
A SYSTEMS THINKING APPROACH TO APPLY  

WATER SUSTAINABILITY IN HOSPITALS 

 

by 

 

MISAGH FAEZIPOUR 

 

Presented to the Faculty of the Graduate School of 

The University of Texas at Arlington in Partial Fulfillment 

of the Requirements 

for the Degree of 

 

DOCTOR OF PHILOSOPHY 

 

THE UNIVERSITY OF TEXAS AT ARLINGTON 

December 2014 

 

 
 



ii 

Copyright © by Misagh Faezipour 2014 

All Rights Reserved 

 



iii 

Acknowledgements 

I am deeply appreciative of the many people who have supported my work and 

continuously encouraged me through the completion of my dissertation. Without their 

time, attention, encouragement, thoughtful feedback, and patience, I would not have 

been able to complete this journey. 

My first debt of gratitude must go to my advisor, Dr. Susan Ferreira. She patiently 

provided the vision, encouragement, and advice necessary for me to proceed through the 

doctoral program and complete my dissertation. I have learned a great deal from her 

perspective on research and her personal integrity and expectations of excellence. 

I am grateful and would like to send special thanks to my dissertation committee, 

Dr. Jay Rosenberger and Dr. Jamie Rogers for all their support, guidance, and helpful 

suggestions. The valuable feedback and comments they provided helped in forming this 

research.   

I would also like to thank all the members of the University of Texas at Arlington’s  

(UTA’s) Systems Engineering Research Center (SERC), both past and present, for their 

collegiality and friendship.  

I would like to acknowledge Dr. Sheik Imrhan who has kindly supported me 

throughout this journey and would also like to thank Richard Zercher who has always 

helped with the technical support whenever needed. Many thanks to Mr. Rama Koganti 

who has provided valuable feedback and support throughout this research. 

I would like to extend my thanks to all my friends for always keeping my spirits 

high especially my dear friends Fatemeh and Sadegh for their company and loving 

support. I would also like to thank my dear friends Samaneh and Peyman for all their 

support and kindness.  



iv 

Finally, I wish to thank my loving and caring family. My Mom and Dad have been 

extremely supportive of me during these years and have given me all their endless love 

and encouragement. I will always be sincerely grateful to them. My lovely sister, Dr. Miad 

Faezipour deserves special thanks for all her help, love, and understanding. Special 

thanks to my dear cousins, Saba and Soroush for always supporting me with all their 

love, kindness, and understanding. I wish to thank all my family members who have 

always kindly supported me. Without such a team behind me, I doubt that I would be in 

this place today. 

November 20, 2014 



v 

Abstract 

A SYSTEMS THINKING APPROACH TO APPLY 

WATER SUSTAINABILITY IN HOSPITALS 

 

Misagh Faezipour, PhD 

 

The University of Texas at Arlington, 2014 

 

Supervising Professor: Susan Ferreira 

One of the most critical challenges the world is facing is to ensure everyone has 

access to an adequate and quality supply of water. As the population increases, the 

demand for water rises. Water needs to be sustained for current and future generations. 

Sustainability acts to balance the resource supply and demand. Hospitals are a major 

consumer of water. Unfortunately water is facing the challenges of diminishing resources 

and increasing demands. Therefore, considering water sustainability in hospitals is of 

significant importance. Water sustainability in hospitals is also important since hospitals 

offer services to help people improve the quality and health of their daily lives. Hospitals 

are large complex systems that consist of various elements and relationships. Systems 

engineering guides the engineering of complex systems and can be used to help address 

the multi-faceted and complex sustainability challenges. A systems thinking approach is 

applied to comprehend how various factors related to hospitals and water sustainability 

interact. 

System dynamics is a systems thinking approach in systems engineering. This 

approach provides a better understanding of water sustainability considerations in 

hospitals and visualizes and explores the structure and behavior of factors and factor 

relationships related to water sustainability in hospitals. Healthcare sustainability causal 



vi 

models are developed and represent the factors and relationships that contribute to 

sustainability in healthcare. A causal model related to water sustainability in hospitals is 

also developed that represents key factors and factor relationships related to water 

sustainability in hospitals. A simulator is developed that models the behavior of different 

factors related to hospitals and water sustainability and helps decision makers with their 

decision making process and understand the impacts of their decisions. 
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Chapter 1  

Introduction 

1.1 Overview 

Sustainability is among the most imperative and crucial challenges in the world, 

and recently, there is growing attention paid to sustainability in healthcare. Sustainability 

considers the needs of both the present and future generations (Pye-Smith et al., 1994). 

In general, sustainability incorporates three components: social, economic, and 

environmental (WCED, 1987). These three components are known as three pillars of 

sustainability that are interdependent and mutually reinforcing (United Nations, 2005).  

Water is related to all the three pillars. One of the most critical challenges the 

world is facing is to ensure everyone has access to an adequate and quality supply of 

water. Water is an exceptionally valuable resource. Unfortunately water resources are 

limited and as the population increases, the demand for this resource rises. Water needs 

to be sustained for current and future generations. Sustainability considers the balance 

between social, economic, and environmental factors. Hospitals are one of the major 

stakeholders within healthcare systems and one of the top users of water resources 

(MWRA, 2012).  

Water sustainability in hospitals is also important since hospitals offers services 

to help people improve the quality and health of their daily lives. Therefore, the need for 

research and methods for evaluating water sustainability is an essential objective for 

many organizations such as hospitals. 

Hospitals are large complex systems that consist of various elements and 

relationships between these elements. “Systems engineering is an interdisciplinary 

approach and means to enable the realization of successful systems” (INCOSE 
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Handbook, 2011). Systems engineering guides the engineering of complex systems and 

can be used to help address the multi-faceted and complex sustainability challenges. 

Systems engineering involves elements which form a complex whole that are 

interdependent or interrelated and work together to satisfy the goal of the system as a 

whole. One of the goals of systems engineering is to better understand the behavior of a 

system and its problems. To this end, sustainability is a systems issue (Yeralan, 2009). 

This research applies a systems engineering approach to understand healthcare 

sustainability. In particular, this research will use a systems thinking approach to 

strategically assess water sustainability in hospitals. The main focus will be on hospitals. 

System dynamics, a method within systems thinking is used to identify the factors and 

their relationships related to water sustainability in hospitals. Causal models are used in 

support of the system dynamics approach. These models graphically present the factors 

and factor relationships that contribute to water sustainability in hospitals and provide a 

better understanding of the whole system. A simulator is developed that includes a set of 

the causal model factors and factor relationships. The simulator models the behavior of 

different factors related to hospitals and water sustainability and their impacts and can 

help make more informed decisions in a risk free environment. 

This work leverages systems engineering methods to support water sustainability 

considerations in hospitals. Systems engineering helps to better understand complex 

systems and their interactions. A better understanding of healthcare systems, hospitals, 

and water sustainability can be obtained using system dynamics approaches. 

