
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samples were collected in 50 mL polypropylene bottles for pH and temperature measurements. 

Without prior flush-out, the water samples were immediately collected in the following order: 40 

mL for THMs (first vial), 40 mL for temperature and pH (second vial), 10 mL for chlorine (third 

vial), and 40 mL for TOC (fourth vial). pH, temperature, and free chlorine measurements were 

taken on-site. Once collected, THM and TOC sample vials were transported in coolers to the 

laboratory, stored at 4 °C in the dark, and analyzed within 24 hours. 

 The USEPA 551.1 method was followed to analyze THMs using gas chromatography 

(Hewlett Packard HP 6890 Series) equipped with an electron capture detector and a DB-5 

column (Agilent J&W). The calibration standard mixture (200 µg/mL) was purchased from 

Millipore-Sigma; a seven-point calibration curve was prepared (1 µg/L, 5 µg/L, 10 µg/L, 50 

µg/L, 100 µg/L, 200 µg/L, and 500 µg/L) and analyzed daily for each set of experiments. 

Dibromochloropropane (DBCP) was used as a surrogate in all field and laboratory control 

samples. 

 TOC levels were measured according to HACH® Method 10129 with a HACH® 

DR/2500 Spectrophotometer. Free chlorine residual measurements were taken using a HACH® 

Pocket Colorimeter following the DPD (N, N-diethyl-p-phenylenediamine) method 8021. 

Temperature and pH measurements were performed with a handheld pH meter (Dr. Meter-PH 

838) and calibrated weekly. 

2.3.4. Data Analysis and Statistics 

 SAS (2015a) was used to perform statistical analysis. The normality of the data was 

tested; due to the observed non-normal distribution, the non-parametric Kruskal Wallis and the 

Wilcoxon Signed-Rank tests were utilized. Kruskal Wallis test was used if the water quality 

parameters and TTHM concentrations were statistically different between building type and floor 
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levels. Morning, noon, and evening concentrations were compared at the fountain level. The 

impact of occupancy was also investigated by including the building's operation and closure 

dates; comparisons were conducted for each fountain individually. Kruskal Wallis test reveals 

the statistical significance but does not provide which groups are different from each other; 

therefore, a posthoc test, Dwass, Steel, Critchlow-Fligner multiple comparison procedure was 

followed after the Kruskal Wallis tests (SAS Institute Inc., 2015b). The Wilcoxon Signed-Rank 

tests were performed to reveal statistically significant differences in temperature and water pH 

between the first, second, and third grab samples by building type and floor. Pearson correlation 

analysis was conducted to identify relationships between the water quality parameters and 

TTHM formation.  

2.4. Results and Discussion 

2.4.1. Sampling Event-1 Results 

2.4.1.1. Temperature and pH by Building Type, Building Floor, and Time of the Day 

 Table 2 presents the ranges of temperature and pH for the samples collected during the 

Sampling Event-1. The temperature profiles differed across the drinking fountains; the average 

temperature was 1-3 °C higher for the green building side (L2: 16.3 °C, L3: 17.3 °C) than the 

conventional side (L2: 14.1 °C, L3: 15.3 °C). At the 0.05 significance level, the four respective 

fountains' average temperatures were found statistically significantly different from each other 

(p-value <.0001). Temperature measurements from the morning, noon, and evening sampling 

events did not show variations by the fountain (p-value>0.05 for all comparisons); these steady 

water temperatures can be attributed to the thermostat-controlled cooler units in the drinking 

fountains. Previously, temperature increases (+3-10 °C) were reported in premise plumbing 

compared to the water entering buildings (Chowdhury et al., 2011; Salehi et al., 2020). In this 
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study, the water temperature is expected to get warmer under stagnant conditions in the premise 

plumbing before chilled in the fountains. As samples were not collected from other building 

outlets and the service lines, identifying temperature changes in the premise plumbing is not 

possible without further sample collection.  

Table 2. Sampling Event-1 Temperature and pH Results 

Parameter 

Green Building Side Conventional Building Side 

L2 L3 L2 L3 

Mean 
10th 

% tile 

90th 

% tile 
Mean 

10th 

% tile 

90th 

% tile 
Mean 

10th 

% tile 

90th 

% tile 
Mean 

10th 

% tile 

90th 

% tile 

Temp, °C 16.3 15.1 17.3 17.3 16.6 18.0 14.1 12.9 14.8 15.3 14.5 16.0 

pH 8.2 8.0 8.4 8.1 7.9 8.4 8.7 8.6 8.8 8.8 8.6 8.9 

 

 Including all pH values, 50.6% of the measurements were above the EPA's National 

Secondary Drinking Water Regulation limit of 8.5 (USEPA, 2020). Water pH was consistently 

higher on the 2nd-floor (8.3-9.1) and the 3rd-floor (8.6-9.1) conventional side drinking fountains 

than those of the green building side. Statistically significant differences were found between 

drinking fountains' pH values except for between the conventional 2nd-floor and 3rd-floor 

fountains (p-value 0.9101). Morning, noon, and evening pH measurements were not statistically 

significantly different for any fountains (p-value>0.05 for all comparisons). The pH values 

reported by the public water utility were used as a benchmark for the in-building measurements. 

At the entry point of the distribution system, the average water pH taken for three days during 

the study period was approximately 8, and on those days, most of the pH measurements at the 

fountains exceeded the public utility measurements. Table 3 shows the average daily water pH at 

the drinking fountains compared to the public utility measurements. These results might indicate 

an increase within the building plumbing and support others' findings (Dion-Fortier et al., 2009; 
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Salehi et al., 2020). The greater pH in the conventional building side drinking fountains was 

assumed to be resulting from higher alkalinity and mineral scale build-up due to the plumbing 

system's age (Water Systems Council, 2007); however, further data collection is needed by 

including other water quality parameters (e.g., alkalinity and hardness) to justify this assumption.  

Table 3. Water pH at the Entrance of the Distribution System and the Fountains 

Date 
Public Utility 

Measurement 

Green Building Side Conventional Building Side 

L2 L3 L2 L3 

11/16/2020 7.9 8.3 8.4 8.6 8.7 

11/23/2020 8 8.1 8.1 8.7 8.7 

12/1/2020 8 8.0 8.0 8.8 8.8 

 

2.4.1.2. Chlorine Residual, TOC and TTHM Concentrations by Building Type, Building Floor, 

and Time of the Day  

 Chlorine residuals, TOC, and TTHM measurements collected during the Sampling Event-

1 are presented in Table 4. The average free-chlorine residuals across drinking fountains were 

around 0.04-0.05 mg/L-Cl2. 100% of the samples (n=192) were less than the recommended 

minimum chlorine residual levels (0.2-0.5 mg/L) at the point of use (WHO, 2011). Undetectable 

chlorine residuals, specifically in green-certified buildings, were observed in previous studies 

(Ra et al., 2020; Rhoads et al., 2016; Salehi et al., 2020). A study conducted in an institutional 

green building showed that 98% of the first draw and 97% of the second draw chlorine 

measurements were less than the method detection limit (0.02 mg/L-Cl2) through the six-month 

sampling period (Richard et al., 2020). In the presented study, lower chlorine residuals resulting 

from high water stagnation were expected on the green building side fountains considering the 

water conservation efforts. However, there was no statistically significant difference in chlorine 

residuals between the conventional and green building fountains at different building levels (e.g., 
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Gre-L2 vs. Gre-L3 vs. Con-L2 vs. Con-L3) (p-value>0.05 for all comparisons). A potential 

change in disinfectant residuals during the daytime was also investigated; the morning, noon, and 

evening levels were compared for each drinking fountain individually. Despite the free chlorine 

concentrations taken five hours apart, the measurements did not show significant changes 

(Morning vs. Noon, Noon vs. Evening, Morning vs. Evening; p-value >0.05 for all 

comparisons). Assuming that the freshwater with higher free chlorine levels was not drawn from 

the distribution system between the sampling times, observed low chlorine levels might imply 

the lack of water use in the building. The lowest pH value was 7.8 in the building; thus it is 

expected that OCl- was the dominant chlorine species (Hung et al., 2017). 

Table 4. Sampling Event-1 Free Chlorine Residual, TOC, and TTHM Results 

Parameter 

Green Building Side Conventional Building Side 

L2 L3 L2 L3 

Mean 
10th 

% tile 

90th 

% tile 
Mean 

10th 

% tile 

90th 

% tile 
Mean 

10th 

% tile 

90th 

% tile 
Mean 

10th 

% tile 

90th 

% tile 

Free Cl2, 
mg/L 

0.05 0.02 0.09 0.05 0.02 0.08 0.04 0.02 0.08 0.05 0.02 0.08 

TOC, 
mg/L 

1.4 0.6 2.1 1.6 0.7 2.1 1.5 0.4 2.6 1.4 0.5 2.1 

TTHM, 
µg/L 

45.7 32.5 55.1 44.9 35.6 58.4 52.6 43.6 63.2 54.1 40.5 69.2 

 

 Average TOC levels showed similar trends for all drinking fountains (i.e., Gre-L2: 1.4 

mg/L; Gre-L3: 1.6 mg/L; Con-L2: 1.5 mg/L; Con-L3: 1.4 mg/L). Figure 3 shows a box and 

whisker plot (the minimum, the lower quartile, the median, the upper quartile, the maximum, and 

the outliers are shown) for TOC concentrations by building type and floor. On November 16, 

2020, a TOC level of 1.38 mg/L was reported by the public utility at the distribution system 

entrance. This value was mostly less than the building measurements taken on the same day (i.e., 
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Gre-L2: Morning: 1.6 mg/L-Evening: 0.9 mg/L; Gre-L3: 1.3-2.1 mg/L: Con-L2: 2.5-1.5 mg/L; 

Con-L3: 2.1-1.9 mg/L). The highest TOC level was observed (6.9 mg/L) in the 3rd-floor green 

building drinking fountain and occurred only once. This outlier might result from the water 

quality changes in the distribution systems due to hydraulic disturbances (Gauthier et al., 1999) 

or could be an instrumentation error. Statistically significant differences in TOC levels were not 

found between the drinking fountains (p-value 0.8215) and also not observed when morning and 

evening concentrations were compared for each drinking fountain separately (p-value >0.05 for 

all comparisons). 

 

 

Figure 3. The Box Plot for TOC Variations for Green and Conventional Building Drinking 

Fountains 

 Chloroform contributed to the highest proportion of TTHMs (average of 90% of TTHMs 

in Con., 89% of TTHMs in Gre.), while bromoform accounted for the lowest percentages 

(average of 0.11% of TTHMs in Con., 0.12% of TTHMs in Gre.).These findings are expected for 

surface waters with low bromide ion concentrations (Clark et al., 2001) and observed in other 

studies (Dion-Fortier et al., 2009). Hohner et al. (2016) tested bromide concentrations at the 

public utility intake and did not detect bromide in surface waters that feed water to the city.  
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 Greater average TTHM levels were found in the conventional building side (L2: 52.6 

µg/L, L3: 54.1 µg/L) than green building side drinking fountains (L2: 45.7 µg/L, L3: 44.9 µg/L). 

Figure 4 shows TTHM concentration changes (i.e., daily highest TTHMs) over the sampling 

period; on November 24, major increases in TTHMs were observed for all drinking fountains. 

On this date, the building was closed due to the fall recess. After Thanksgiving (November 25, 

2020), no students but a few faculty and researchers were present in the building who had special 

permission to access the building. These occupant activities might explain the slight TTHM 

decreases in the following days after Thanksgiving. Currently, no Maximum Contaminant Level 

(MCL) is available for TTHM levels at the tap; however,  the annual averages of THMs should 

not exceed 80 ppb at the treatment plant (USEPA, 2016). In the literature, long-term ingestion 

exposure to TTHMs was associated with increased bladder cancer (≥ 50 µg/L) (King & Marrett, 

1996), spontaneous abortion (≥75 µg/L) (Waller et al., 1998), colon cancer (≥50-75 µg/L) (King 

et al., 2000). High concentrations with potential adverse health effects (e.g., 126.5 µg/L, 80.6 

µg/L, 79.0 µg/L) were observed when the building was closed during the fall recess and could be 

eliminated by conducting building flush-out. For longer breaks (e.g., summer break), flushing 

procedures that are not tailored for specific plumbing designs might not be effective in reducing 

some contaminants (e.g., copper) in the drinking water (Ra et al., 2020). 

 There was a significant difference in TTHM levels between the drinking fountains (p-

value <.0001). Further investigation of the data revealed that any comparison combinations 

except Gre-L2 vs. Gre-L3 (p-value: 0.7963) and Con-L2 vs. Con-L3 (p-value: 0.9985) were 

statistically significantly different, suggesting that TTHM concentrations were affected by the 

building type but did not differ based on the building floor in their respective building sides. 

TTHM levels did not show any statistically significant differences between morning, noon, and 
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evening samplings for each drinking fountain. Although temperatures were colder than the green 

building side fountains, higher TTHMs were found in the conventional building fountains. This 

could be due to higher water pH levels. Past studies revealed the relationship between increased 

TTHM formation at elevated pH levels (Adin et al., 1991; Chowdhury & Champagne, 2008; 

Salehi et al., 2020). Salehi et al. (2020) found that increasing water pH from 7.8±0.4 to 9 resulted 

in a 9% to 35% increase in TTHM formation.  
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Figure 4. TTHM Concentrations by Drinking Fountains 
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2.4.1.3. Water Quality When Building In-session and Not-in-session  

 Water stagnation and water use effects on water quality parameters and TTHMs were 

investigated by including the building's operation and closure dates. None of the water quality 

parameters or TTHMs showed statistically significant differences when the building was in-

session and not in-session. TTHM concentrations are provided as an example in Table 5. 

Although higher TTHM concentrations were observed when the building was not occupied (i.e., 

not in-session), statistically significant differences were not identified.  

Table 5. Comparisons of TTHM Concentrations When the Building was in Session vs. Not in 

Session 

Occupancy Parameter 

Green Building Side Conventional Building Side 

L2 L3 L2 L3 

Mean Min Max Mean Min Max Mean Min Max Mean Min Max 

In- Session 
TTHM, 

µg/L 

42.6 29.5 54.8 42.1 29.9 53.9 49.9 40.6 58.3 50.9 37.4 64.8 

Not  
In-Session 

48.1 32.5 67.4 47.2 30.4 80.6 54.6 37.0 79.0 56.6 35.9 126.5 

 

2.4.1.4. Correlation Analyses Between TTHMs and Water Quality Parameters 

 Considering the dependency of TTHM formations on the collected water quality 

parameters, correlation analyses were conducted on the Sampling Event-1 data to answer how 

water quality parameters affect TTHM generation. The Pearson correlation coefficients and p-

values that show the relationship strength and significance probability between TTHMs and 

water quality parameters are presented in Table 6. A significant negative correlation between 

TTHMs and temperature (p-value: 0.0350) was observed, while the p-value of 0.1126 did not 

provide enough evidence to support the negative correlation between TTHMs and chlorine. 