1.2 Motivation  

Water is a vital resource in humans' lives. There needs to be a balance between 

the rising demand and limited resources. A critical challenge in water sustainability is to 

ensure everyone has access to an adequate and quality supply of water (NAE, 2012). 
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The topic of water is listed in the grand challenges for engineering as determined by a 

committee of the National Academy of Engineering (NAE, 2012). NAE lists “Provide 

access to clean water” as one of the grand engineering challenges. Hence, sustainability 

related to water is an important consideration. As mentioned before, hospitals are one of 

the main consumers of the water supplies. Studying water sustainability in hospitals is an 

important consideration since hospitals offer services to help people improve the quality 

and health of their daily lives. 

1.3 Research Questions 

This research will focus on the following primary research questions: 

1. What are the factors and factor relationships that affect water sustainability in 

hospitals?  

This research aims to identify factors and also factor relationships that have an 

effect on the water sustainability considerations in hospitals. These factors are related to 

the three pillars of sustainability. These factors are also related to water use within and 

outside the scope of hospitals. 

 2. What are the impacts of decisions made related to the factors that will affect 

water sustainability? 

When decisions are made related to water sustainability considerations in 

hospitals, because of the nature of the system dynamics model and since the factors are 

interrelated, it may impact other factors. Answers to this question aims to find the impacts 

of different decisions and also aids decision makers in hospitals to make the best 

decisions. 

1.4 Research Objectives 

One of the research objectives is to understand and help hospitals better 

comprehend the relationships between various factors related to water sustainability in 
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hospitals. Another research objective is a strategic understanding of implications of water 

sustainability and helping decision makers with their decision making process through the 

development of a system dynamics based simulator that will help individuals assess the 

key water sustainability factors and their relationships in hospitals. 

1.5 Contributions 

The contributions of this research include:  

• Healthcare sustainability causal models that illustrate factors and factor 

relationships related to the healthcare sustainability categories 

The causal models provide a graphical illustration of the factors and their 

relationships for healthcare sustainability and help to understand the healthcare system. 

An understanding of the factors and the relationships between factors can assist in 

understanding what drives sustainability in healthcare systems. 

• A causal model related to water sustainability in hospitals that graphically 

illustrates the key factors and factor relationships that contribute to water 

sustainability in hospitals 

The causal model illustrates and provides a better understanding of the factors 

and factor relationships associated to water sustainability in hospitals. An understanding 

of the factors and factor relationships can help in understanding what drives water 

sustainability in hospitals. 

• A simulator for simulating the interactions related to the factors 

associated to water sustainability in hospitals that helps decision makers 

in hospitals evaluate the system’s behavior using different scenarios 

without impacting the actual environment  

The simulator models the causal model factors and factor relationships related to 

water sustainability in hospitals. It also allows decision-makers to evaluate ‘what-if’ 
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scenarios with no risk, lower cost or impact to existing systems. The simulator helps to 

identify the important factors contributing to water sustainability in hospitals. 

For all the contributions, the stakeholders that may benefit from the research 

contributions include systems engineers and healthcare-related personnel (managers, 

engineers, and facility personnel). 

1.6 Organization 

Chapter 1 of this dissertation provides an introduction and overview of the area of 

research. Motivation, primary research questions, research objectives, and contributions 

are provided. Information about the organization of this document is provided at the end 

of Chapter 1.  

Chapter 2 provides background information and existing research that are used 

for the research. This chapter includes background information on the research domain 

such as sustainability, healthcare systems, hospitals, and water sustainability. The other 

part includes background information on the research methods such as systems thinking 

and simulation. 

Chapter 3 describes the research design and the methods used to answer the 

related research questions. 

Chapter 4 provides the research results. This chapter includes the developed 

healthcare causal models and a developed causal model related to water sustainability in 

hospitals. The validation of the causal model is discussed in this chapter. The overview of 

the simulator architecture is also presented in this chapter along with the validation of the 

simulator architecture. This chapter discusses the data and information used to populate 

the simulator. The results of the populated simulator and the behavior of various 

variables are presented in this chapter.  
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Chapter 5 provides a summary of the research and contributions. The findings 

suggest what are the factors and factor relationships that contribute to water 

sustainability and also help understand the impacts of the decisions made related to 

some of the factors when considering water sustainability in hospitals. Better decisions 

can be made and the impacts of the factors and relationships can be realized. Future 

work is also discussed in this chapter. 

Appendix A provides the healthcare sustainability causal models along with a 

subset of the causal model that is related to the environmental sustainability pillar. 

Appendix B includes the causal model factors and the definitions for each factor. 

The unit of measurement for each factor is also provided in this appendix.  

Appendix C contains the causal model validation package related to water 

sustainability in hospitals. 

Appendix D provides information on the inputs received from validators related to 

the causal model validation along with the assessment provided based on the comments. 

Modifications that were made according to the recommendations and inputs received 

from the validators are also presented. 

Appendix E contains information related to the elements in the simulator. The 

definitions for the stocks, flows, and auxiliary variables are provided in this Appendix 

along with a unit of measurement for each of these variables. 

Appendix F provides the complete model listing that includes the equations 

related to the variables in the simulator. These equations reflect the nature of the system 

dynamics model and enable the model to be implemented properly. 

Appendix G includes the simulator architecture validation package. The simulator 

architecture package related to water sustainability in hospitals package is provided in 

this Appendix. 
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Appendix H provides detailed information related to feedback received from 

validators for the simulator architecture validation process. It also contains assessment 

based on validator comments and modifications that were made according to the 

recommendations and feedback received from validators. 

Appendix I contains the data collection package that was developed in order to 

elicit information from hospitals and other resources to populate the simulator with data. 

Appendix J includes the results of the data collection package that contains 

information related to two hospitals and also information from other resources in the 

literature where data was not available from the hospitals. 

Appendix K provides the populated simulator validation package. This validation 

package includes information related to the populated version of the simulator and 

contains questions related to the elements, behavior, and the results of the model.  

Appendix L contains the feedback and inputs received from validators related to 

the simulator validation package. It also contains assessments that were made according 

to the recommendations and feedback received from validators.  
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Chapter 2  

Literature Review 

This section includes background information and existing research performed by 

other researchers. This chapter serves as the basis for the research. The first part of the 

literature review provides information about the problem domain and includes 

background information related to the research findings and the research questions. The 

second part provides information about research methods that can be used for the 

purpose of this research to answer the research questions. 

2.1 Problem Domain 

This section provides background information and existing research related to 

the focus and scope of the research. 

2.1.1 Healthcare Objectives 

Healthcare offers services to help people improve the quality and health of their 

daily lives. Healthcare is one of the largest industries (US Department of Labor, 2010) 

and is a huge part of a country’s economy. According to the Organization for Economic 

Co-operation and Development’s data (OECD), United States healthcare industry 

consumed 17.6 percent of the gross domestic product (GDP) in 2010 and is the top 

consumer across the OECD countries (OECD, 2012). 

Healthcare is “the diagnosis, treatment, and prevention of disease, illness, injury, 

and other physical and mental impairments in humans” (Wikipedia, 2011).  As defined by 

Merriam Webster Medical Dictionary, healthcare is “maintaining and restoration of health 

by the treatment and prevention of disease especially by trained and licensed 

professionals (as in medicine, dentistry, clinical psychology, and public health)” (Merriam 

Webster Medical Dictionary, 2011b).  
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A healthier population is a primary objective of healthcare systems (HCC, 2008). 

Providing quality and an equal service to all people is a goal in healthcare. The World 

Health Organization (WHO) has identified five key elements for achieving this goal 

(WHO, 2011): 

• Reducing exclusion and social inequalities in health 

• Organizing health services according to people's needs 

• Integrating health into all areas and sectors 

• Pursuing collaborative models of policy discussion 

• Increasing stakeholder involvement 

Reducing exclusion and social inequalities in health is discussed more in the 

social sustainability section. This element is focused in the social sustainability 

component.  

2.1.2 Sustainability Introduction 

Sustainability has become an increasingly important consideration over time. 

Various cultures, over the course of human history, have recognized that they must 

consider the needs of future generations once the current basic needs for resources are 

met for present generations (Pye-Smith et al., 1994).  

The terms sustainability and sustainable development are used interchangeably. 

The World Conservation Union provides the earliest attempt to define sustainable 

development: “For development to be sustainable it must take account of social and 

ecological factors, as well as economic ones; of the living and non-living resource base; 

and of the long-term as well as the short-term advantages and disadvantages of 

alternative actions” (IUCN/UNEP/WWF, 1980).  

According to the Merriam-Webster Online Dictionary (2011a), sustainability 

means “relating to, or being a method of harvesting or using a resource so that the 
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resource is not depleted or permanently damaged”. The most widely quoted definition of 

sustainability provides a key statement on sustainable development, defining it as: 

“…development that meets the needs of the present without compromising the ability of 

future generations to meet their own needs” (WCED, 1987).  

WCED (1987) identifies three components of sustainable development as social, 

economic, and environmental. These components have become more widely accepted 

as the definition of sustainability has been applied to many application areas such as 

healthcare systems. Within its 2005 World Summit Outcome report, the United Nations 

(2005) declares social development, economic development, and environmental 

protection as ‘three pillars’ of sustainable development that are ‘interdependent and 

mutually reinforcing’. The social pillar provides civil and political rights and equal access 

to resources, wealth, and opportunities. The economic pillar ensures security for all 

individuals to access an adequate livelihood. In the economic pillar a fair distribution and 

efficient allocation of the resources is required. The environmental pillar focuses on 

sustaining current resources. The earth’s resources are limited and need to be protected. 

Sustainability impacts the quality of human life. 

2.1.2.1 Healthcare Sustainability 

According to the International Institute for Sustainable Development (2009), “all 

definitions of sustainable development require that we see the world as a system”. 

Healthcare is a complex system that needs to be sustainable because, while ideally 

individuals should have access to healthcare, demand is increasing and resources are 

limited. Healthcare systems should meet current needs while considering the needs of 

future generations. A sustainable healthcare system is defined by the Alliance for Natural 

Health (ANH, 2006) as: “A complex system of interacting approaches to the restoration, 

management and optimization of human health that has an ecological base, that is 
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environmentally, economically and socially viable indefinitely, that functions harmoniously 

both with the human body and the non-human environment, and which does not result in 

unfair or disproportionate impacts on any significant contributory element of the 

healthcare system”. Healthcare systems cannot be sustained unless the trade-off 

between restricted resources and increasing demands is addressed. A sustainable 

medicine focuses on eliminating diseases that affects the health and quality of the life of 

the people rather than focusing on creating new technologies that can only serve to those 

who can afford it (Kreisberg, 2006). 

Bayer Healthcare sustainable development has been performing work related to 

the areas of global compact initiative, fighting the neglected diseases, access to the 

medicines, and protecting the environment (Bayer Healthcare, 2011). Rosenberg-Yunger 

et al. (2008) discuss the issues and challenges of sustainability, innovations and priority 

settings within health systems related to biopharmaceuticals in Canada. 

2.1.2.1.1 Challenges – Demand vs. Resources 

Globally, healthcare faces multiple challenges including increasing demands, 

more expensive medical technology and drugs, higher patient expectations, and 

diminishing resources. These challenges are all considered unsustainable (Coiera and 

Hovenga, 2007). Other challenges may include rapid growth of elderly population. A 

balanced approach is required to address the demands of society, economic, and 

environmental needs. In order to ensure a sustainable healthcare system, available 

resources and demand must be equalized and balanced. 

2.1.2.1.2 Challenges – Complexity 

Sheard and Mostashari (2009) define that complex systems are constructed 

upon many independent and interacting parts that are not managed by a core integrating 

component. Healthcare systems include elements that interact in highly complex and 
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variable ways (Runciman et al., 2007). A challenge in healthcare systems is to effectively 

represent the complexity. A related challenge is to consider an appropriate level of 

complexity (Center for Resilience, 2006). An appropriate level of complexity will depend 

on the characteristics of the system to be studied, availability of data, and what is to be 

predicted. Numerous constituents, their interactions, and lack of a single core integrating 

element drive complexity in healthcare. The complexity in healthcare is also compounded 

by the multiple stakeholders (Baxter, 2010). Key stakeholders in healthcare include 

patients, physicians, nurses, hospitals, healthcare organizations, pharmacies, 

government regulatory, licensing and funding agencies, and insurance companies. The 

quantity of stakeholders in each category involved in healthcare is also continuously 

increasing, including the number of patients, hospitals, healthcare providers, and policy 

makers.  

The World Health Organization (2009b) emphasizes the importance of 

considering systems in healthcare and their associated complexity. In their curriculum on 

patient safety for medical schools, they have mandated the requirement to understand 

the healthcare systems and the impact of system complexity on patient care.  

2.1.2.2 Healthcare System of Systems 

Healthcare is considered a complex system of systems. Systems of systems, 

according to Jamshidi (2009), are “large-scale integrated systems which are 

heterogeneous and independently operable on their own, but are networked together for 

a common goal”. Healthcare can be considered a system of systems in that it is a 

collection of independent, large-scale, complex, and distributed systems 

(Wickramasinghe et al., 2007). According to Moore et al. (2011), healthcare is a system 

of systems since it can be continuously decomposed into collections of interacting 

elements. 
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2.1.2.3 Leading Indicators 

Systems engineering leading indicators (Roedler et al., 2010) provide important 

systems engineering project metrics. Sustainability is an important consideration within 

systems engineering. It is beneficial to consider the development of sustainability 

indicators. Sustainability indicators provide various measures of key factors or 

combinations of factors and can be used to gauge the effects of various policies, 

decisions, and changes in factors. Each type of complex system of systems may have its 

own unique set of sustainability indicators as well as those that are shared with other 

types of systems. The leading indicators would be analogous to the systems engineering 

leading indicators.  