Other researchers postulate an increase in TTHMs when temperature, pH, free chlorine residuals, 

and TOC levels increase (Chowdhury & Champagne, 2008). Thus, it is hypothesized that 
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negative correlations might be observed due to the water sampling order (i.e., 40 mL for THMs 

(first vial), 40 mL for temperature and pH (second vial), 10 mL for chlorine (third vial), and 40 

mL for TOC (fourth vial)). These unexpected results might indicate that the sequentially 

collected water quality parameters do not fully represent the water quality in the first drawn 

sample for TTHM collections. To the authors' knowledge, negative correlations between TTHMs 

and selected water quality parameters have not been presented in the literature, and thus, this 

finding might suggest that sequential sampling should be considered when measuring THMs in 

stagnant water, especially in drinking fountains. This discovery in the Sampling Event-1 data 

prompted a further sample collection (i.e., Sampling Event-2) to investigate the reasons for 

negative correlations. 

Table 6. Correlation Coefficients and P-Values Between Water Quality Parameters and TTHM 

Concentrations 

Parameter TTHMs pH Temperature TOC Chlorine 

TTHMs 
 

Correlation 
Coefficient 

 
 

1.00000 

 
 

0.28373 

 
 

-0.15227 

 
 

0.16505 

 
 

-0.11489 

p-value  0.0003 0.0350 0.0941 0.1126 

 

2.4.2. Sampling Event-2 Results 

2.4.2.1. Temperature and pH Differences Between Three Sequential Sample Collections 

 In Sampling Event-2, by sequentially collecting 40 mL of water three times a day from 

the same drinking fountains, temperature and pH variances were evaluated from one sample to 

another (n= 84). The measurements in sequential samples were treated as paired observations 

(i.e., Difference-1=First draw-Second draw; Difference-2=First draw-Third draw; Difference-3= 

Second draw-Third draw) to determine the temperature and pH differences between the draws. 
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Temperature differences in sequential samples were statistically significantly different from zero 

(p-value <0.0001 for all comparisons), suggesting that temperature changes occurred from one 

sample to another for separate drinking fountains. Temperature variations in first and second 

drawn water were observed in another study conducted in a green institutional building, but as 

opposed to drinking fountains, the samples were taken from the breakroom faucets; higher 

temperatures were found in the first draw samples (Richard et al., 2020). Only a few exceptions 

were observed when comparing pH differences between draws for each drinking fountain. pH 

differences were statistically significantly different from zero for all paired observations except 

the green building second-floor drinking fountain (p-value > 0.05 for Difference-2) and the green 

building third-floor drinking fountain (p-values > 0.05 for Difference-1, Difference-2, 

Difference-3, individually).  

 Figure 5 shows the average temperature and pH of each tested sample volume. As seen, a 

downward trend in temperatures was observed between draws for each drinking fountain, while 

water pH showed variances. Decreasing temperatures in draw 1 through 3 explain the negative 

correlation between temperature and TTHMs collected in Sampling Event-1. Thus, it can be 

concluded that the water temperature was high in TTHM collection vials (i.e., first 40 mL) that 

coincide with the water volume in the bubbler and continuing piping and decreased in the 

temperature measurement bottle (i.e., second 40 mL) due to draw water from the evaporator 

tank. Free chlorine measurements were not further taken in Sampling Event-2 to investigate 

negative correlations between TTHMs and chlorine; however, it is expected that bubblers, 

internal piping, and evaporation tanks reacted differently with chlorine resulting in different 

disinfectant residuals in different sections of the fountains. In the literature, significant bacterial 

load profiles were also observed between different plumbing sections (e.g., faucet, flexible 
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connection pipe, horizontal riser) (Bédard et al., 2018). This would be an area for future research 

to determine how bacterial profiles change in different fountains sections and affect the residual 

chlorine levels. 

  

  

Figure 5. Average Temperature and pH Between 1st, 2nd, and 3rd Collected Samples 

2.4.2.2. First Drawn Water Temperature and pH By Building Type, Building Floor  

 The Kruskal Wallis test was conducted on the first drawn water temperature and pH 

values of the Sampling Event-2 to explore significant differences between the drinking fountains. 

This analysis was used to elucidate the temperature variances in the TTHM vials collected during 

8.17

8.18

8.18

8.19

8.19

8.20

8.20

8.21

14.5

15.0

15.5

16.0

16.5

17.0

17.5

18.0

p
H

T
em

p
er

at
u
re

 °C

Green-L2

Temperature pH

8.10

8.10

8.11

8.11

8.11

8.11

8.11

8.12

8.12

8.12

16.2

16.4

16.6

16.8

17.0

17.2

17.4

17.6

17.8

p
H

T
em

p
er

at
u
re

 °
C

Green-L3

Temperature pH

8.74
8.76
8.78
8.80
8.82
8.84
8.86
8.88
8.90
8.92
8.94
8.96

0.0

2.0

4.0

6.0

8.0

10.0

12.0

14.0

16.0

18.0

p
H

T
em

p
er

at
u
re

 °C

Conventional-L2

Temperature pH

8.70

8.75

8.80

8.85

8.90

8.95

9.00

14.0

14.5

15.0

15.5

16.0

16.5

17.0

17.5

18.0

18.5

p
H

T
em

p
er

at
u
re

 °C

Conventional-L3

Temperature pH



34 

the Sampling Event-1. The p-value of 0.0007 suggested a statistically significant difference in 

the first drawn water temperatures; variations were observed between Gre-L3 vs. Con-L2 (p-

value 0.0149) and Con-L3 vs. Con-L2 (p-value 0.0004) drinking foundations. Similar analyses 

were conducted for water pH in the first drawn water volume. Statistically significant differences 

were found for all comparisons except Con-L2 vs. Con-L3 (p-value 0.7919). The comparisons of 

temperature and water pH between Sampling Event-1 and Sampling Event-2 are presented in 

Table 7. As shown in the table, the temperatures for all drinking fountains were higher in 

Sampling Event-2 than Sampling Event-1. On the other hand, similar water pH was observed for 

both sampling events; Con-L2 and Con-L3 pH measurements were consistently higher than Gre-

L2 and Gre-L3 measurements. Assuming temperature measurements taken during Sampling 

Event-2 represent temperatures in TTHM collection vials (Sampling Event-1, first vial), high 

temperature and pH variables might explain high TTHM formations in the conventional side 

second-floor and third-floor drinking fountains. Although water temperatures were high for Gre-

L2 and Gre-L3 drinking fountains, lower TTHM levels were likely observed due to lower pH 

than Con-L2 and Con-L3.  

Table 7. Comparisons of Temperature and pH Values Between Sampling Event-1 and Sampling 

Event-2 

Parameter Building Type/Floor Sampling Event-1 
Sampling Event-2 

(First Draw) 

Temperature °C 

Gre-L2 16.3 17.5 

Gre-L3 17.3 17.7 

Con-L2 14.1 17.1 

Con-L3 15.3 17.9 

pH 

Gre-L2 8.2 8.2 

Gre-L3 8.1 8.1 

Con-L2 8.7 8.8 

Con-L3 8.8 8.8 
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 Including all drinking fountain measurements for each sampling event, the average 

temperature was 15.8 °C for the Sample Collection Event-1 data set, while the average was 17.6 

°C for the Sample Collection Event-2 (for first draw water results). On the contrary, water pH 

averages did not change between Sample Collection Event-1 (pH: 8.5) and Sample Collection 

Event-2 (pH: 8.5).  

2.5. Conclusions 

 This study aimed to identify and compare the impacts of conventional and green building 

premise plumbing systems on drinking water quality. For this purpose, temperature, pH, free 

chlorine residuals, TOC, and THMs were sampled from four drinking fountains that are located 

on the second and third floors of a combined conventional and green building. The building was 

selected as the sampling location considering its unique structure to eliminate the effects of 

variables such as distance to the water utility entrance point, water usage rate, variations in 

distributed water quality to the buildings, and provide a better comparison.  

 Although the same public utility distributed water to both buildings, differences in some 

water quality parameters and TTHM formations were identified, as discussed below. These 

differences could be resulting from plumbing pipe or drinking fountain characteristics such as 

plumbing piping age and drinking fountain cooler unit settings.  

 Temperatures were statistically significantly different for all four drinking fountains 

regardless of their building type or building floor; lower temperatures (1-3 °C) were observed in 

the conventional side drinking fountains. Water pH values showed statistically significant 

differences for all comparison combinations except the conventional second and third-floor 

drinking fountains. High pH was observed in the conventional building fountains than the green 

building fountains. Overall, 50.6% of the measured pH values exceeded the recommended pH 
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limit of 8.5 in drinking water (USEPA, 2020). Comparisons of chlorine residuals between the 

drinking fountains on the green and conventional buildings sides did not show any statistically 

significant differences. The average free chlorine residuals were measured around 0.04-0.05 

mg/L-Cl2 for each drinking fountain; 100% of the samples were under the minimum 

recommended levels at the point of use (WHO, 2011). These trends have been reported for 

green-certified buildings (Richard et al., 2020), and similar results were found for the 

conventional building in this study. Similar average TOC levels ranging from 1.4 to 1.6 mg/L 

were observed across the green and conventional side drinking fountains; no statistically 

significant difference was observed. TTHM values were higher in the fountains on the 

conventional building side than the green building side. Statistically significant differences were 

found for all comparisons except Con-L2 vs. Con-L3 and Gre-L2 vs. Gre-L3 drinking fountains, 

showing that building type affected TTHM formations while the building floor was not 

influential in their respective building sides. 

 Increased water age is anticipated in green-certified buildings due to the utilization of 

water-efficient plumbing components (Rhoads et al., 2016). In this study, it was expected that 

higher water stagnation would yield higher TTHM levels on the green building side; however, 

greater TTHM concentrations were observed in the conventional side drinking fountains. This 

result was associated with significantly high pH values that were observed in the conventional 

side drinking fountains. Although the cause of high pH on conventional building plumbing is 

unclear and requires further research, this result might be related to high water alkalinity and 

mineral scale build-up in relatively older plumbing pipes of the conventional building. Water age 

was not measured in this study; however, assuming that water age was high in the green building 

drinking fountains, it might be concluded that water pH is more influential than water age in 
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TTHM formation, resulting in high concentrations in the conventional building side drinking 

fountains.  

 TTHMs and the water quality parameters did not show any statistically significant 

differences between sampling time (e.g., morning, noon, evening) comparisons for each drinking 

fountain. For temperature measurements, it is believed that this result occurred due to the cooling 

unit presence in the drinking fountains, proving steady water temperatures based on the selected 

thermostat control settings.  

 Building operation conditions (such as in-session vs. not in-session) did not affect the 

water quality parameters and disinfection by-product formation. For several samples, TTHM 

concentrations exceeding 80.0 µg/L were observed at the drinking fountains when the building 

was not in-session. Although THMs are not regulated at the tap, these exceeding concentrations 

could pose a health risk to the public in the long-term exposure; therefore, precautions such as 

building flush-out should be considered before opening buildings after long water stagnation 

periods.  

 Observed negative correlations between TTHMs and water quality parameters in the 

Sampling Event-1 data prompted another sample collection (i.e., Sampling Event-2) to 

investigate the cause of negative relationships between the variables. For this purpose, water 

temperature and pH were consecutively measured in three sample vials from each drinking 

fountain; the results show that temperatures and water pH changed from one vial to another, 

underlining the possibility of water quality fluctuations in different sections of the water 

fountains. Higher temperatures were found in the first drawn samples collected in Sampling 

Event-2 compared to Sampling Event-1 temperatures measured in the second drawn samples. 

This finding might explain that the negative correlations between TTHMs and temperatures 
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occurred because of the conducted sampling order in Sampling Event-1. Therefore, it is 

suggested that sequential order sampling should be taken into account in determining water 

quality sampling protocols for drinking fountains and THMs testing in the future.  

 The findings of this study point out the importance of the plumbing pipe age and its 

impacts on water chemistry. Even though the same quality of water was distributed to the green 

and conventional building sides, variations in water quality parameters and TTHMs were 

observed due to the changes in water chemistry in the premise plumbing systems. To better 

understand the effects of green and conventional buildings design on water quality, more 

equivalent buildings in the plumbing age aside from already established water quality 

determinants (e.g., water consumption, piping materials) should be considered for future 

research. Experimental setups such as Home Plumbing System (HPS), which was used to 

examine other premise plumbing-related issues (e.g., copper) (Cahalan & Lytle, 2017), could be 

considered for future research to assess water quality differences between green and 

conventional building premise plumbing systems. Although laboratory experiments might not 

reflect water quality in actual buildings, it is believed that controlled experiments that allow 

testing parameters such as water age could be helpful to capture water quality changes between 

and within green and conventional buildings. Water chemistry is complex; therefore, more data 

points, including more water quality parameters, are needed to capture the effects of water 

conservation strategies (commonly used in green buildings) on water quality. 
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CHAPTER. 3: A State-of-the-Art Review of Contaminant Prediction Models for Premise 

Plumbing Systems and Indoor Air Environments 

 
 
 

3.1. Introduction and Purpose 

 The novel coronavirus (SARS-CoV-2), known as COVID-19, has resurfaced drinking-

water quality problems due to prolonged water stagnation in non-residential buildings (such as 

workplaces and educational facilities) during the extended "stay-at-home" orders. Early studies 

estimated water demand reductions in non-residential buildings (35%) and increased water 

demand in residential water use (8%), causing a $4.7 billion (annualized) loss in water utility 

revenues in the states (AWWA, 2020). For extreme stagnation conditions, several topics 

emphasizing the need for recommissioning plans, uniform water quality standards and 

guidelines, sampling methods (e.g., sampling location, time and frequency, the volume of 

sampling), and building flush-out procedures (e.g., duration of flush out, flushing flow-rate) have 

been identified and require immediate research actions (Proctor et al., 2020; Rhoads & Hammes, 

2021). Currently, there are knowledge gaps for premise plumbing in residential and non-

residential buildings under routine operations, and that has not been fully understood for 

different building types (e.g., green buildings) and operation scenarios, such as the use of high-

efficiency fixtures in conventional buildings (Julien et al., 2020). Recently, Julien et al. (2020) 

identified five main topics for building premise plumbing that represent the challenges and 

research needs on such as i) stagnation, ii) water use, iii) standards, iv) risk and disease 

modeling, and v) safety and sustainability.  
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 Water quality models have been excessively investigated and utilized at the water 

distribution systems for decades to predict contaminant transfer and fate throughout the piping 

network systems (Clark, 2015; Grayman, 2018). However, modeling in premise plumbing 

systems has not been the focus of research and is still lacking (Chowdhury et al., 2018). In a 

recent study, over 2.4 billion water quality data points were collected using advanced sampling 

technologies and employed in existing disinfection by-product prediction models. However, 

none of the existing models (Clark, 1998; Delzer & McKenzie, 2003; Haddad et al., 2014; Roth 

& Cornwell, 2018) provide accurate results in predicting total trihalomethane (TTHM) 

concentrations in a premise plumbing system (Salehi et al., 2020).  