2.1.2.4 Social Sustainability 

Social sustainability ensures respect for civil and political rights. The social pillar 

ensures people have equal access to resources and their civil and political rights are 

considered. It focuses on aspects such as equity, empowerment, accessibility, 

participation, cultural identity, and institutional stability (Faezipour & Ferreira, 2013b).  

Social sustainability includes every citizen’s right to actively participate in his/her 

society as an essential element. The precondition for this is the access to the respective 

societies’ resources (Omann & Spangenberg, 2002). Patient satisfaction and access to 

resources are considered as key factors in social and healthcare sustainability. 

2.1.2.4.1 Patient Satisfaction 

Patient satisfaction is an important factor in the social pillar. It is analogous to 

‘customer satisfaction’. 
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2.1.2.4.1.1 Definition 

Pascoe (1983) defines patient satisfaction as “a healthcare recipient’s reaction to 

salient aspects of the context, process, and result of their service experience”. This 

means patient satisfaction is an evaluation of the received services and experience. 

Patient satisfaction is a key criterion by which quality of healthcare services is evaluated 

(Young et al. 2000). Patient satisfaction is seen as an attitudinal response to the value 

judgments that patients form about their healthcare experience. These attitudes can be 

expressed either as cognitive (“I dislike my physical therapist”), affective (“I feel 

uncomfortable in the presence of my doctor”), or both (Strasser et al., 1993). Patient 

satisfaction is a subjective, dynamic patient perception of the extent to which expected 

healthcare is received (Larrabee & Bolden, 2001). Patient satisfaction expresses patient 

contentment in regards to services and resources provided. 

2.1.2.4.1.2 Effects and Impacts of Patient Satisfaction  

Many articles in the literature exist that provide aspects, effects, and impacts of 

patient satisfaction. According to Naidu (2009), factors affecting patient satisfaction 

include: access, care quality, cost, physician role and behavior, tangibles (physical 

facilities), and others. Lochman (1983) identifies factors that have the most noticeable 

relationship to patient satisfaction including the accessibility of medical care, the 

organizational structure of clinics, treatment length, perceived competence of physicians, 

clarity and retention of physicians' communication to patients, physicians' affiliative 

behavior, physicians' control, and patients' expectations. Kessler and Mylod (2001) 

identify a statistically significant link between patient satisfaction and patient loyalty. 

Bartlett et al. (1984) show that the quality of interpersonal skills and the physician’s 
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communication skills influence patient satisfaction. Finally, Shilling et al. (2003) confirm 

long waits in the clinic decrease patient satisfaction. 

2.1.2.4.1.3 Patient Satisfaction Measurement Methods 

Patient satisfaction has always been an important factor in healthcare and 

healthcare stakeholders have a special interest in obtaining the highest patient 

satisfaction (Faezipour & Ferreira, 2013b). Faezipour and Ferreira (2013b) have provided 

a summary of some of the patient satisfaction measurement methods. Gill and White 

(2009) present a review of literature related to patient satisfaction and discuss the role of 

perceived service quality in patient satisfaction.  

Methods have been developed to measure patient satisfaction in healthcare. The 

work of Hulka et al. (1970) provide the initial approach to measure patient satisfaction in 

the healthcare area with the development of a scale to measure attitudes toward 

physicians and primary medical care. Ware and Snyder (1975) developed the “Patient 

Satisfaction Questionnaire”, which helps with the planning, administration and evaluation 

of health service delivery programs. Larsen et al. (1979) developed the “Client 

Satisfaction Questionnaire”, which is an eight-item scale for evaluating general patient 

satisfaction with healthcare services. The “SERVQUAL” method was developed by 

Parasuraman et al. (1988). Meterko et al. (1990) developed the “Patient Judgment of 

Hospital Quality instrument”. Chahal (2000) developed a tri-component model that 

considers the loyalty of patients towards using the same provider. Brady and Cronin 

(2001) developed a model that considers attitude, behavior, and experience (interaction 

quality); ambient conditions, design, and social factors (physical environment quality); 

waiting time, tangibles and value (outcome quality). Daoud-Marrakchi et al. (2009) 

developed the Tunisian Measurement Scale to determine patient satisfaction based on 
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reception, nursing care, information, comfort, food, and invoice service in the Tunisian 

Patient Clinic. 

The Consumer Assessment of Healthcare Providers and Systems (CAHPS) is 

one of the tools applied for measuring patient satisfaction with quality of care. These 

surveys ask patients to report their experience with healthcare. The Agency for 

Healthcare Research and Quality (AHRQ) has been the lead developer of this program 

and the program has become an important national effort to measure and report the 

patient’s experience from healthcare (AHEQ, 2008). Hu et al. (2010) developed Taiwan 

Customer Satisfaction Index (TCSI) to measure patient satisfaction in Taiwan. TCSI is 

the modification of American Customer Satisfaction Index (ACSI) that is used to assess 

patient satisfaction in hospitals in United States (U.S.). ACSI produces scores on four 

levels: national, sector, industry, and company/agency. It consists of 10 sectors and 47 

industries. The sector related to the healthcare social sustainability is called “Healthcare 

and Social Assistance” that includes the industries of “Ambulatory Care and Hospitals”. 

ACSI measures customer satisfaction in each of these sectors and industries and 

produces scores for the causes and consequences of customer satisfaction and the 

relationships for each (ACSI, 2012). 

Survey tools exist that provide measurement and disciplines that impact the 

patient’s experience. Some of these tools are available to public (i.e. HCAHPS and 

RAND Health), while other tools are privately executed when hospitals register with the 

survey conducting company such as Press Ganey, NRC+Picker, and PRC. 

CAHPS or HCAHPS (Hospital Consumer Assessment of Healthcare Providers 

and Systems) survey is a 27-item survey instrument and data collection methodology for 

measuring patients’ perceptions of their hospital experience. Many hospitals have 

collected information on patient satisfaction for their own internal use, but until HCAHPS, 
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there were no common metrics and no national standards for collecting and publicly 

reporting information about patient experience of care. Since 2008, HCAHPS has allowed 

valid comparisons to be made across hospitals locally, regionally and nationally (CAHPS 

Hospital Survey, 2013). HCAHPS measures ten criteria: communication with nurses, 

communication with doctors, responsiveness of hospital staff, pain management, 

communication about medicines, cleanliness of hospital environment, quietness of 

hospital environment, discharge information, overall hospital rating, and recommend the 

hospital.  

The Patient Satisfaction Questionnaire (PSQ) from RAND Health, consisting of 

80 items, was originally developed by Ware and his colleagues (Ware, Snyder, and 

Wright, 1976, Part a & b). The PSQ-18 (Marshall & Hays, 1994) is a short form version 

that retains many characteristics of its full-length counterpart. The PSQ-18 takes 

approximately 3-4 minutes to complete. The PSQ-18 consists of 18 questions and is 

available on the RAND Health website (RAND Health, 2011). The questionnaire 

measures 7 aspects(subscales) including: general satisfaction, technical quality, 

interpersonal manner, communication, financial aspects, time spent with doctor, and 

accessibility and convenience. Technical quality considers quality of care, doctor 

conduct, facilities, and quality/competence.  Interpersonal manner focuses on 

consideration and behavior of staff. Communication includes explanations from the staff.  

Financial aspects consider cost of care. Time spent with doctor includes time staff 

spends with patients. Accessibility and convenience considers access to care 

(emergency care, convenience of services, availability of doctors, hospitals, and 

specialties). This research follows the PSQ-18 survey method. 

The most common survey measurement tools are Press Ganey, HCAPS, PSQ 

from RAND and ACSI.  
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2.1.2.4.2 Accessibility and Convenience 

Access shows the degree to which people can obtain the healthcare they need 

(Runciman et al., 2007). Accessibility ensures equal access to services and resources for 

people. Accessibility and convenience is used to measure patient satisfaction as one of 

the subsets of the RAND PSQ-18 (Rand Health, 2011). Accessibility to services and 

resources provides a measure to ensure all the patients have equal access to the 

services and resources offered in hospital. Equity of access may be measured in terms of 

the availability, utilization or outcomes of services (Gulliford et al., 2002).  

Many authors have included access to care as one of the aspects of patient 

satisfaction. Lochman (1983) identifies factors that have the most noticeable relationship 

to patient satisfaction including the accessibility of medical care, the organizational 

structure of clinics, treatment length, perceived competence of physicians, clarity and 

retention of physicians' communication to patients, physicians' affiliative behavior, 

physicians' control, and patients' expectations. As seen before, Naidu (2009), identified 

factors affecting patient satisfaction that included: access, care quality, cost, physician 

role and behavior, tangibles (physical facilities), and others. Ziaei et al. (2011) identify 

that accessibility and technical quality have the strongest association with the overall 

satisfaction. They found in their study that that physician’s accessibility and the technical 

quality had the strongest correlation with the level of overall satisfaction while physical 

setting and financial aspects had the weakest. According to Bacon (2009), greater 

availability of nursing unit supportive services and higher levels of work engagement 

produced higher levels of patient satisfaction. National Research Corporation (NRC), the 

Picker Institute, and Harvard Medical School identified eight dimensions of patient-

centered care. These dimensions are: patients’ experience, emotional support, physical 
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comfort, information & education, continuity & transition, coordination of care, access to 

care, and family & friends (NRC, 2014). 

2.1.2.5 Economic Sustainability 

Economic sustainability focuses on using accessible resources to their best 

advantage. Economic sustainability comprises a set of actions to be taken by present 

persons that will not diminish the prospects of future persons to enjoy levels of 

consumption, wealth, utility, or welfare comparable to those enjoyed by present persons 

(Bromley, 2008). It includes economic security including access to an adequate 

livelihood. Fair distribution and efficient allocation of the resources is required. This pillar 

ensures that the economic growth maintains a balance with the ecosystem. Economic 

sustainability is often seen as a matter of intergenerational equity (Anand & Sen, 2000). 

Economic sustainability can be utilized to define strategies to promote socio-

economic resources. A sustainable economic model proposes an equitable distribution 

and efficient allocation of resources (TRUiST, 2013). In order to produce profit and long 

term benefits, the use of the resources need to be promoted in an efficient way.  

Economic sustainability involves making sure that industries and businesses 

make a profit, but also do not create social or environmental issues or consequences that 

would harm the long-term goal of the business or industry (TRUiST, 2013). 

Nowadays, organizations need to carry out investment strategies that reduce 

costs, optimize efficiencies and mitigate risks. Economic sustainability can help 

organizations reduce costs, reduce costly inefficiencies and execute more efficient 

operations (4tell, 2014). 

Economic sustainability presents a standard and model for defining, measuring, 

implementing, and supporting financial performance decisions. Organizations, 

businesses, and companies are able to retain the required understanding and knowledge 
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to make informed financial decisions and implement strategies that produce positive 

results and achieve sustainability goals (4tell, 2014). 

2.1.2.6 Environmental Sustainability 

Environment sustainability considers the environmental impact on the world and 

ecological concerns. This category also includes laws, regulations, and policies defined 

by the government and other contributing sectors. The environment also encompasses 

energy, water, climate, and air considerations. The environmental challenges result from 

the population growth, the consumption patterns, and the technology options 

(Wackernagel and Rees, 1996 and Meadows et al., 1992). 

Healthcare systems are large complex systems that are responsible for a part of 

the environmental impact on the planet. This impact can affect the patient’s wellbeing. 

Environmental sustainability ensures the health of both human beings and the ecological 

systems. Jameton and Pierce (2001) state that health problems can be caused by 

neglecting the environment and environmental harm may be caused by healthcare 

services. Environmental sustainability in healthcare not only improves the planet we are 

living on but, if considered, may reduce the cost of services and resources offered in 

healthcare systems.  

2.1.2.6.1 Resource Scarcity 

According the Merriam-Webster online dictionary (2014), scarcity is defined as “a 

very small supply”. Environmental change, population growth, and unequal resource 

distribution are three main reasons of resource scarcity (Homer-Dixon, 1994). Scarcity 

occurs when there are limited resources while having unlimited needs. The resource 

consumption becomes fairly high which results in resource scarcity. This indicates yet 

another reason to comprehend environmental sustainability. When scarcity exists, there 

will be trade-offs between resources. 
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2.1.2.6.2 Healthcare Ecological Footprint 

One way to demonstrate the amount of consumption is to use the ecological 

footprint. The term was first introduced in the Ph.D. research by Mathis Wackernagel in 

1990 under the supervision of William Rees at the University of British Columbia 

(Wackernagel, 1994). The ecological footprint estimates how long it takes for the nature 

to regenerate the resources consumed by human beings. According to the Global 

Footprint Network (2011), the ecological footprint has become known as “the world’s 

premier measure of humanity’s demand on nature”. It measures how much land and 

water area is needed for the population to generate the resources and absorb the wastes 

by existing technology. Per the latest information from the Global Footprint Network 

(2011), it now takes the Earth one year and six months to regenerate what the population 

uses in a year. 

Healthcare ecological footprint was defined by Faezipour and Ferreira in 2011 as 

time required for nature to regenerate the resources used by the healthcare (Faezipour 

and Ferreira, 2011a). 