 It is well established that exposure to contaminated water could occur through ingestion, 

inhalation, and dermal pathways (McKone, 1987). Andelman (1985b) posits that inhalation 

exposure to toxic chemicals is six times more than ingesting two liters of contaminated water. In 

the past, water utilities advised emergency response guidelines and protocols, neither considering 

different exposure routes nor referring to evidence-based decision-making tools (e.g., modeling, 

pilot studies) in contamination incidents (Casteloes et al., 2015). Whelton and colleagues (2015) 

were exposed to elevated 4-methylcyclohexane methanol (4-MCHM) levels in indoor air while 

conducting the recommended premise plumbing flush-out protocol during the West Virginia 

chemical spill in 2014. Consequently, the research team had to modify the procedure to lessen 

the symptoms (e.g., eye-burning, dizziness). Therefore, water quality and indoor air quality 

modeling are crucial for capturing the extent of exposures in accidental or intentional incidents 

as well as testing the efficiencies of the remediation protocols (Casteloes et al., 2015). 

 The purpose of this study is to provide a state-of-the-art review of existing contaminant 

prediction models that could be implemented in residential and non-residential buildings, 
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specifically for premise plumbing systems. Premise plumbing systems differ from water 

distribution systems with a large surface area to water volume ratio, smaller pipe diameters, 

lower flow rates, and intermittent and frequent uses resulting in unique flow conditions (Nguyen 

et al., 2012; Woo et al., 2018; Zheng et al., 2015). The models were categorized as contaminant 

concentration prediction models in premise plumbing and indoor air with further subcategories 

under each category. With this review, the authors hope to draw attention to the research needs in 

modeling approaches and provide a baseline for future research attempts. This is important 

because prediction models could be very useful in helping design and test immediate and 

emergency guidelines such as flush-out procedures in unforeseen chemical contaminations or 

water stagnation problems, as have been recently witnessed due to the COVID-19 pandemic.  

3.2. Methodology 

3.2.1. Study Search Process 

 A systematic literature search was conducted in Compendex, Web of Science, IEEE 

Explore, Science Direct, and PubMed databases (Liberati et al., 2009). No date limitations were 

implemented, and the last search was initiated on 28 April 2021. The search query was executed 

in the title, abstract, and keywords using a different set of keywords for premise plumbing and 

indoor air quality models as the following: 

The keywords for premise plumbing models 

• prediction model AND premise plumbing 

• leaching model AND premise plumbing 

• microbial growth model AND premise plumbing 

• corrosion model AND premise plumbing 

• water quality model AND premise plumbing 
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The keywords for indoor air quality models 

• indoor air quality model AND contaminated water 

• indoor air quality model AND shower 

• indoor air quality model AND sink 

• indoor air quality model AND dishwasher 

• indoor air quality model AND washing machine 

 Some words, for instance, numerical, forecasting, mathematical, were interchangeably 

searched instead of the word "prediction" in the "prediction model AND premise plumbing" 

keyword set.  

3.2.2. Study Inclusion and Exclusion Criteria 

 The inclusion and exclusion criteria were defined to select the relevant studies for this 

review (Table 8).  
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Table 8. Study Inclusion and Exclusion Criteria for the Literature Review 

Model 

Categories 
Inclusion Criteria Exclusion Criteria 

Premise 
Plumbing 

• Studies that use numerical 
modeling approaches to predict 
contaminant concentrations in 
premise plumbing pipes and/or 
plumbing components (e.g., 
water heater). 

• Studies that are written in 
English. 

• Studies that include water quality 
models that are designed solely for 
distribution network systems. 

• Studies that include ingestion, 
inhalation and dermal risk 
exposure assessment models. 
When studies implement 
distinctive modeling approaches 
(e.g., leaching models), they are 
included, even when they present 
risk assessment approaches. 

• Studies that include quantitative 
microbial risk assessment 
(QMRA) models. 

• Studies that include dose-response 
models. 

• Duplicate studies that are found in 
different databases. 

Indoor Air 
Quality 

• Studies that use numerical 
modeling approaches to predict 
contaminant concentrations in 
indoor air due to contaminated 
water use through the sink, 
shower, washing machine, and 
dishwasher sources. 

• Studies that are written in 
English. 

• Studies that include indoor air 
quality models for other exposure 
sources (e.g., building and 
furniture materials, cleaning 
product use, groundwater 
volatilization). 

• Studies that include outdoor air 
quality models. 

• Studies that include inhalation risk 
exposure assessment models. 

• Studies that include dose-response 
models. 

• Duplicate studies that are found in 
different databases. 

 

3.2.3. Study Selection Process 

 After removing the duplicates, the literature search resulted in 53 studies for premise 

plumbing and 246 studies for indoor air quality modeling from all five databases. The study 

selection for this literature review was completed in three steps: i) title screening, ii) abstract 
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screening, iii) full-text, reference list, and citation screening. In the first step, identified papers’ 

titles were looked at in detail to remove irrelevant studies from the list. As a result of this initial 

screening, 22 studies from premise plumbing modeling, 183 studies from indoor air quality 

modeling were removed. Most of the studies removed from indoor quality models were focusing 

on contaminant predictions from building materials. 31 premise plumbing and 63 indoor air 

quality modeling studies were selected for the next screening stage. In the next step, the abstracts 

of the selected publications were reviewed; 7 premise plumbing and 11 indoor air quality 

modeling studies were found eligible for the full-text screening. The selected articles were 

thoroughly read in the final screening stage, and the reference lists were further examined. 

Another literature search in the Web of Science database was conducted to identify other 

publications citing the selected articles in the full-text screening phase. As a result of these 

search attempts, a total of 22 contaminant prediction modeling studies for premise plumbing and 

12 for indoor air quality were included in this study. Figure 6 provides an overview of the three-

step screening process for the study selection.  

 

 

Figure 6. An Overview of Three-Step Screening Process 

Database Search Results

(after duplicates removed)

Premise Plumbing 
Modeling Studies: n=53

Indoor Air Quality 
Modeling Studies: n=246

After Title 
Screening

n=31

n=63

After Abstract 
Screening

n=7

n=11

After Full-Text, 
Reference List 
and Citation 
Screening

n=22

n=12
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3.3. Findings 

3.3.1. Contaminant Concentration Prediction Models in Premise Plumbing 

3.3.1.1. Lead Concentration Prediction Models 

 Kuch and Wagner (1983) proposed a mass transfer model to predict lead concentrations 

in a single pipe under flushing and stagnation conditions. The model allowed predicting lead 

concentrations in pipes with different lengths and diameters, which differed from the early lead 

prediction models based on stagnation curves combined with probability distributions of lead 

consumptions for specific water quality (Bailey & Russell, 1981). The Biot number, which is a 

correction factor for including pipe surface conditions (e.g., depositions on the pipe surface), was 

used in the models. Later, Lytle and Schock (2000) underlined that the correction factor is 

necessary for diffusion modeling to provide more precise results. Comparison of the mass 

transfer calculations to experimental data was in good agreement, and several findings were 

emphasized in the study: i) during flushing, higher lead concentrations were observed in long 

pipes with smaller diameters, ii) under stagnation, lead concentration peaks were observed in 

smaller diameter pipes for a short amount of time. Two normalized lead concentration graphs 

were provided in the study to demonstrate the mass-transfer model predictions based on pipe 

diameter (10 mm to 50 mm) and length (2 m to 100 m) under flow conditions and pipe diameter 

(10 mm to 50 mm) and time (up to 1300 min) under stagnation conditions. When the maximum 

equilibrium lead concentration is known for specific water, normalized lead concentrations can 

be determined from these graphs. The model was initially developed to calculate lead 

concentrations in service lines; however, it was suggested that when maximum equilibrium lead 

concentration of the distributed water, pipe length and diameter, and water consumption data are 

known, the model could estimate lead concentrations in households. Lytle and Schock (2000) 
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implemented Kuch and Wagner's (1983) mass diffusion model to develop stagnation curves for 

lead and copper. Variations were observed in theoretical stagnation curves, and those were 

associated with the particulate release and water chemistry. The authors explained that the 

diffusion models could describe the stagnation behavior of experimentally collected data; 

however, they are insufficient as a prediction tool for determining stagnation behavior. These 

lacking prediction capabilities of diffusion modeling were associated with the assumption that 

predictions were made based on the pipes' surface conditions; moreover, the authors suggested 

that oxidation kinetics of metals should be included in the prediction process.   

 Using corrosion kinetics, Clement et al. (2000) proposed a model to predict lead 

concentrations using alkalinity, water pH, temperature, and premise plumbing geometry. 

Although the model could predict lead exposure concentrations at the tap, the authors suggested 

that by including the user behavior and local plumbing characteristics, it can be utilized as an 

operational assessment tool to prioritize high-risk areas. An exponential, an analytical, and a 

numerical diffusion model in conjunction with three flow models (i.e., plug-flow, laminar, 

turbulent) were implemented to simulate the lead concentrations in a single pipe (Van Der Leer 

et al., 2002). These models were combined with a zonal simulation including 2000 properties; 

three flow models did not show considerable differences when used with the exponential model. 

Higher failure rates have been observed when the turbulent flow model was implemented in the 

numerical diffusion model. Associated with the Bessel equation solutions (Watson, 1995), high 

concentration peaks and loss of conservation of mass problems were observed in predicting lead 

concentrations in copper pipes using the analytical diffusion model. 

 Different from mass diffusion models, Chowdhury et al. (2018) developed a lead (Pb) 

prediction model for hot and cold water faucets by utilizing linear (i.e., linear main factors 
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(LMF), linear main factors with interactions and high order terms (LMFI), linear logarithmic 

(LL)), nonlinear (i.e., Three Parameter Logistic (LM-3P), Four Parameter Weibull) and neural 

network (NN) (i.e., Three-Hidden-Node) models. For the study, water samples were collected 

from a single housing complex in Saudi Arabia seven times a day over seven months. 

Galvanized iron pipes were used for both distribution network and premise plumbing systems. 

Lead prediction models for cold water were ranked based on their performances as LMF, NL, 

and NN in the given order. For lead predictions in hot water, the NN model showed a better fit.  

 Burkhardt et al. (2020) utilized Van Der Leer et al.'s (2002) exponential model (i.e., lead 

dissolution model-LDM). The authors expanded the previous model with the 1D advection-

dispersion model (i.e., lead dissolution with an advection-dispersion-reaction model-LDM-ADR) 

in EPANET to predict lead concentrations in premise plumbing systems. Various experiments 

(e.g., fixed-duration stagnation, continuous flowing, sequential sampling) were conducted in the  

Environmental Protection Agency’s (EPA) Home Plumbing Simulator to validate the model 

findings. The model estimates were in agreement for the fixed-duration experiments; however, 

the models underpredicted lead concentrations for continuous flowing conditions. Although 

LDM-ADR model improved the concentration predictions, the sequential sampling results 

showed that the models overpredicted the peak concentrations (seven times more for some 

predictions). To improve model prediction abilities, suggestions were made to include other lead-

containing fixtures and consider particulate lead in the modeling process. Recently, Chan et al. 

(2020) applied a 3D computational fluid dynamics (CFD) model to project lead concentrations at 

the tap resulting from copper pipes equipped with brass plumbing components (e.g., valves, 

elbows) and leaded solder joints in a high-rise building in Hong Kong. The results were 

compared with the plug-flow with advection model. The 3D model provided more accurate 
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results when compared with the experimental results, while the plug-flow model overpredicted 

concentration peaks and was not in line with the experimental data. This result was associated 

with the shear flow dispersion addition in the 3D model as it smoothes peak lead concentrations 

by cross-sectional mixing. 

3.3.1.2. DBP Concentration Prediction Models 

 Lin and Hoang (2000) utilized one of the most recognized THM prediction models for 

distribution systems (Amy et al., 1987) and estimated ingestion (water drinking) and inhalation 

(shower, pre-post cooking, during cooking) exposures from drinking water by incorporating into 

the mass balance models. In the study, the model results were not checked against the 

experimental data, and raw water characteristics were employed to determine THM 

concentrations at the tap, which could differ from water quality characteristics in households. 

Chowdhury et al. (2011) implemented three linear (i.e., main factors, main factors with 

interactions and high order, logarithmic) and two nonlinear (i.e., three parameters Logistic and 

four parameters Weibull) models to predict trihalomethanes (THMs) and haloacetic acids 

(HAAs) in plumbing pipes and hot water tanks based on collected water samples from six houses 

supplied by three different water utilities. The models were structured based on the collected 

water parameters, including THMs, HAAs, free chlorine residual, total chlorine, temperature, 

pH, turbidity, conductivity, total organic carbon (TOC), and ultraviolet absorbance (UV254). 

Overall, linear models showed better prediction capabilities than nonlinear models. The models 

were validated with randomly selected data from the whole data set, and varying correlation 

coefficients were observed in models for THMs (R2=0.58-0.94) and HAAs (R2=0.72-0.95).  
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3.3.1.3. Copper Concentration Prediction Models 

 Vargas et al. (2010) modeled dissolved oxygen depletion (a limiting factor for oxidation 

of metallic copper in the copper corrosion process) with a first-order kinetic model including pH 

and temperature parameters. Good agreement (R2=0.97) between predicted and measured data 

was observed for pH 5 to 9 during the first 10 hr of the stagnation time. The Copper Tube 

Release Model (CTRM)  was developed to predict copper release by considering dissolution and 

diffusion kinetics, complexation, adsorption, precipitation, aqueous species equilibrium, 

inhibition, nucleation, crystal growth, and surface coverage as a function of time (Taxén et al., 

2012). Validation of the model was determined by including data sets from other studies and 

provided a broad range of average error between predicted and measured data points (i.e., -30 to 

+80%). Being a complex and conclusive model for copper concentration prediction in plumbing 

pipes, the model was validated to predict accurate results for water parameters ranging for: pH 

6.8-8.5; alkalinity 50 mg/L-350 mg/L as CaCO3; TOC < 4.3 mg/L; phosphate < 3 mg/L; sulphate 

< 300 mg/L; chloride < 250 mg/L; nitrate < 33 mg/L; calcium < 234 mg/L and temperatures 5-25 

°C. Pizarro et al. (2014) developed a conceptual and mathematical microbiologically influenced 

corrosion (MIC) model that combines physical and chemical processes of copper release from 

copper pipes under stagnation-flow conditions in the presence of a biofilm. The results showed 

that biofilm presence acts as a copper reservoir in the pipes and liberates copper due to shear 

stress. Pizarro and Vargas (2016) implemented their MIC model in a premise plumbing system 

in a later study. The simulation model was verified with the experimental data; however, the 

accuracy of the model was not provided in the study. High copper mass was observed in the 

simulation compared with the other models that only considered copper release in the bulk water 
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in the pipe. This finding suggests that biomass presence is an important factor for copper release 

from the pipes.  