2.1.2.6.3 Healthcare Waste Products 

According to the Environment Protection Agency (EPA, 2005) healthcare waste 

products can be categorized into a few sub-categories: municipal solid waste, 

biohazardous waste, hazardous waste, and air emissions. Municipal solid waste is 

produced by the food products and office supplies consumed in healthcare facilities and 

are mostly recyclable. Biohazardous waste is caused by supplies consumed for treating 

patients that can transmit infectious diseases. Hazardous waste is a special type of waste 

that is toxic, acidic, reactive, and flammable. This type of waste is caused by some 

medication and equipment. Air emissions result from the facilities and some equipment in 
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healthcare. This type of waste can also result from burning medical and infectious waste. 

All types of wastes should follow associated regulations. 

2.1.2.7 Water Sustainability 

One of the most essential challenges the world is facing nowadays is to ensure 

everyone has access to an adequate and quality supply of water. Water is important both 

for the environment and human. Water covers over 70% of the Earth’s surface and is a 

very important resource for people and the environment (Water Pollution Guide, 2011). 

According to the Auburn Water System Inc., Consumer Confidence Report, after oxygen 

(air), water is the most fundamental element for human’s life (Auburn Water System, 

2010). The body cannot usually survive longer than a week without water (Miles, 1971). 

Water makes most of the body weight (50-70% of body weight, ~ 42 liters), and human 

blood, muscles, brain, and bones are made up mainly of water (85%, 80%, 75%, and 

25%, respectively) (Valtin, 2002). Harmful diseases can occur if body’s water supply 

decreases. According to the Institute of Medicine (2005), adequate intake of water 

prevents harmful effects of dehydration that include metabolic and functional 

abnormalities. 

The water resources are unfortunately limited. As the population increases, the 

demand for this precious resource is increasing. Unfortunately water is also wasted in 

many industries and in residential areas. Water sustainability focuses on the tradeoff 

between the most important needs and the resources and ensures everyone has an 

equal access to this resource. EPA provides a three-step plan towards water 

sustainability (EPA, 2012b):  

1) Sustainable water infrastructure; Sustaining the infrastructure that collects, 

treats, and delivers water-related services   
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2) Sustainable water sector systems; Sustaining all utilities and systems that 

provide water-related services  

3) Sustainable communities; Promoting the role of water services in communities 

2.1.2.7.1 Water Resources 

Water is an essential resource for all life on the planet. Uses of water include 

agricultural, industrial, energy, and domestic activities (UNESCO, 2009). Bielik et al. 

(2010) identify water use areas to include agricultural, industrial, household, recreational, 

and environmental activities. According to the US Geological Survey, 97% of the water 

on the Earth covers salt water and is undrinkable, that leaves only 3% of fresh water of 

which slightly over two thirds is frozen in glaciers, polar ice caps, locked up in Antarctica 

the Arctic, and not available to man and in inaccessible areas (USGS, 2011 and WBCSD, 

2009). The remaining unfrozen fresh water (0.5%) is mostly found as groundwater, with 

only a small part above ground or in the air (GreenFacts, 2011 & Foster and Chilton, 

2003). Thus it can be said that less than 1% of the entire world’s fresh water is consumed 

by human for meeting all needs including ecosystem such as agriculture or basic needs 

such as sanitation and drinking or manufacturing (WBCSD, 2009). 

Global water use has been growing nearly twice as fast for almost a century and 

by year 2050 the water use is going to increase significantly (HDR, 2006). According to 

the 2006 Human Development Report, the industry will account for most of this increase. 

The water use in Unites States is divided into eight categories (USGS, 2009a): 

Public supply, Domestic, Irrigation, Agriculture, Livestock, Aquaculture, Industrial, Mining, 

and Thermoelectric. According to USGS (2009a), California, Texas, Idaho, and Florida 

rank among the highest states for total water withdrawals (total water use) in the United 

States including fresh water, ground water, saline water, and surface water. Withdrawals 

in Texas account for about 7% of the national water use and the major category of water 
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withdrawal and use based on the data from USGS (2009a) are from the thermoelectric 

power and irrigation.  

Fresh water is a renewable resource. Unfortunately the world's supply of clean, 

fresh water is decreasing. According to Bielik et al. (2010), the water demand has 

surpassed the supply in many parts of the world. They discuss that as the world 

population increases, the demand for water increases. 

2.1.2.7.2 Water Scarcity 

Water scarcity is defined as “the point at which the aggregate impact of all users 

impinges on the supply or quality of water under prevailing institutional arrangements to 

the extent that the demand by all sectors, including the environment, cannot be satisfied 

fully” (Water for Life, 2011). Environmental deprivation such as pollution, reducing ground 

water levels, and increasing problems of water allocations are some symptoms of water 

scarcity. According to the United Nations, “water scarcity already affects every continent” 

(Water for Life, 2011). This report states that around 1.2 billion people live in areas of 

physical scarcity, and 500 million people are approaching this situation. Around 1.6 billion 

people, or almost one quarter of the world's population, face economic water shortage 

(this occurs when countries lack the basic and necessary infrastructure to extract water 

from rivers and aquifers). 

The United Nations report also indicates that water scarcity is among the main 

problems of the world and societies in the 21st century (Water for Life, 2011). Climate 

change is expected to increase water scarcity (Pacific Institute, 2009). Water use has 

been rising at more than twice the rate of population increase in the last century, and, 

although there is no global water scarcity as such, an increasing number of regions are 

frequently short of water (Water for Life, 2011). By 2025, 1.8 billion people will be living in 

countries or regions with absolute water scarcity (Water for Life, 2011).  
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Water scarcity is caused by natural and human-made occurrences (Water for 

Life, 2011). Although there is enough freshwater on the planet for the people living on it 

but unfortunately the water is distributed unevenly and there is so much water polluted, 

wasted, and unsustainably managed (Water for Life, 2011).  

Water scarcity may even occur in areas where freshwater and rainfall is available 

vastly. We can find out if there is enough water to meet the demands of the society, 

economic, and environmental needs if we can determine how the water is conserved, 

used, and distributed in communities, and determine the quality of the available water 

(WHO, 2009a). 

2.1.2.7.3 Water Footprint 

The water footprint concept was first introduced in 2002 at the international 

expert meeting on virtual water trade, held in Delft, The Netherlands (Hoekstra, 2003). 

This term is analogous to the ecological footprint concept which originated from the 

1990s (Wackernagel, 1994). Whereas the ecological footprint denotes the bioproductive 

area (hectares) needed to sustain a population, the water footprint represents the 

freshwater volume (cubic meters per year) required. 

The water footprint is “an indicator of water use that looks at both direct and 

indirect water use of a consumer or producer” (Water Footprint Network, 2011). The 

water footprint network also defines the water footprint of an individual, community or 

business as the “total volume of freshwater that is used to produce the goods and 

services consumed by the individual or community or produced by the business”. The 

water footprint is determined in terms of m3/year or cubic meters per year (Water 

Footprint Network, 2011).  

In The Water Footprint Assessment Manual, Hoekstra et al. (2011) defines a 

glossary for the main definitions related to the water footprint terms. The total water 
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footprint of an individual or community breaks down into three components: the blue, 

green, and grey water footprint. The blue water footprint is the volume of freshwater that 

evaporates from the global blue water resources (surface water and ground water) to 

produce the goods and services consumed by an individual or community. It excludes the 

part of the water withdrawn from the ground or surface water system that returns to that 

system directly after use or through leakage before it is used. The green water footprint is 

the volume of water that evaporates from the global green water resources (rainwater 

stored in the soil). The grey water footprint is the volume of polluted water that is 

associated with the production of all goods and services for the individual or community. 

According to Mekonnen and Hoekstra (2011), United States has had a high national 

consumption of water footprint in m3 per year per capita in the period of 1996-2005.  

2.1.2.7.4 Water Quality 

The quality water is vital to the environment, human health, and the economy 

(EPA, 2012d). The Clean Water Act (CWA) governs and controls the water pollution in 

the Unites States. This act provides a structure for regulating discharges of wastes and 

pollutants in the waters and regulating quality standards for surface waters (EPA, 2012e). 

EPA has also set wastewater standards for industry as well as water quality standards for 

contaminants and pollutants in the surface water (EPA, 2012e).  

EPA’s Water Quality research aims to protect human health and the ecosystem 

in support of the CWA by providing the methods and tools needed to assess, restore, and 

protect aquatic systems and provide improvements in water quality (EPA, 2012d). 

The long-term availability of clean, drinkable, and fresh water in urban areas is 

also a significant concern. Population growth rapidly consumes fresh water supplies and 

increases demand from agricultural and industrial applications. According to the Natural 

Resources Defense Council (NRDC), the collection, distribution, and treatment of 
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drinking water and wastewater nationwide uses great amounts of energy and releases 

approximately 116 billion pounds of carbon dioxide (CO2) per year. This amount of global 

warming pollution each year is equivalent to 10 million cars (NRDC, 2009). Global 

warming threatens to cause problems with runoff patterns and traditional rainfall. This 

could increase the severity and frequency of floods and drought (Morrison and Gleick, 

2004). All of these events affect human health and damage the healthcare system. 

Water quality includes important factors that are pH, dissolved oxygen, turbidity, 

fecal coliform, biochemical oxygen, total phosphates, nitrates, and total suspended solids 

(Oram, 2014a). The quality measure that is used in this research is dissolved oxygen. 

Dissolved oxygen (DO) refers to the volume of oxygen that is contained in water. This 

quality measure is important in aquatic life. The generally accepted minimum amount of 

DO that will support a very large population of various aquatic life is between 4 to 5 

milligrams per liters (mg/l) or parts per million (Oram, 2014b).   

2.1.2.7.5 Wastewater and Water Management 

Wastewater is any water that has been negatively affected in quality by people, 

equipment, or nature’s influence. According to the definition by United Nation, wastewater 

refers to water which is “of no further value to the purpose for which it was used because 

of its quality, quantity or time of occurrence” (UN, 2011). However, as the United Nations 

reports, wastewater from one user can be a possible supply to another user. Wastewater 

can comprise a wide range of contaminants, drugs, and concentrations. Wastewater can 

also negatively affect the environment. Most commonly, wastewater is referred as the 

municipal wastewater that contains a broad variety of contaminants that come from the 

mixing of wastewaters from different sources (Zhao and Miao, 2007).  

Sewage is a subset of wastewater and is contaminated with feces or urine (Zhao 

and Miao, 2007). Sewage consists of domestic, municipal, and industrial liquid waste 
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products that is disposed via a pipe or sewer or a similar structure, sometimes in a 

cesspool emptier (Zhao and Miao, 2007).  

Ramalho (1977) classifies water contaminants into three categories:  

1) Chemical (organic and inorganic chemicals)  

2) Physical  

3) Biological contaminants.  

Organic chemical contaminants cause oxygen depletion. Inorganic chemical 

contaminants include mercury and nitrates. Examples of physical contaminants include 

thermal pollution, color, foaming, discharges containing suspended solids, and 

radioactivity. Biological contaminants cause diseases such as cholera and typhoid.  

There may be minimal or no treatment when sewage is drained directly into 

major watersheds (Farahani, 2011). Farahani (2011) also discusses that sewage can 

have severe impacts on the quality of an environment and on the health of people when 

not treated. Sewage may drain directly into major watersheds with minimal or no 

treatment. When untreated, they may cause significant harm to the health and wellbeing 

of human and the ecosystem as stated.  

Only about 1% of the water on Earth is fresh water. Over-consumption, drought, 

and poor water management have resulted in the local, regional, or statewide water 

shortages prediction of thirty-six states in the U.S. by 2013 (AHA, 2010).  American 

Hospital Association (AHA, 2010) suggests that pumping, treatment, and maintenance of 

clean and drinkable water systems consumes energy which leads to air emissions 

associated with fossil fuel energy generation. 

According to the American Hospital Association (AHA, 2010) water management 

decreases water delivery and treatment costs by reducing the potable water use and 

wastewater generation in plumbing fixtures and fittings, landscaping, cooling towers, and 



29 

other uses. For energy management results, the features and practices can be integrated 

into the facility during building design and construction. Facilities can make improvements 

through commissioning, retrofitting, and staff training (AHA, 2010). 

According to EPA (2012c), wastewater management encompasses a broad 

range of efforts that include “promoting effective and responsible water use, treatment, 

and disposal and encouraging the protection and restoration of our nation's watersheds”.  

2.1.2.7.6 Water Conservation 

Water conservation reduces water use and saves money by using water more 

efficiently (EPA, 2010). Reduce, reuse, and recycle are referred as the three R’s of 

conservation (Ministry of Environment, 2005). New conservation methods and 

technologies are expected to reduce the usage of water via water reducing, water 

reusing, and water recycling. Water conservation is often referred to as water 

management strategy since it offers various benefits. According to this conservation plan, 

some benefits of water conservation or water efficiency include reducing water need and 

reducing energy related demands and greenhouse gas emissions (California Department 

of Water Resources, 2010). The report also discusses that reducing the water will reduce 

the demand of wastewater treatment and in longer term decrease the cost and energy 

related treatments and cost. RegreenEarth (2012) discusses some of goals of water 

conservation to include: 

• Sustainability (To ensure availability for current and future generations) 

• Energy conservation (Water related methods such as water pumping and 

delivery consume a large amount of energy)  

• Habitat conservation (To help preserve and protect fresh water habitats 

by minimizing human water use and increasing the quality of water) 
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Practice Greenhealth has defined steps to establish a water conservation 

program (Practice Greenhealth, 2011). The basic steps include auditing and monitoring 

the use of water to keep track of the use of water and also identifying opportunities for 

water conservation such as fixing leaks, reducing the use of water by implementing new 

practices. The remaining of the steps include planning for funding opportunities and 

planning on implementing water conservation by prioritizing opportunities and measuring 

and documenting success. 