3.3.1.4. Decontamination and Leaching Models 

 Leaching rates of Organotin (OT) compounds (e.g., used as heat stabilizers during 

polyvinyl chloride (PVC) manufacturing) were modeled based on Fick's second law (Neogi, 

1996) as a function of time and pipe surface area and subsequently incorporated into an exposure 

model. The model predicted the mean leaching rate as 12.26 ± 3.32x 10-3 µg/m2-day. 

Considering the most toxic OT, dimethylin (DBT), the average daily dose (ADD) was estimated 

as 0.034 ±2.92x10-4 µg/kg as being 120 times lower than World Health Organization-based ADD 

levels (4.2 µg/kg) (Fristachi et al., 2009). Casteloes et al. (2015) developed a mass balance water 

heater model and used it to test the efficiency of the flush-out protocol recommended by the 

water utility as a remediation procedure for the public during the West Virginia chemical spill 

(Gabriel, 2014; Manuel, 2014; West Virginia American Water, 2014). Several scenarios were 

considered, including the authorities' recommended guidelines, highest contaminant 

concentration measured at the water distribution system, typical water heater dimensions, fixture 

types, and flow rates to determine the effluent concentration of 4-MCHM exiting the heater. The 

results showed that recommended 15 min of flushing duration was not sufficient to clear 

contaminants from the water heater, and it was found that in 12% of the simulations, 4-MCHM 

concentration was not below the Centers for Disease Control and Prevention (CDC ) drinking 

water screening level (1 mg/L). These exceeding concentrations were attributed to different 

influent concentrations, tank volume, and flow rate scenarios implemented in the models. Hawes 

et al. (2017) evaluated three mass balance models to predict effluent concentrations leaving 

water heaters. Continuously stirred tank reactor (CSTR), a combined CSTR and plug-flow 
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reactor (PFR), and variable volume CSTR models were examined. Field and laboratory 

experiments were conducted to validate model results. For all test conditions (19, 40, 50, 80 gal 

water heaters), the CSTR model (Casteloes et al., 2015) overestimated effluent concentrations; 

the best fit was observed for the variable volume CSTR model. It is worth noting that the authors 

did not consider temperature, sediment deposit, and recirculation effects in the study. Hydraulic 

and mass transfer models were combined to develop a Legionella pneumophila growth model in 

a water heater and pipes and corporated into a simulation tool, Modelica (Van Kenhove et al., 

2019). The model can estimate short and long-term L. pneumophila growth in bulk water and 

biofilm. It was suggested that it be expanded easily with an inhalation exposure model in the 

future.  

 Haupert and Magnuson (2019) developed a numerical decontamination model to estimate 

flushing times of toluene leached in permeable cross-linked polyethylene (PEX) pipes. 

Considering the maximum contaminant level of 1 mg/L of toluene after an overnight stagnation 

(8h), flushing times up to 48 hr were estimated to decontaminate plumbing pipes. Alternatively, 

flushing for 30 min every 8 hr was considered; however, this scenario extended the total 

decontamination time to approximately a week. The authors suggest that 30 min flushing times 

are not sufficient after 8 hr of contact with PEX pipes when toluene concentration is more than 

20 mg/L.  

3.3.1.5. EPANET Applications in Premise Plumbing Systems 

 EPANET (Rossman, 1994; Rossman et al., 1993), which was mainly developed for water 

quality assessments in water distribution systems, was utilized to determine contaminant 

concentrations in premise plumbing systems. Grayman and Buchberger (2008) simulated a 

hypothetical contamination event based on the time-varying movement of a contaminant from 
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the building's street connection to individual fixtures in a residential building. The simulations 

showed the significant impacts of heater storage tanks on contamination events. The cold water 

lines decontaminated quickly after the street contamination ended; however, the hot water lines 

were still contaminated even 48 hr after the street line contamination was cleared. Grayman et al. 

(2009) expanded their previous research (Grayman & Buchberger, 2008) and simulated a 

hypothetical contamination movement model in a high-rise building for different contamination 

scenarios (e.g., contamination enters from the street line, accidental contamination at the feeder 

tank in the building). Although the results were not supported by the experimental data, the 

model could track the contaminant movement in the building for various scenarios. The model 

application requires i) assessing building blueprints and ii) water use patterns of building 

occupants. Mohamed and Gad (2011) used EPANET to model chlorine concentrations in water 

storage cisterns placed in a 12-story building over 48 hr simulation period. Although the model 

predictions and experimental data were matching at the sampling points, the accuracy of the 

model was not presented in the study. Woo et al. (2018) improved EPANET’s prediction 

capability for premise plumbing systems by including axial dispersion in the contaminant 

transport mechanism. Three different methods were used to calculate dispersion coefficients; the 

method of moments (Fischer et al., 1979) and fitting analytical solution methods showed similar 

results, while Taylor’s (1954) dispersion coefficient estimations were significantly different. 

3.3.2. Contaminant Concentration Prediction Models in Indoor Air 

3.3.2.1. Shower Models 

 Whitman's (1923) two-film theory has been profoundly applied to determine the 

volatilizations of toxic compounds in environmental contamination conditions since the 1920s 

(Mackay, 1981). The two-film theory implies that the diffusion rate drives the absorption rate 
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through the gas and liquid surface films at the gas-liquid boundary (Lewis & Whitman, 1924).  

Mackay and Paterson (1983) employed two-film theory to determine chemical concentrations in 

indoor environments and calculated radon evaporation from water, showing that two-film theory 

is applicable for projections of toxic chemical concentrations from water to indoor air. McKone 

(1987) implemented Mackay & Paterson's (1983) approach in a three-compartment model and 

developed mass balance equations between the compartments to predict volatile organic 

compound concentrations in indoor air due to contaminated water use in the shower, bathroom, 

and rest of the house. The predicted concentrations in the compartment model were implemented 

in a risk exposure model in the study; it was predicted that most of the daily inhalation exposure 

takes place in the shower stall (e.g., half of the exposure) and bathroom area (e.g., two-thirds of 

the exposure). A practical method to determine transfer efficiencies (the fraction of chemical 

volatilized from water to air) for unknown chemicals from known transfer efficiencies was also 

introduced. Radon was used as a surrogate, and chloroform, ethylene dibromide (EDB), 

dibromochloropropane (DBCP), 1,1,1-trichloroethlynene (TCA), tetrachloroethylene (PCE), 

trichloroethylene (TCE), and carbon tetrachloride transfer efficiencies were calculated. These 

chemicals were included in the study based on their presence in California water supplies during 

that time period. The model predictions for TCE were compared with the measured 

concentrations from another study (Andelman, 1985a). For a concentration of 3.8 mg/L TCE in 

the influent, the model predicted 68-100 mg/m3 of TCE in the shower air, which was 

experimentally measured as 50-80 mg/m3 after a 60 min shower event. Later, using a controlled 

shower stall setup, McKone and Knezovich (1991) measured TCE transfer efficiencies for 

different shower temperatures (i.e., 22 °C and 37 °C), assuming a 20 min shower event. The 

experiment results (n=8) showed that the overall TCE transfer efficiency was 61±9.4 percent 
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(mean ± standard deviation); no statistically significant differences were found between the 

transfer efficiencies for different temperatures nor collected at different time points (i.e., 1, 5, 10, 

15, 20 min). The method of determining transfer efficiencies from radon which was previously 

presented in McKone (1987), was used, and the model predicted the transfer efficiency for TCE 

as 44 percent. This difference between the predicted and measured efficiencies was attributed to 

the inaccuracies of water diffusion coefficients used in the model predictions. It was noted that 

for compounds with high Henry's law constants such as TCE, the transfer efficiency is strongly 

dependent on diffusion coefficients in water and less dependent on temperature.  

 Little (1992) applied two-film theory with two transient mass balance models to 

determine the volatilization of compounds from a shower stall and bathroom area. Liquid and 

gas mass transfer coefficients for various chemicals (i.e., trichlorofluoromethane, carbon 

tetrachloride, 1,1,1-trichloroethane-TCA, tetrachloroethylene-PCE, trichloroethylene-TCE, 

chloroform, 1,2,3-trichloropropane-TCPA, 1,2-dibromo-3-chloropropopane-DBCP) were 

determined by using experimental data from other studies (Giardino & Andelman, 1991; 

Hodgson et al., 1988; Jo et al., 1990a, 1990b; McKone & Knezovich, 1991; Tancrede et al., 

1992). It was identified that the mass transfer coefficients showed differences between different 

shower systems; however, they increased with increasing water flow rates. It was also reported 

that the mass transient balance models could provide more accurate results than steady-state 

balance models for low volatile compounds used to estimate overall mass-transfer coefficients 

(KOLA). A ratio of 17 between gas-phase mass transfer coefficient (i.e., KGA) to liquid-phase 

mass transfer coefficient (i.e., KLA) was observed for shower-like systems suggesting this value 

could be used to estimate KGA from a known KLA. Since then, Little’s (1992) shower model has 

been excessively used in the literature to calculate various contaminant volatilizations in the 
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shower stall and bathroom area. Several studies that implemented Little’s (1992) model are 

presented in Table 9.  

Table 9. Studies Implementing the Shower Model Developed by Little (1992) 

Publication Predicted Compound in Indoor Air 

Moya et al. (1999) 
Acetone, Ethyl Acetate, Toluene, Ethylbenzene, 

Cyclohexane 

Lin and Hoang (2000) THMs 

Xu and Weisel (2003) HAAs, Haloketones (HKs) 

Wang et al. (2007) THMs 

Franco et al. (2007) TCE, PCE 

López et al. (2008) Benzene, Toluene, Ethylbenzene, Xylene 

Chowdhury and Champagne (2009) THMs 

Viana et al. (2009) THMs 

Basu et al. (2011) THMs 

Omur-Ozbek et al. (2011) 
Geosmin, 2-Methylisoborneol, (trans,cis)-2,6- 

Nonadienal , Trichloroethylene 

Gan et al. (2013) THMs, HAAs 

Lee et al. (2013) THMs, HAAs 

Uddameri and Venkataraman (2013) THMs, HAAs 

Mishra et al. (2014) THMs 

Sain et al. (2015) 4-MCHM 

Babaei et al. (2015) THMs 

Omur-Ozbek et al. (2016) 4-MCHM 

Zhang et al. (2018) THMs, Arsenic 

Genisoglu et al. (2019) THMs 

Chowdhury et al. (2020) THMs 

Ahmed et al. (2019) THMs 

Kujlu et al. (2020) THMs 

 

 Kim et al. (2001) extended McKone’s (1987) model by including pH-dependent 

volatilization; comparisons were made between two model predictions for hydrogen cyanide 

(HCN) and ammonia (NH3). McKone’s (1987) model predicted HCN concentrations in the air 

four times more than the extended model, while the concentration difference was not presented 

for NH3 between the two models in the study. An alternative hybrid-showering model was 
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developed by Chen et al. (2003) that considers "jet" and "spray" showerhead flow patterns from 

a showerhead to predict contaminant volatilization from water to air during showering events. 

Two-film theory combined with analogous empirical correlation and penetration theory was 

employed to estimate mass transfer coefficients. The model predictions were accurate when the 

results are compared to other study findings (Moya et al., 1999). Several suggestions were made 

to reduce contaminant exposure via showering, implementing the operation conditions of lower 

water temperatures, shorter showerhead heights, increased air exchange rates, higher shower stall 

volumes, and jet-flow type showerheads instead of spray type. Schoen and Ashbolt (2011) 

developed a shower exposure model to determine the critical densities of infectious Legionella in 

the air, water, and in-premise plumbing biofilms to achieve the target deposited dose in the lower 

respiratory tract for possible infection from aspirating shower generated aerosols. Based on 15 

minutes of shower event, the critical densities of  Legionella were predicted as 3.5 x 101- 3.5 x 

103 CFU m-3, 3.5 x 106- 3.5 x 108 CFU L-1, and 7.8 x 105- 7.8 x 108 CFU cm-2 for shower air, 

water, and biofilm, respectively.  

3.3.2.2. Sink, Washing Machine, and Dishwasher Models 

 The volatilization of chemicals from kitchen sinks was also investigated, suggesting 

stripping efficiencies and mass transfer coefficients were highly sensitive to aerator types used in 

sink basins (Howard & Corsi, 1996). A comprehensive study of mass-transfer balance models 

was conducted by Howard (1998); in addition to shower models found in the literature, two-

phase dynamic mass transfer models were extended to washing machines, dishwashers, and 

bathtubs. Howard and Corsi (1998) implemented two-phase mass balance equations for washing 

machine cycles (i.e., fill, wash, spin, fill, rinse, spin); stripping efficiencies and mass transfer 

coefficients were calculated for acetone, toluene, ethylbenzene, and cyclohexane. The authors 
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emphasized that these tracers were selected to provide a broad range of Henry's law constants. 

Based on 26 experiments, increasing stripping efficiencies and overall mass transfer coefficients 

were observed with increasing Henry's law constants. In the study, the water volume in the basin, 

detergent, and clothes presence was found as the most influential factors on chemical emissions; 

however, water temperature and cycle agitation effects were also evident. An example of the 

model application was presented for 100 µg/L of toluene in the influent water. Over a 30 min 

total wash cycle, the model predicted a time-weighted average of 55 µg/m3 toluene in indoor air 

in a 20 m3 room with an air exchange rate of 0.5 per hour, while the peak concentration was 

estimated as 94 µg/m3. 

 McCready (2013) used the Simulation Tool Kit for Indoor Air Quality and Inhalation 

Exposure (IAQX) (USEPA, 2000) and the Exposure and Fate Screening Tool (EFAST) 

Consumer Exposure Model (CEM) (USEPA, 2006) to predict air concentrations in indoor air due 

to use of toluene contaminated water in washing machines and compared the model predictions. 

The model predictions were compared with Howard & Corsi’s (1998) example model 

application results. Both models overpredicted (e.g., IAQX ~.1.5 times, EFAST CEM ~ 4 times) 

the peak concentration of 94 µg/m3 in the room.  

 Two-phase dynamic mass balance models were utilized to predict contaminant emissions 

in indoor air resulting from dishwasher use (Howard-Reed et al., 1999). The example of model 

application showed that consideration of 10 µg/L of toluene in influent water resulted in a mass 

emission of 157µg/L of toluene in indoor, while 117 µg/L of toluene remained in the dishwasher 

headspace and released as a "puff" effect when the dishwasher door was opened. Relative source 

strengths (stripping efficiency / 100 x water consumption) based on toluene contamination in 

different exposure sources were also compared in the study: shower > washing machine (hot 
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water) > washing machine (cold water) > dishwasher > sink. Omur-Ozbek et al. (2016) 

implemented indoor air quality models to determine 4-MCHM exposures due to dishwasher, 

washing machine, shower, and kitchen sink use. The results showed that 4-MCHM 

concentrations in indoor air exceeding EPA’s extrapolated short-term inhalation screening level 

(0.01 ppm) (USEPA, 2014) were observed when the simulations were conducted for washing 

machine, shower, and kitchen sink models.  

3.4. Conclusions and Future Research Directions on Premise Plumbing Water and Air 

Quality Modeling 

 Recent research on water quality due to prolonged stagnation times in premise plumbing 

systems identifies the need for modeling research to develop strategies to improve water quality 

at the point of use. In the past, the public has been advised to flush out their premise plumbing 

systems as a remediation action for accidental and intentional contaminant incidents. In most 

cases, the rationale behind developing such guidelines and protocols has not been clear. 

Moreover, other exposure routes to contaminated water, such as inhalation or dermal, have not 

been considered in the decision-making process (Casteloes et al., 2015). Even though water 

quality models have been developed and utilized at the water distribution system level, modeling 

in premise plumbing systems has not drawn much attention from researchers (Woo et al., 2018). 

This study aimed at providing a comprehensive review of contaminant concentration prediction 

models in premise plumbing and indoor air that could be used in residential and non-residential 

buildings in case of contamination incidents or unprecedented water stagnations such as caused 

by COVID-19. The current state of premise plumbing and indoor air quality modeling, research 

needs, and future research directions were discussed in the following.  
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3.4.1. Conclusions with respect to the Premise Plumbing Water Quality Modeling 

 The literature review shows that mass-transfer models have been profoundly used in the 

premise plumbing modeling studies, while different modeling approaches such as linear and non-

linear regression techniques were also implemented. Plumbing system flow conditions (e.g., 

intermittent, unsteady, low flow rates) are complex due to smaller diameter pipes (Woo et al., 

2018). In a few studies, more sophisticated models (e.g., advection-dispersion-reaction) were 

employed to provide better predictions under premise plumbing flow conditions. 

 In the literature, lead and copper concentration prediction models have drawn more 

attention from researchers than any other contaminants. Unexpectedly, only a few DBP 

prediction models for premise plumbing systems were found in the literature, although more than 

100 DBP prediction models are available for water distribution systems (Chowdhury et al., 2009; 

Sadiq & Rodriguez, 2004). Similarly, modeling decontamination of premise plumbing 

components and contaminant leaching from pipes has not been a significant topic of research.  

 Based on the reviewed literature, it can be concluded that there exist knowledge gaps 

with respect to premise plumbing systems concerning different contaminants as follows: 

• According to Pizarro and Vargas (2016), who were identified as the main contributors to 

the copper corrosion modeling for premise systems in this study, prediction models are 

needed focusing on hydrodynamics, chemistry, and solid-water interface structures to 

predict copper corrosion into the water. Detachment of copper nanoparticles due to shear 

stress, electrochemical reactions at the pipe walls, turbulent flows, biomass-copper 

sorption kinetics, and copper concentration gradients associated with copper release 

require further research (Pizarro et al., 2014). Additionally, a better understanding of 
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adsorption kinetics and thermodynamics of organic carbon should be provided for 

copper corrosion modeling studies (Taxén et al., 2012). 

• Including oxygen and chlorine as oxidants, research on the factors affecting the 

oxidation kinetics of metal pipes and fixture is needed (Lytle & Schock, 2000).  

• More research on heater design and its operating conditions as well as influential factors 

affecting the removal of contaminated water from water heaters is needed (Hawes et al., 

2017).   

• Dispersion modeling in premise plumbing models is lacking and requires further 

research (Burkhardt et al., 2020).  

• For pipe leaching and decontamination models, practical empirical and mathematical 

methods to estimate diffusion and partition coefficients are needed (Fristachi et al., 

2009; Haupert & Magnuson, 2019).    

• Research on host-Legionella interactions, pathogen partitioning, and biofilm detachment 

rates in the premise plumbing systems is needed (Schoen & Ashbolt, 2011).  

3.4.1.1. Premise Plumbing Modeling Future Research Trends 

 Based on the reviewed literature presented here and building on the findings of Julien et 

al. (2020) and Persily et al. (2020), it is recommended that future research focuses on premise 

plumbing modeling as follows: 

1. Improving existing tools by expanding hydraulic, chemical, biological, and thermal 

prediction capabilities (e.g., EPANET, Modelica). 

2. Developing new contaminant prediction and decontamination tools using simulation-

based data engineering platforms (e.g., Building Information Modelling (BIM), 

AnyLogic). 



69 

3. Implementing advanced scanning technologies that are already used in the construction 

industry to evaluate as-built conditions of premise plumbing systems in buildings (e.g., 

Trimble). 

4. To validate model predictions, research efforts could focus on providing robust premise 

plumbing databases, including the parameters below but not limited to: 

• Water quality characteristics (chemical and biological): disinfectant residuals, pH, 

scaling, biofilm, and pathogen concentrations. 

• Occupant activities: water consumption patterns, number of adults and children in 

households, and occupant demographics.   

• Physical factors: pressure, plumbing layouts (e.g., manifold, trunk and branch), 

and piping material characteristics (e.g., length, diameter, age, material). 

• Operational factors: flow rate, velocity, temperature, water age, and stagnation. 

5. Categorizing collected data sets based on type (e.g., residential, commercial, institutional) 

and water-energy efficiency (e.g., conventional, green-certified) characteristics of the 

buildings.  

6. Using alternative modeling approaches such as machine learning techniques to estimate 

model coefficients and develop new prediction models. 

7. Conducting comprehensive field and laboratory-scale experiments to validate models’ 

accuracy. Laboratory-scale experiments could focus on a broad range of source water 

characteristics to develop more generalizable prediction tools.  

8. Developing validation protocols to evaluate models' prediction capabilities that provide 

clear directions on the minimum data point requirements, boundary conditions, and 

implementation areas. 
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9. More studies were found in the full-text, reference list, and citation screening step than 

the abstract screening step in this study. It is believed that this was caused by the use of 

different terms in the papers; therefore, fewer studies were found in the database search. 

For instance, it was found that “residential drinking water systems” and “household 

drinking water systems” terms were used instead of “premise plumbing systems.” This 

result shows the need for developing a common terminology for premise plumbing 

systems. Lacking common language has also been identified in previous studies merely 

focusing on knowledge gaps and research needs in premise plumbing systems (Julien et 

al., 2020; Persily et al., 2020). To develop a common language, Julien et al. (2020) 

suggest collaboration between plumbing designers, code developers, and health risk 

assessors. In addition to Julien et al.'s (2020) commentary, it is suggested that the 

plumbing codes could be used as media to establish a common language to provide 

accurate definitions and generalize their usage among different stakeholders.  

3.4.2. Conclusions with respect to the Indoor Air Quality Modeling 

 The two-film theory underlies the indoor air quality models. The indoor air quality 

models were constructed using one or multi-compartment mass-balance models. Due to 

increased exposure levels, shower models have been excessively included in risk exposure 

studies, while the same trend was not observed for other exposure sources (e.g., dishwashers, 

washing machines, or sinks). Disinfection by-products, especially THMs, were the most 

common compounds modeled in showers, coupled with inhalation exposure risk assessments 

(Table 9). 

 Based on the reviewed literature, it can be concluded that several research gaps related to 

indoor air quality models exist in the literature as follows: 
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• The volume fraction of water flow formed as droplets and size distribution of spray 

droplets from showerheads require further research (Chen et al., 2003).  

• The aqueous chemistry of VOCs is not considered in washing machine models, and 

future research is needed (McCready, 2013).  

• Inhalation exposure studies in non-residential buildings (e.g., schools, hospitals) are 

lacking and should be further investigated (Kim et al., 2001).   

• Experimental studies should be conducted to determine ventilation rates in the different 

bathroom and shower volumes (Kim et al., 2004) 

3.4.2.1. Indoor Air Quality Modeling Future Research Trends 

 Based on the reviewed literature, it is recommended that future research focuses on air 

quality modeling as follows: 

1. Developing new models using machine learning, data mining, and statistical modeling 

approaches.  

2. Conducting experiments to estimate mass transfer and diffusion coefficients for unknown 

contaminants. 

3. Howard (1998), one of the main contributors to the indoor air quality modeling body of 

knowledge, suggests replicating headspace air exchange experiments using different 

dishwashers and washing machines. The literature review shows that there have not been 

many research attempts in that area; and this requires further research. In addition to 

Howard’s commentary (1998), the research could benefit from conducting experiments 

with high-efficiency faucet aerators, showerheads, dishwashers, and washing machines 

that are available today.  
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4. Future studies could also identify ventilation rates in shower stalls and bathroom areas 

designed according to the current building codes.  

5. Research could identify variations between different professionals’ (e.g., janitor, 

housekeeper, water treatment plant operator) inhalation exposure in different indoor 

environments. 

 This study reviewed the literature that focuses on contaminant prediction models in 

premise plumbing and indoor air. For this purpose, a literature search was conducted in 

Compendex, Web of Science, IEEE Explore, Science Direct, and PubMed databases; 22 

modeling studies for premise plumbing and 12 modeling studies for indoor air quality were 

reviewed. It is acknowledged that the literature presented here is not extensive, suggesting the 

need for more modeling studies. Implementation of models could help identify strategies for 

improving water and air quality in households. A comprehensive decision-making tool that 

combines water quality models for distribution systems with premise plumbing and indoor air 

quality models and exposure risk assessment tools could improve public health risk management 

strategies. With the help of model applications, remediation protocols could be designed for the 

worst-case scenarios, and the efficiency of those protocols could be tested. Many water quality 

models were developed for distribution networks in the literature (Grayman, 2018); those models 

could be adapted to premise plumbing system conditions. Although some models require field 

sample collections and provide site-specific information, contaminant prediction models in 

premise plumbing systems and indoor air could be utilized to provide better emergency 

responses to unprecedented conditions such as those caused by the COVID-19 pandemic. 
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CHAPTER. 4: Development of a Disinfection By-product Prediction Simulation Model in a 

Premise Plumbing System  

 
 
 

4.1. Introduction and Purpose 

 While the novel coronavirus (SARS-CoV-2) known as COVID-19 has confined millions 

of people to their homes due to stay-at-home orders across the globe, many commercial 

buildings, including schools, government offices, and factories faced building closures ranging 

from weeks to months (Lee et al., 2020). The sudden and unprecedented water consumption 

reductions in buildings have induced other health concerns such as Legionnaires' disease, 

prompting many public health agencies to provide guidelines for reopening buildings after a 

prolonged water stagnation (CDC, 2020; OSHA, 2020; WHO, 2020). Although the standards and 

guidelines are lacking uniformity, several precautions are commonly mentioned, including: i) 

conducting building flush-out to bring disinfectant residual levels up for remediating chemical 

and microbial problems, ii) identifying and monitoring problematic locations in the system, and 

iii) temperature management for bacterial growth (Proctor et al., 2020; Van Kenhove et al., 

2019). 

 Chlorine is the most commonly used disinfectant in the US and the world and is a 

prerequisite to provide microbiologically safe drinking water quality. Most of the microbial 

problems could be solved by increasing chlorine dose; however, reactions between chlorine and 

organic/inorganic matter could result in disinfection by-products (DBPs) known to be harmful to 

humans (Richardson et al., 2007). Currently, more than hundreds of halogenated DBPs have 

been identified in drinking water (e.g., trihalomethanes (THMs), haloacetic acids (HAAs), halo 
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ketones (HKs), haloacetonitriles (HANs), cyanogen chloride, chloral hydrate, and chloropicrin 

(CP)) (Singer, 1994). THMs, namely chloroform, bromodichloromethane, 

dibromochloromethane, and bromoform, represent the most ubiquitous DBPs in drinking water. 

Although water quality models that seek answers to optimal chlorine doses that yield minimal 

DBP formations have been excessively implemented at the distribution level, the final water 

quality at the point of use (POU) still relies on predictions made at the treatment plant outlet. 

Research on water quality due to the coronavirus lockdown has pointed out the importance of 

water stagnation at the point of use, addressing the need for water decision-making tools for 

premise plumbing systems (Proctor et al., 2020).  

 This study aims to implement a first-order chlorine decay model, to predict chloroform 

concentration within a premise plumbing system for eight hours of stagnation. For this purpose, 

bench-scale experiments were conducted to determine prediction model coefficients considering 

the water quality parameter ranges reported for premise plumbing systems. The fitted model 

coefficients were incorporated into simulation software, AnyLogic. Chloroform concentrations 

were tested in a two-story townhouse; experimental and model prediction results were compared. 

This study contributes to the body of knowledge by developing a chloroform prediction tool for 

premise plumbing systems integrated with a simple user simulation interface. 

4.2. Literature Review 

4.2.1. Factors Affecting Chlorine Decay Kinetics and DBP Formations 

 Chlorine is the most common disinfection method due to its effortless application, stable 

residual levels, efficacy in pathogen inactivation, and cost (Al-Jasser, 2007). According to the 

American Water Works Association (AWWA) 2017 survey results, more than 80 percent of the 

water utilities they surveyed (i.e., 239 out of 277 survey respondents) in the US use chlorine as a 
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primary disinfectant (AWWA, 2018). When chlorine gas dissolves in water, hypochlorous acid 

(HOCl) is formed, which dissociates into hypochlorite ion (OCl-) depending on water 

temperature and pH (Brown et al., 2011; Clark & Sivaganesan, 2002). Chlorine reacts with 

organic and inorganic constituents in water, and these reactions exert chlorine demand. Several 

concurrent reactions were identified in the literature that drive chlorine demand in engineered 

water systems. Those are: i) reactions with organic and inorganic (e.g., ammonium ion, nitrite, 

sulfide, ferrous iron, and manganous manganese) constituents in the bulk flow, ii) reactions on 

the pipe wall (e.g., biofilm, pipe material, sediments), iii) consumption due to corrosion spots, 

and iv) mass transport of chlorine between the pipe wall and bulk water (Clark, 1998; Taras et 

al., 1950; Vasconcelos et al., 1997). Disinfectant dose, pH, reaction time, water quality, and 

treated microorganism characteristics, temperature, and residuals maintained over a period of 

time are the factors that impact chlorine disinfection efficacy (Brown et al., 2011; Clark & 

Sivaganesan, 2002). Despite its operational advantages, chlorine dosing should be done with 

caution at the drinking water treatment plants. Low chlorine doses might not be sufficient to 

control pathogen regrowth, and in contrast, excess chlorine might react with organic and 

inorganic constituents in water, forming DBPs, which are known to be harmful to humans 

(Richardson et al., 2007). 

 Currently, two main groups of DBPs, total THMs (TTHMs), and HAAs are regulated 

under Stage 1 and Stage 2 Disinfectants and Disinfection By-products Rules (DBPRs) at the 

water treatment plant level. The maximum allowable annual average levels of 80 parts per billion 

(ppb) and 60 parts per billion (ppb) were established for TTHMs and HAAs, respectively, by the 

Environmental Protection Agency (EPA) (2016). Similar parameters that affect chlorine are also 

influential on THM formation; disinfectant dose, nature and concentration of natural organic 
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matter (NOM), contact time, pH, water temperature and season, and bromide ion presence are 

the most significant factors (Brown et al., 2011; Chowdhury & Champagne, 2008). Higher THM 

levels are anticipated at the higher levels of the abovementioned parameters (Al-Omari et al., 

2005; Sadiq & Rodriguez, 2004). 

 Although some unsophisticated water quality models can be traced back to the 1930s, 

water quality modeling at the distribution systems gained popularity in the 1980s; their 

prevalence predominantly escalated by the passage of The Safe Drinking Water Act (SDWA) in 

1974 (Grayman, 2018). During the 1980s, technological advancements in computer science have 

contributed to the broader applicability of the water quality models (Clark, 2015). Since the 

1980s, many modeling studies have dealt with the unique research question of predicting 

chlorine decay and disinfection by-product formations in complex water distribution systems 

(Clark, 2015; Grayman, 2018).  

4.2.2. Chlorine Decay Prediction Models 

 Haas and Karra (1984) compared various chlorine decay models, including first-order 

decay, power-law decay (nth order), first-order decay with stable component, power-law decay 

with stable component (nth order), and parallel first-order decay. They found that the parallel 

first-order decay equation gave the best fit among other models considering fast and slow 

chlorine reactions in wastewater effluents. While the feasibility of the models for drinking water 

has raised questions, the first-order decay model has also been criticized for its limited prediction 

capabilities for re-chlorination conditions (Brown et al., 2011; Jadas-Hécart et al., 1992). In a 

relatively recent study, a comprehensive water sampling effort (n=2000) was undertaken over a 

broad range of water sources (n=4); and chlorine decay kinetic models (i.e., first order, second 

order with respect to chlorine, second-order with respect to chlorine, and another reactant, nth 
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order, limited first order, and parallel first order) were compared in their predictive 

performances. The results proved that other models' prediction capabilities were minimal 

compared to the first-order decay model results for potable water systems (Powell et al., 2000). 

In Table 10, various chlorine decay kinetic models are presented. 

Table 10. Bulk Chlorine Decay Kinetic Models (Brown et al., 2011; Haas & Karra, 1984; Powell 

et al., 2000) 

Kinetic Model Equation 
Adjusted 

Parameters 

First-order 𝐶0exp⁡(−𝑘𝑏𝑡) 𝑘𝑏 

Second-order (chlorine) 
𝐶01 + 𝐶0𝑘𝑏𝑡 𝑘𝑏 

Second-order (chlorine and 
another reactant) 

𝑈 − 𝐶0𝑈𝐶0 exp⁡[𝑊(𝑈 − 𝐶0)𝑡 − 1] 𝑈,𝑊 

Power-law decay 
(nth order) 

[𝑘𝑏" (𝑛 − 1) + (1 𝐶0)⁄ (𝑛−1)]−(1 𝑛−1)⁄  

 
𝑘𝑏" , 𝑛 

First-order decay with 
stable component 

𝐶∗ + (𝐶0 − 𝐶∗)exp⁡(−𝑘𝑏𝑡) 
 

𝑘𝑏 , 𝐶∗ 
Power-law decay with 

stable component 
(nth order) 

𝐶∗ + (𝑘"𝑏𝑡(𝑛 − 1) + (1 (𝐶0 − 𝐶∗)⁄ (𝑛−1))(1 𝑛−1)⁄  

 

 

𝑘"𝑏 , 𝑛, 𝐶∗ 
Parallel first-order decay 𝐶0𝑥 exp(−𝑘1𝑡) + 𝐶0(1 − 𝑥) exp(−𝑘2𝑡) 𝑘1, 𝑘2, 𝑥 

C0= initial chlorine concentration (mg/L); n= order of reaction (dimensionless); kb= bulk decay 
constant; 𝑘"𝑏=nth order bulk decay constant (L/[h(mg/L)(n-1)]); C*=limiting chlorine 
concentration (mg/L); U= reactant concentration parameter; W= decay rate parameter; k1=bulk 
decay constant for fast reactions (L/h); k2= bulk decay constant for slow reactions (L/h); x= fast 
to slow reactions ratio (dimensionless) 

 

 More advanced models (e.g., dynamic hydraulic models) that assess the transport and fate 

of contaminants have been proposed to provide better simulations of chlorine reactions 

throughout complex pipe networks. Biswas et al. (1993) developed a two-dimensional (2D) 

model for single pipes that incorporates bulk flow reaction, radial diffusion, and wall decay 

reactions under steady-state flow conditions. Rossman et al. (1994) proposed one-dimensional 
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conservation of mass-equation model that considers chlorine reaction in the bulk flow, on the 

pipe wall, and the mass transfer of chlorine from the bulk water to the pipe wall that is suitable 

for non-steady flow conditions for turbulent and laminar flow. Vasconcelos et al. (1997) used a 

dynamic water quality simulation model called EPANET (Rossman et al., 1994) over a broad 

range of field measurements to test different decay kinetic models (e.g., first-order bulk decay 

kinetics, first-order, mass transfer limited wall decay kinetics, zero-order, mass transfer-limited 

wall decay kinetics). The study findings showed that a first-order kinetic model could define 

chlorine decay in bulk water while first-order or zero-order kinetic models could characterize 

pipe wall reactions.  

 Clark (1998) used a second-order reaction model to predict chlorine decay and TTHMs 

formation in water distribution systems. First-order, nth order, limited first-order, parallel first-

order, and second-order decay kinetic model performances were compared, and a better fit was 

observed for the second-order model estimates. Clark and Sivaganesan (1998) proposed a model 

that predicts chlorine decay and THM formation in water distribution systems. The model was 

structured based on bench-scale experiments to provide generalizable results and tested using 

various field data sets. The model parameters were determined by regression analyses as the 

functions of initial chlorine concentration, total organic carbon (TOC), pH, and water 

temperature. The second-order model has also been modified to incorporate bromide ion 

contribution to TTHM formation (Clark et al., 2001) and include fast and slow reacting 

components in the decay process (Clark & Sivaganesan, 2002).   

 Ozdemir and Ger (1998) proposed a numerical mass transport model suitable for low 

flow conditions. In the study, the model predictions were compared with Biswas's (1993) and 

Rossman's (1994) findings and found that the proposed model provides better results for smaller 
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Reynold numbers than the other two models. Ozdemir and Ucak (2002) developed a computer 

program referred to as DYNAQ that computes chlorine decay using a time-driven method. The 

study results were compared with EPANET (Rossman et al., 1994), and accurate results were 

observed. Yeh et al. (2008) proposed a new approximate solution to Biswas' (1993) 2D steady-

state chlorine transport model under turbulent conditions. The model was implemented in two 

case studies; the results provided good accuracy and easy application when the wall decay rate 

was higher than 0.1.  

 Jonkergouw et al. (2009) developed a semiempirical chlorine forecast model referred to 

as the variable-rate coefficient (VRC) to provide better predictions for re-chlorination conditions.  

However, the VRC model has been commented on its limited ability to incorporate temperature 

variations on chlorine decay. For this purpose, temperature effects were included in the 

augmented two-reactant (2RA) model. The VRC and 2RA model performances were compared; 

although the VRC model provided more accurate results than the 2RA, the differences were 

minimal considering the 2RA's capability of describing the effects of initial chlorine 

concentration, temperature, and re-chlorination dose and timing (Fisher et al., 2017). 

4.2.3. DBP Prediction Models 

4.2.3.1. DBP Prediction Models in Water Distribution Systems 

 Since monitoring DBPs can be time-consuming and often requires expensive and 

sensitive techniques, predictive modeling has gained importance in quantifying DBP formation 

(Sadiq & Rodriguez, 2004). More than 100 DBP formation prediction models have been 

identified in the literature (Chowdhury et al., 2009), and most models utilize statistical methods 

such as non-linear regression models using one or more field and laboratory samples in the 

prediction process (Brown et al., 2011; Sadiq & Rodriguez, 2004). Chowdhury and Champagne 
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(2008) reported that 3 to 8 water quality parameters were utilized in individual THM prediction 

models. 

 Amy et al. (1987) developed a TTHM prediction model using nine raw water 

characteristics collected in the US to provide a wide range of model applicability. Although the 

authors developed a model including all data points (n=1090), better fitting models were 

observed when the data sets were analyzed for short-term (≤ 8-h) and long-term (≥ 24-h) reaction 

times. Segar et al. (2003) implemented a first-order chlorine decay reaction model to predict 

THM and HAA formation using eight surface water characteristics. The model was able to 

predict concentrations accurately in the given boundary conditions. The authors emphasized that 

the model may not be applicable for predictions for groundwater. Under controlled laboratory 

experiments, Li and Zhao (2006) found that THM formation is both first-order with respect to 

chlorine and humic acid precursor levels, suggesting an overall second-order formation reaction. 

Rodrigues et al. (2007) developed regression models for individual THMs based on laboratory 

experiments utilizing factorial experiment designs. Detailed information on these models can be 

found in Chowdhury et al. (2009) and Sadiq and Rodriguez (2004).  

4.2.3.2. DBP Prediction Models in Premise Plumbing Systems 

 Most water quality models have been developed based on the samples taken from 

distribution systems; however, premise plumbing systems differ from water distribution 

networks for many reasons such as: A large surface area to water volume ratio, regular and 

intermittent stagnation conditions, variable and elevated temperature, longer residence times, 

redox potentials, deposit accumulations and, reduced flow rates (Nguyen et al., 2012; Zheng et 

al., 2015).  
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 Along with other prediction models, Lin and Hoang (2000) employed a model developed 

by Amy et al. (1987) to predict inhalation exposure of THMs due to cooking and showering 

activities in households. In that study, the water quality parameters were measured at the 

treatment plant and incorporated into Amy's (1987) model, which was developed for water 

distribution systems and calculated based on the untreated natural water quality characteristics. 

Thus, the reported results at the households might show differences due to the distinct 

characteristics of premise plumbing systems mentioned above. Chowdhury et al. (2011) 

implemented linear and non-linear statistical models to predict DBPs in premise plumbing 

systems; the models were constructed using the water quality parameters from six houses in 

Canada. The coefficient of determination values (R2) of the models were reported to be between 

0.77 and 0.96. In several studies, the first-order decay kinetic model has been used for premise 

plumbing systems. However, the model was applied to experimental pipe loops to simulate 

premise plumbing conditions (Xu et al., 2018; Zheng et al., 2015). Salehi et al. (2020) applied 

three TTHM prediction models from the literature (Clark, 1998; Haddad et al., 2014; Roth & 

Cornwell, 2018) for premise plumbing conditions and reported that the models were insufficient 

to predict TTHMs at the studied fixture. 

 Kalan, Ozbek, and Omur-Ozbek (Unpublished work) conducted a comprehensive 

literature review to identify water quality models that are used to predict contaminant 

concentrations in premise plumbing systems. In that study, more than 20 modeling studies that 

focus on different contaminants were identified; however, only two of those (Chowdhury et al., 

2011; Lin & Hoang, 2000) included DBP prediction models for premise plumbing systems. This 

study differs from Lin and Hoang (2000) by using regression model coefficients based on the 

water quality parameters that can be seen in premise plumbing systems and validating the model 
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predictions by conducting house experiments. This study differs from Chowdhury et al. (2011) 

by conducting laboratory-controlled experiments in developing a more generalizable model.  

 This study aimed to predict chloroform concentrations in premise plumbing systems after 

eight hours of stagnation. This stagnation time was selected as most THM formation occurred in 

7 hours (Chowdhury & Champagne, 2008). A first-order reaction model was used to fit chlorine 

decay and combined with the chloroform yield coefficient equation to predict chloroform 

concentrations. Several parameters, including TOC, pH, initial chlorine, and reaction time, were 

included in determining the chloroform formation yield coefficient. For the model simplicity, 

bromide ion effects were not considered, and brominated THMs were excluded from the model 

development process. Three sampling events were conducted in a two-story townhouse, and the 

model's prediction ability was tested, comparing the model results with the experimental 

findings. 

4.3. Materials and Methods 

4.3.1. Bench-Scale Experiments 

 This study aimed to adopt a DBP prediction tool, which was developed for water 

distribution systems, and adapt it to premise plumbing systems. To test the model's applicability 

and evaluate its prediction capability in premise plumbing conditions, the ranges of water quality 

parameters for the bench-scale experiments were selected based on the water quality tests from a 

townhouse and an accompanying study’s (Kalan, Ozbek, Omur-Ozbek, et al., Unpublished work) 

experiment results as discussed below.  

 Synthetic water samples of various TOC, pH, and chlorine levels were prepared to 

propagate chloroform concentrations under controlled laboratory conditions (Table 11). TOC 

(0.4, 0.8, and 1.5 mg/L) and pH (7, 8, and 9) levels were selected based on the mean and 
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frequency of the observed concentrations in an accompanying study (Kalan, Ozbek, Omur-

Ozbek, et al., Unpublished work). In that study, TOC and pH levels were collected for 16 days 

from an institutional building, which uses the water distributed from the same public utility as 

the townhouse. Free chlorine levels were selected based on the observed chlorine levels in the 

townhouse; on three different days, the kitchen faucet (cold water tap) was thoroughly purged 

until the water temperature was stabilized, and free chlorine residuals were measured (0.5 and 

0.8 mg/L).  

Table 11. Initial Conditions for Bench-Scale Experiments 

Data Set 

Initial Chlorine 

Concentration 

(mg/L) 

TOC (mg/L) pH 
Temperature 

(°C) 

Reaction 

Time (h) 

1 0.5±0.04 0.4 7±0.03 20 1, 5, 8 

2 0.5±0.04 0.4 8±0.04 20 1, 5, 8 

3 0.5±0.04 0.4 9±0.04 20 1, 5, 8 

4 0.5±0.04 0.8 7±0.03 20 1, 5, 8 

5 0.5±0.04 0.8 8±0.04 20 1, 5, 8 

6 0.5±0.04 0.8 9±0.04 20 1, 5, 8 

7 0.5±0.04 1.5 7±0.03 20 1, 5, 8 

8 0.5±0.04 1.5 8±0.04 20 1, 5, 8 

9 0.5±0.04 1.5 9±0.04 20 1, 5, 8 

10 0.8±0.14 0.4 7±0.03 20 1, 5, 8 

11 0.8±0.14 0.4 8±0.04 20 1, 5, 8 

12 0.8±0.14 0.4 9±0.04 20 1, 5, 8 

13 0.8±0.14 0.8 7±0.03 20 1, 5, 8 

14 0.8±0.14 0.8 8±0.04 20 1, 5, 8 

15 0.8±0.14 0.8 9±0.04 20 1, 5, 8 

16 0.8±0.14 1.5 7±0.03 20 1, 5, 8 

17 0.8±0.14 1.5 8±0.04 20 1, 5, 8 

18 0.8±0.14 1.5 9±0.04 20 1, 5, 8 

 

 Samples were prepared using de-ionized, organic-free ultra-filtered water (BarnsteadTM 

NanopureTM  Model D11901, Thermo Fisher Scientific, Waltham MA). The desired pH levels 

were obtained with borate and sodium hydroxide (Fisher Scientific, Waltham MA) buffer 
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solutions prepared in de-ionized water. The humic acid (HA) stock solution was prepared by 

dissolving 0.5 g of commercial HA (Sigma Aldrich, St. Louis, MO) in 500 mL de-ionized water. 

The solution's pH was adjusted to 10 with sodium hydroxide and stirred for 24 h (Li & Zhao, 

2006). The filtered solution (0.45 µm membrane filter, Whatman, United Kingdom) was stored 

at 4 °C during the experiments. Commercial chlorine stock solution was purchased from 

HACH® to adjust free chlorine concentrations in samples. 

 Chlorine demand-free glassware was prepared according to the procedure described by 

Summers et al. (1996): the incubation bottles and flasks were: i) soaked in a detergent bath 

overnight, ii) rinsed four times with hot tap water, iii) rinsed two times with distilled water, iv) 

soaked in a 20 mg/L chlorine solution for at least 24 h, v) rinsed four times with distilled water, 

vi) rinsed two times with laboratory clean water and vii) dried at 140 °C in the oven overnight.  

 For each sample batch, humic acid stock solution was added to 300 mL of blank water in 

a flask to prepare samples at selected TOC levels. The pH of the solution was adjusted to the 

closest desired level, and then the flask was filled up to 500 mL. Chlorine stock solution was 

added to the flask to reach desired disinfectant level, and the mixture was mixed thoroughly 

using a magnetic stirrer. The free chlorine and pH levels were measured and recorded before 

dividing samples into 125 mL amber glass vials. The samples were sealed headspace-free and 

placed in a temperature-controlled water bath at 20±0.5 °C. After one, five, and eight hours of 

incubation periods, sample aliquots were transferred into 40 mL vials containing phosphate 

buffer and sodium sulfite (Mallinckrodt Pharmaceuticals, Ireland) to adjust pH and quench 

further chloroform formation, respectively. The remaining aliquots in 125 mL bottles were used 

to measure free chlorine concentrations for each incubation period. Bench-scale experiments and 

chloroform analyses were performed in the same laboratory; the chloroform collection vials were 
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immediately stored at 4 °C and analyzed within 24 hours. A total of 54 samples were collected 

and analyzed for chloroform concentrations.  

4.3.2. Experimental Methods for the House Samplings 

 A two-story townhouse single-family house located in Northern Colorado was selected to 

test the model prediction results. The water is distributed to the house by a public utility that uses 

chlorine as the primary disinfectant. The building blueprints were not accessible; however, 

further discussions with the building management revealed that copper pipes were installed. 

Three sampling events were conducted on different days between February 2021 and March 

2021, and all experiments started in the evening and ended in the morning. The following 

procedure was followed for the samplings: 

 The kitchen faucet (cold water tap) was purged thoroughly until the water temperature 

was stabilized. At the beginning of the experiments, 500 mL of water collected in a glass flask. 

125 mL of water was decanted into a chlorine demand-free amber glass bottle, sealed headspace-

free, and placed in the temperature-controlled water bath at 20 °C for eight hours of incubation. 

40 mL of water was taken into a chloroform collection vial that contains phosphate buffer and 

sodium sulfite, and another 40 mL of water was collected for TOC measurement. Free chlorine 

residual, pH and temperature were also measured at the beginning of the experiments. After eight 

hours of stagnation, 10 mL of water was directly collected from the faucet for free chlorine 

measurement. Immediately, 40 mL of water was sampled from the faucet to determine 

chloroform concentrations after the stagnation. Free chlorine level was measured from the 125 

mL bottle that was incubated in the water bath. Chloroform and TOC collection vials were stored 

in the fridge and transported to the laboratory in a cooler; the analyses were completed within 24 

hours of the sample collections. 
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4.3.3. Analytical Methods 

 The USEPA 551.1 method was utilized to analyze chloroform concentrations with gas 

chromatography equipped with an electron capture detector (Hewlett Packard HP 6890 Series). 

Calibration curves were created with chloroform concentrations at 1 µg/L, 5 µg/L, 10 µg/L, 50 

µg/L, 100 µg/L, 200 µg/L, and 500 µg/L, and run at the beginning of every sample set analysis. 

TOC measurements were performed using a HACH® DR/2500 spectrophotometer according to 

HACH® Method 10129. DPD (N, N-diethyl-p-phenylenediamine) method 8021 was followed to 

measure free chlorine residuals using a HACH® Pocket Colorimeter. Temperature and pH 

measurements were carried out with a pH meter (PH838, Dr. Meter) and calibrated with three-

point calibration before the experiments.  

4.3.4. Data Analysis 

 All statistical analyses were performed using SAS Institute Inc. (2015). Linear regression 

analysis assumptions were examined for statistical adequacy, and due to the non-normal 

distribution of the data, data transformations were considered.  

4.4. Model Development 

 In this study, existing models in the literature that were mainly developed for water 

distribution systems were adapted to premise plumbing systems. These models were selected due 

to their simplicity, adaptability to the premise plumbing conditions, and high prediction 

capabilities observed in a previous study (Gang et al., 2002). The general structure of the models 

with slight modifications was used as it is; the premise plumbing conditions were incorporated 

into the models utilizing coefficients and constants that reflect water quality parameter ranges 

that can be found in premise plumbing systems based on the townhouse and accompanying study 

experiment results as discussed earlier.  
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 Generally, chlorine decay is described by the first-order kinetics (Clark, 1998): 

dc/dt=-kt                       (1) 

where c is chlorine concentration (mg/L), k is first-order decay constant rate (min-1), and t is time 

in minutes. 

Integrating equation (1) yields the following equation: 

C(t)=C0 e-kt                  (2) 

where C(t) is chlorine concentration (mg/L) at time t, C0 is initial chlorine concentration (mg/L) 

and t is time of reaction.  

 It is well established in the literature that chlorine demand is exerted due to reactions with 

the constituents in bulk water and reactions on the pipe wall (Wable et al., 1991). Therefore, the 

overall decay constant is separately modeled as bulk and pipe wall decay constants to represent 

water quality of source water and plumbing pipe: 

k=kb+kw                   (3) 

where k (hr-1) is the overall decay constant, kb (hr-1) is the bulk decay constant, and kw (hr-1) is the 

pipe wall decay constant.    

 In the literature, it was assumed that DBP formation is directly proportional to the 

consumed chlorine, and it could be modeled as follows (Clark & Sivaganesan, 1998; Gang et al., 

2002): 

DBP=D (C0-Ct)                 (4) 

where DBP represents chloroform concentration (µg/L), D is the chloroform yield coefficient 

(µg Chloroform/mg Cl2 consumed), C0 is the initial chlorine concentration (mg/L), Ct is chlorine 

concentration (mg/L) at time t. D could be defined as the ratio of the generated chloroform 

concentration (µg/L) per the concentration of chlorine consumed (mg/L) (Gang et al., 2002).  
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 By incorporating equations (2) and (3) in equation (4), the chloroform formation model 

could be expressed as follows: 

CHCl3= D (C0-C0 e-(kb+kw)t)                (5) 

Temperature adjustments were integrated into the model by the following equation (Fisher et al., 

2012): 𝑘𝑇 = 𝑘20 ∗ 𝑒𝑥𝑝 [ −𝐸/𝑅(20−𝑇)(273+20)(273+𝑇)]               (6) 

where kT is the reaction coefficient at temperature T, k20 is the reaction coefficient at 20 °C, E is 

the activation energy (J), R is the universal gas constant (J K-1). The E/R (activation coefficient) 

value of 11,800 K was used in the model, which was estimated based on the initial chlorine 

concentration (1-4 mg/L) and temperature (10-25 °C) ranges (Fisher et al., 2012). Other E/R 

values (e.g., 5440 and 8720) were reported in the literature (Fisher et al., 2012). Considering the 

effects of water quality and treatment characteristics (e.g., treated water, raw water), initial 

chlorine concentrations, and temperature ranges on the estimated E/R values, the value of 11,800 

K was identified as the most appropriate E/R for this study.  

4.5. Results and Discussion  

4.5.1. Development of the Predictive Equation 

 Equation (2) was used to fit the chlorine decay data; the first-order chlorine decay 

constants (k) were estimated for each data set given in Table 11. Chloroform yield coefficients 

(D) were calculated from equation (5) by implementing chlorine decay constants and 

experimentally determined chloroform concentrations for the data sets in Table 11. As chlorine 

demand-free glassware was used in the experiments, the chlorine decay in bottles was treated as 

bulk decay, and kw was not used in equation (5) to determine chloroform yield coefficients. The 
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regression equation was developed for the parameter D by defining initial chlorine concentration, 

TOC, pH, and reaction time as the predictor variables. The estimation of D differs from Gang et 

al. (2002) with the inclusion of reaction time as the predictor variable in the regression equation. 

 The data set was explored for linear regression assumptions; non-normal distribution of 

the residuals was observed. The best-fitting model transformation was selected using 

TRANSREG procedure in SAS; a better fit was found with the quadratic model. One outlier was 

identified and omitted from the data set. One of the samples was lost during the sample 

collection; therefore, 52 observations were used for the regression analyses. A backward variable 

selection procedure in SAS was employed to identify the best-fitting parameters; the procedure 

suggested excluding the initial chlorine concentration parameter from the regression model due 

to the high p-value (>0.5670). This result might be associated with including a narrow range of 

chlorine concentrations in the study. Given that chlorine concentration is a prerequisite for 

chloroform formation, this important parameter was ultimately decided to be kept in the model. 

Other parameters were significant at the 0.05 significance level. The estimated model R2 was 

0.47 (p-value <.0001) for the following equation:  

SQRT(D) = -2.52761 + (pH * 0.40452) + (TOC * 1.27163) + (Time * 0.12916) 

                   + (Chlorine * 0.32069)               (7) 

where D is the chloroform yield coefficient (µg Chloroform/mg Cl2 consumed), pH of the 

sample, TOC is total organic carbon (mg/L), time is the reaction time (hr), and chlorine is initial 

chlorine concentration (mg/L). The yield coefficient ranged from 0.03 to 24.22 µg 

Chloroform/mg Cl2 consumed. Statistically significant positive correlations were observed 

between the yield coefficient and pH (p-value: 0.03), TOC (p-value: <.0001), and reaction time 

(p-value: 0.02).  
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4.5.2. AnyLogic Simulation Model  

 Equations (2), (3), (5), (6), and (7) were incorporated in AnyLogic simulation software 

using the modeling elements (e.g., parameter, link, dynamic variable) built in the System 

Dynamics palette in AnyLogic (Grigoryev, 2018). In the simulation model, initial chlorine 

concentration, TOC, pH, temperature, bulk, and wall decay constants were linked to edit boxes 

to allow users to implement their site-specific conditions. A data set tracker and time plot were 

added to simulate chlorine decay and chloroform formation over eight hours. 

4.5.3. Comparison of House Sampling and Model Simulation Results and Discussion 

 Collected water quality parameters from the townhouse and estimated chlorine decay 

constants are provided in Table 12. 

Table 12. Measured Water Quality Parameters and Estimated Bulk Water and Pipe Wall Decay 

Constants in the House 

Parameter 

House Sampling-1 House Sampling-2 House Sampling-3 

Time-0 hr Time-8 hr Time-0 hr Time-8 hr Time-0 hr Time-8 hr 

Faucet Bottle Faucet Bottle Faucet Bottle Faucet Bottle Faucet Bottle Faucet Bottle 

Free-Chlorine 
Concentration 

(mg/L) 
0.78 0.78 0.03 0.54 0.77 0.77 0.07 0.58 0.80 0.80 0.07 0.44 

TOC (mg/L) 1.4 - - - 1.4 - - - 1.6 - - - 

pH 8.17 - 7.89 - 8.15 - - - 8.35 - - - 

Temperature 
(°C) 

12.3 - 26.9 - 9.6 - - - 12.2 - - - 

Bulk Water 
Decay 

Constant (hr-1) 
0.05 0.04 0.07 

Pipe Wall 
Decay 

Constant (hr-1) 
0.36 0.26 0.23 
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 The bulk water (kb) and pipe wall (kw) chlorine decay constants were estimated based on 

the samples taken from the faucet and incubation bottle. Equation (2) was used to fit the chlorine 

decay constants for each sampling day at the house. The decay rates estimated from the faucet 

include both bulk and pipe wall decay constants; therefore, the bulk decay constant was 

subtracted from the estimated value to find the wall pipe decay constant. kb ranged from 0.04 to 

0.07 hr-1 , while kw ranged from 0.23 to 0.36 hr-1. Smaller bulk decay constants were observed 

than the wall pipe decay constants, and the results were consistent with the literature (Brown et 

al., 2011, Table 2).  

 Experimentally determined chloroform concentrations from the house samplings and 

simulation model predictions are shown in Table 13. For house sampling 1, at time 0 hr, the 

chloroform concentration was found 16.8 µg/L at the faucet; this value represents the existing 

chloroform concentration in the distribution system. After eight hours of stagnation, the 

chloroform concentration level was found 34.2 µg/L at the faucet. The concentration difference 

during the stagnation shows that 17.4 µg/L of chloroform was generated within the household. 

For house samplings 2 and 3, 14.2 µg/L and 16.6 µg/L of chloroform formations were observed 

at the faucet, respectively. Initial chlorine concentration, TOC, and pH levels were similar except 

for temperatures between house sampling events 1 and 2. As expected, higher chloroform 

concentrations were observed during house sampling 1, when the water temperature was higher. 

A comparison was also made between house sampling 1 and 3; in house sampling 3, initial 

chlorine concentration, TOC, pH levels were higher than house sampling 1, and the temperature 

measurements were close to each other. Unexpectedly, a relatively lower chloroform 

concentration was observed in house sampling 3 compared with house sampling 1. The reason 

for this finding is unclear; however, it is suspected that it could occur due to the effects of other 
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factors (e.g., bromide ion) that were not collected in this study or might point out an 

instrumentation error. 

Table 13. Chloroform Concentrations from House Samplings and Model Predictions 

Parameter 
Sampling 

Number 

Time-0 hr 

Faucet 

(A) 

Time-8 hr 

Faucet 

(B) 

Chloroform 

Formation at 

the Faucet 

(B-A) 

Model 

Prediction 

Difference 

(%) 

Chloroform 
Concentration 

(µg/L) 
 

House 
Sampling-1 

16.8 34.2 17.4 10.9 -37 

House 
Sampling -2 

16.9 31.1 14.2 10 -30 

House 
Sampling -3 

13.6 30.2 16.6 12.1 -27 

 

 Initial chlorine concentration, TOC, pH, temperature, bulk water, and pipe wall decay 

constants from the house samplings (Table 12) were entered into the AnyLogic software user 

interface. Chloroform concentrations of 10.9 µg/L, 10 µg/L, and 12.1 µg/L were predicted by the 

model for house sampling 1, house sampling 2, and house sampling 3, respectively. For all cases, 

the simulation model underpredicted the chloroform levels by 27-37% after eight hours. In 

previous studies, model tendencies to underpredict TTHMs (by 10-30% and 20-30%) and 

chloroform levels were observed when linear regression equations were utilized for predictions 

(Greiner et al., 1992; Harrington et al., 1992). Biofilm deposition could be an important 

contributor to the chloroform formation at the tap (Xu et al., 2018), and its effects were not 

included in the model. It is important to emphasize that the model estimates the chloroform 

levels based on fixed temperature, pH, and TOC levels; therefore, the changes in water quality 

parameters at the tap over the stagnation period could influence the results. In several studies, 

temperature increases in the premise plumbing were observed compared to the water temperature 
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in the distribution system (Dion-Fortier et al., 2009; Salehi et al., 2020). For instance, for house 

sampling 1, pH decreased from 8.17 to 7.89, while temperature increased from 12.3 °C to 26.9 

°C after eight hours. The increase in temperature in premise plumbing possibly increased 

chloroform concentrations at the faucet. 

 In this study, underpredicted chloroform levels might result from the moderate R2 value 

(0.47) of the D chloroform yield coefficient equation, pointing out unexplained variations by the 

model. In general, the water's NOM content is explained by different surrogate parameters such 

as TOC, dissolved organic carbon (DOC), or UV absorbance capacity (UV254) (Chowdhury & 

Champagne, 2008; Edzwald et al., 1985). Chowdhury and Champagne (2008) suggest that DOC 

or UV254 could be used for THM formation modeling. Therefore, the inclusion of other 

parameters could improve the model's precision and provide better estimates. Besides the yield 

coefficient regression model, the temperature adjustment model could affect the results. Here, 

equation 6 was used to adjust the bulk decay constant at different temperatures based on the 

constants estimated at 20 °C. The E/R value of 11,800 K was selected, which was determined for 

chlorine concentrations of 1-4 mg/L; however, a different E/R value is expected for the chlorine 

ranges used in this study and requires future assessments. 

 Several peculiarities were observed during the bench-scale experiments, and it was 

suspected that those might have effects on the model's prediction ability. Higher chlorine 

residuals were found for some data sets after 8 hours of stagnation than the measured residuals at 

5 hours, which is believed to affect the yield coefficient equation estimation. These results might 

occur from differing reactions between the sample aliquots and the chlorine demand-free glass 

bottles. Considering the study's small sample size, these data points were kept in the regression 

analysis. Other factors such as variations between added chlorine and TOC content might also be 
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influential on the results. In the present study, chlorine stock solutions were purchased in 10 mL 

ampules, and between the ampules, concentration differences were observed in added doses. For 

future research attempts, it is suggested to decant chlorine ampules in the same bottle or prepare 

chlorine stock solutions in bulk using aqueous sodium hypochlorite solutions to eliminate 

variations in added concentrations (Summers et al., 1996). In this study, the sample batches were 

not analyzed for TOC during the bench-scale experiments due to some restrictions. It was 

assumed that the added doses of humic acid yielded the desired TOC levels in the samples. 

Performed duplicative analyses of the same doses showed that variations (±0.1) occurred 

between the added TOC concentrations.  

4.6. Conclusions and Future Research 

 To date, many predictive models have been developed to determine disinfection by-

product concentrations at the water distribution system level. This study aimed to predict the 

chloroform concentrations in premise plumbing. One of the THM species, chloroform, was 

examined in this study to simplify the model development process, and brominated THMs were 

excluded. Bench-scale experiments were conducted with typical water quality parameter levels 

that can be observed at the tap. TOC, pH, initial chlorine concentration, and reaction time 

variables were utilized to determine the chloroform yield coefficient and implemented in 

AnyLogic simulation software with the first-order chlorine decay and temperature adjustment 

models. A two-story townhouse was selected to test the model's predictive abilities, and three 

house sampling results were compared with the model predictions. The chloroform prediction 

model underpredicted chloroform concentrations by 27-37% compared with the house 

measurements. It is assumed that implementation of fixed water quality parameters in the model, 

temperature adjustments, varying reactions of sample aliquots with the incubation bottles, and 
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differences in added TOC and chlorine doses could cause underpredicted chloroform 

concentrations. One of the limitations of this study is that, as seen in any other prediction model 

studies based on regression analysis, the model might not provide accurate results if used outside 

of the boundary conditions. However, this study represents an important initial attempt in 

developing a simulation-based water quality prediction model, which can be implemented in 

premise plumbing systems. The simulation-based model presented herein can further be 

improved and be used by building and facility managers as a decision-making tool to identify the 

most problematic water outlets under normal operations and unprecedented water stagnation 

conditions such as the ones caused by the building shutdowns due to COVID-19. 

 The chloroform concentration prediction model can be expanded in the future by 

including more data points, longer stagnation times, and other disinfection by-products. 

AnyLogic is a powerful simulation tool in which the chlorine decay model is extendable to 

higher-order disinfection by-product prediction models and applicable to other water-related risk 

exposure assessment studies in the future. The model in AnyLogic provides a simple user 

interface by eliminating the complexity of the model equations and allows variable adjustments. 

Making prediction models available in the public domain could also encourage models' adoption 

by practitioners such as building and facility managers. The chloroform prediction tool discussed 

in this paper is available from the corresponding author by request. 
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CHAPTER. 5: Conclusions, Research Contributions, and Future Research Directions 

 
 
 

5.1. Summary and Conclusions 

 This dissertation includes three independent but complementary articles that focus on 

essential aspects of water quality in premise plumbing systems. With the primary objective of 

addressing the knowledge gaps in the literature, the articles provide a better insight into i) the 

effects of conventional and green-certified building premise plumbing systems on water quality, 

ii) the current state of numerical modeling research for water quality in premise plumbing 

systems, and iii) the implementation of a chloroform prediction and simulation tool that is 

developed for premise plumbing systems. The significant findings of the three articles are 

summarized in this chapter, followed by the research contributions and future research 

directions.  

 The first study aimed to identify and compare the effects of conventional and green-

certified premise plumbing on drinking water quality. For this purpose, TTHMs and temperature, 

pH, free chlorine residuals, and TOC were collected from the four drinking fountains of a 

combined conventional and green-certified building. Two sampling events were conducted for 

the first study: Sampling Event-1 and Sampling Event-2. The statistical analysis of Sampling 

Event-1 data revealed that there were statistically significant differences in temperature, pH, and 

TTHM formations between some of the drinking fountains, while no statistically significant 

difference was found for the free chlorine residual and TOC comparisons. Water temperatures 

were higher on the green building side; these trends were associated with the cooling unit 

settings in the drinking fountains. High pH levels were observed in the conventional building 
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fountains compared to the green building fountains. Overall, 50.6% of the measured pH values 

exceeded the recommended pH limit of 8.5 in drinking water (USEPA, 2020). Although the 

reasons for high water pH are not clear and require further research, high water alkalinity, and 

mineral scale build-up may increase water pH in relatively older plumbing pipes of the 

conventional building. The average free chlorine residuals were measured at around 0.04-0.05 

mg/L-Cl2 for each drinking fountain; 100% of the samples were under the minimum 

recommended levels at the point of use (WHO, 2011). TTHM values were higher in the 

fountains on the conventional building side than the green building side. This finding might 

result from significantly high pH values that were observed in the conventional side drinking 

fountains. Building operation conditions (such as semester in-session vs. not in-session) did not 

affect the water quality parameters and TTHM formations. For several samples, TTHM 

concentrations exceeding 80 µg/L were observed at the drinking fountains when the building was 

not in-session. These concentration levels could pose a health risk to the public in the long-term 

exposure (King & Marrett, 1996; King et al., 2000; USEPA, 2016). Even though the distributed 

water quality to the green and conventional building sides was the same, variations in water 

quality parameters and TTHMs were observed due to the changes in water chemistry in the 

premise plumbing systems. The study findings point out the importance of the plumbing pipe age 

and its impacts on water chemistry. 

 Observed negative correlations between TTHMs and water quality parameters in the 

Sampling Event-1 data prompted Sampling Event-2 to investigate the cause of negative 

relationships between the variables. Statistically significant differences were observed from one 

vial to another for most of the temperature and pH comparisons for each drinking fountain. This 

finding underlines the possibility of water quality fluctuations in different sections of the water 
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fountains and pipes and highlights the importance of sequential order sampling. Therefore, it is 

suggested that sequential order sampling should be taken into account in determining water 

quality sampling protocols for drinking fountains and THMs testing in the future.  

 The second study provides a state-of-the-art review of existing premise plumbing and 

indoor air quality contaminant prediction models that could be implemented in residential and 

non-residential buildings. A systematic literature search was conducted for the second study in 

the Compendex, Web of Science, IEEE Explore, Science Direct, and PubMed databases. The 

search query was executed in the title, abstract, and keywords using a set of keywords for 

premise plumbing and indoor air quality models. As a result of the three-step screening process 

(i.e., 1-title screening, 2-abstract screening, 3-full-text, reference list, and citation screening), a 

total of 22 contaminant prediction modeling studies for premise plumbing and 12 for indoor air 

quality were reviewed in this study.  

 The mass-transfer models have been predominantly used in the premise plumbing 

modeling studies, while other modeling approaches (e.g., statistical modeling) were implemented 

in a few studies. Among the premise plumbing models, lead and copper prediction models have 

drawn more attention from researchers than any other contaminants. The literature review shows 

that the two-film theory underlies the indoor air quality models. Although the shower models 

were excessively used for risk exposure assessments, the model applications were limited for a 

sink, dishwasher, and washing machine. This section of the dissertation is important for 

providing a clear insight into the current modeling efforts for premise plumbing and indoor air 

quality and future research directions. Implementing the models could help identify strategies to 

improve water and air quality in buildings and assist decision-makers in their public health risk 

management decisions.  
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 The third study aimed to predict the chloroform concentrations in premise plumbing 

systems. An existing model in the literature that was mainly developed for water distribution 

systems was adopted and then adapted to premise plumbing systems. TOC, pH, initial chlorine 

concentration, and reaction time variables were utilized to determine the chloroform yield 

coefficient and implemented in a simulation software with the first-order chlorine decay and 

temperature adjustment models. A two-story townhouse was selected to test the model's 

predictive abilities, and three sets of house sampling results were compared with the model 

predictions. The chloroform prediction model underpredicted chloroform concentrations by 27-

37% compared with the house measurements. Implementation of fixed water quality parameters 

in the model, temperature adjustments, varying reactions of sample aliquots with the incubation 

bottles, and differences in added TOC and chlorine doses could cause underpredicted chloroform 

concentrations. The simulation provides a simple user interface by eliminating the complexity of 

the model equations and allows variable adjustments. The simulation-based model presented 

here can be used by building and facility managers as a decision-making tool to identify the most 

problematic water outlets under normal operations and unprecedented water stagnation 

conditions such as the ones caused by the building shutdowns due to COVID-19. 

5.2. Research Contributions 

 Based on the findings of the three articles, this dissertation contributes to the body of 

knowledge as follows: 

1. Emphasizing the consideration of piping age as a factor in water quality comparisons 

between conventional and green buildings. 

2. Promoting the attention to and inclusion of sequential order sampling in drinking fountain 

sampling protocols.  
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3. Presenting the current state of premise plumbing and indoor air quality modeling and 

highlighting the future research needs.  

4. Developing a DBP prediction and simulation tool to assist decision-makers in improving 

water quality at the point of use. 

5.3. Future Research Directions 

 Future research directions for each article were presented in their respective chapters to 

promote the research efforts on water quality in premise plumbing systems. A summary of future 

research directions is presented in the following paragraphs resulting from this dissertation. 

 In the first study, higher water pH was observed in the conventional building fountains 

than the green building side fountains. The reason for this finding is unclear and might stem from 

mineral build-up in the relatively older plumbing pipes of the conventional building. Future 

research is needed to investigate the effects of system age on water chemistry. By including more 

data points and other water quality parameters, longitudinal-experimental studies might reveal 

water quality changes due to system aging over time. The sequential sampling findings suggested 

that water temperature and pH changes between different piping sections of the drinking 

fountains. More research is required on how residual chlorine levels, pathogen loads, and metal 

concentrations change in different sections of drinking fountains. The literature reporting the 

premise plumbing effects on water quality for conventional and green-certified buildings is 

limited and requires further research. Additionally, future studies could focus on plumbing 

simulation systems controlled under laboratory conditions to investigate the impacts of water 

conservation strategies on water quality.  

 Based on the reviewed literature in the second study, it is recommended that existing 

contaminant prediction models for both premise plumbing and indoor air quality be expanded by 
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including multi-disciplinary approaches to improve their prediction capabilities. Further research 

could focus on developing new prediction tools using alternative modeling methods and 

simulation-based engineering platforms, and consequently, validating model predictions. 

Innovative tools and technologies such as building scanners that are already used in other 

engineering disciplines could be utilized to solve water quality problems in premise plumbing 

systems in future studies. Experimental studies are vital for model input estimation and 

validation purposes; future studies could investigate contaminant transport and volatilization 

characteristics of high-efficiency premise plumbing components (e.g., faucet aerators, 

showerheads). Developing model validation protocols could be another future research area to 

provide clear directions on the minimum data point requirements, boundary conditions, and 

model application areas. In addition, robust databases are needed to categorize water and air 

quality parameters for different types of buildings with different water-air-energy performance 

characteristics.  

The prediction capability of the chloroform prediction tool was tested using only three 

sets of data from a single house. Future studies could implement the tool by including more data 

points and buildings with different characteristics. The model can be expanded in the future by 

including other disinfection by-products and longer stagnation times. In addition, the model 

predictions could be improved by modeling the inconstant nature of the water quality parameters 

in plumbing pipes during stagnation. The chlorine decay model is extendable to higher-order 

disinfection by-product prediction models and can be applied to other water-related risk exposure 

assessment studies in the future.  
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