2.1.2.7.7 Water Recycling 

Water recycling is reusing treated wastewater or gray water for beneficial 

purposes such as agriculture, landscape, public parks, golf course irrigation, cooling 

water for power plants and oil refineries, processing water for mills, plants, toilet flushing, 

dust control, construction activities, concrete mixing, and artificial lakes (referred to as 

ground water recharge) EPA, 2012a). Recycled water is mostly used for non-potable 

purposes. Water recycling offers resource and financial savings. According to EPA 

(2012a), water recycling is a sustainable approach and provides a cost effective 

resolution in the long term. According to a study performed in California, wastewater 

treatment requires additional energy for the treatment and transportation and extraction 

of water (California Energy Commission, 2005). One of the benefits of water recycling is 

that after treatment and meeting the water quality requirements, the ecosystem will be 

less polluted (Rock, 2012).  According to Rock (2012) wastewater treatment can be 

modified so that it will be able to meet the water quality requirements of the end user. 

Recycled water for landscape irrigation needs less energy and treatment than recycled 

water for drinking water (EPA, 2012a).  
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2.1.2.7.8 Water Reuse 

The term wastewater reuse is often used synonymously with the terms 

wastewater recycling and wastewater reclamation (McKenzie, 2005). Water reuse is the 

process of reusing treated wastewater without further treatment. According to National 

Research Council (NRC, 2012), municipal wastewater reuse may significantly increase 

the nation’s total available water resources. The U.S. Environmental Protection Agency 

(EPA, 2004) defines wastewater reuse as using treated wastewater, recycled or 

reclaimed water from one application for another application. When using water, it is 

important that the public health is not compromised through the use of reclaimed or 

treated wastewater (EPA, 2004). According to EPA (2004), there has not been any report 

of infectious disease that has resulted from the use of properly treated reclaimed water.  

McKenzie (2005) defines common types of reuse applications as:  

• Urban reuse; the irrigation of public parks, school yards, residential 

landscapes, and also fire protection and toilet flushing in commercial and 

industrial buildings  

• Agricultural reuse; irrigation of nonfood crops, commercial nurseries, and 

ground lands 

• Recreational impoundments; i.e. ponds and lakes 

• Environmental reuse; creating artificial wetlands, in order to enhance 

natural wetlands, and sustain the stream flows.  

• Industrial reuse; process or makeup water and cooling tower water reuse 

• Potable water supply augmentation (EPA, 2004) 

• Groundwater recharge (EPA, 2004) 

Currently, most reclaimed water is reused for non-potable purposes such as 

agricultural and landscape irrigation (NRC, 2012). 
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2.1.2.7.9 Water Reduction 

Water reduction refers to the total volume of water reduced by either using less 

water or reducing water consumption by implementing techniques and fixtures such as 

identifying unnecessary uses and fixing leaks, using minimum amounts of water to 

accomplish a task, installing meters on processes and equipment to be able to track, 

monitor, and reduce water use, identifying alternative processes that use less water or 

equipment modifications such as using low flush toilets (OCAPP, 2008).  

According to The U.S. Green Building Council (USGBC)’s LEED (2009), the 

intent of water reduction is to increase water efficiency in buildings to reduce the burden 

on municipal water supply and wastewater systems. 

Many companies have set a goal to reduce their water use in the next few years. 

Some practices that are used to reduce the use of water include the use of efficient 

fixtures and actively checking faucets, pipes, and toilets for leaks and repairing the issue. 

Use of efficient, water sense-labeled and water saving showerheads and high efficiency 

water sense-labeled toilets can also reduce the use of water. Using less water when 

possible (i.e. turning off the water for brushing the teeth), installing low flow aerators on 

bathroom faucets, and using dish washer and washing machine only when there is a full 

load can help to reduce water use (Eartheasy, 2012 and Save Our Water, 2014).  

2.1.2.8 Water Sustainability in Hospitals 

Sustainability in healthcare systems corresponds to balancing the diminishing 

resources and increasing demands. It also shall pay equal respect to the demands of 

society; the environmental and financial needs and ensure a sustainable quality of life for 

current and future generations. As discussed before, healthcare systems deal with many 

interactions between various systems and components (arising from complexity and 

various stakeholders).  
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Hospitals are a huge section of this complex system that also have many 

stakeholders involved and can be very complex. Hospitals also use greater than two and 

a half times the energy of a comparable commercial building, have a significant water 

footprint, and are large-scale producers of toxic waste (Sustainability Roadmap for 

Hospitals, 2014). Water is an essential resource for all and needs to be sustained for 

current and future generations. Since hospitals are a major consumer of water, 

considering water sustainability is becomes crucial. Understanding the different factors 

and factor relationships helps stakeholders make better decisions in selecting the best 

options to ensure a more sustainable system. Hospital water footprint is measured in 

Gallons per the Texas title 25, Chapter 133 Regulatory rule. It can be defined by gallons 

per hour per bed (Texas Department of State Health Services, 2010). 

This section classifies different types of water sustainability and identifies related 

practices that were performed in hospitals: 

2.1.2.8.1 Hospitals and Water Quality 

Hospitals are significant water users. The water quality in hospitals is a necessity 

since it’s regarded as having the highest standards for a clean and fresh environment.  

Water quality and availability are both essential to protecting patient health and 

critical to daily hospital operations (Sustainability Roadmap for Hospitals, 2010). Since 

water quality is a public health concern, healthcare organizations fit perfectly as part of 

the solution (Sustainability Roadmap for Hospitals, 2010). Regulatory aspects and best 

practices of a healthcare facility’s use and discharge of water should be considered. For 

example, some hazardous wastes are permitted to be discharged (i.e. glutaraldehyde or 

formalin) (Sustainability Roadmap for Hospitals, 2010).  

Water is used in hospitals for many different uses. The purpose for which the 

water is to be used determines the criteria for water quality. The criteria for drinking water 
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are usually not adequate for the medical uses of water (WHO, 2002). Failure to meet 

quality standards may cause infections related to water use (WHO, 2002). According to 

WHO (2006) drinking water should be safe for oral use. Thus, the water supply system 

should ensure the prerequisites of safe water. The overhead storage tanks should be 

cleaned repeatedly and the quality of water should be sampled and monitored once in a 

while to check for fecal contamination. Some micro-organisms in the hospital have 

caused infection of wounds, respiratory tract, and other areas where equipment such as 

endoscopes were washed with tap water after disinfection. Infection control teams should 

have valid policies for water quality to minimize risk of infections due to water in hospitals 

(WHO, 2006). When there is no safe water available for use, water should be boiled for 

five minutes to make sure it is safe. Alternatively, water purification units can also be 

used. The storage of water should be as sanitary as possible. Hands should not enter or 

contact the storage container. An outlet fitted with a tap could be used when water needs 

to be dispensed from the storage container (WHO, 2006). 

Storage containers and water coolers should be cleaned regularly. Based on a 

study conducted by the Tripura State Pollution Control Board (2011), it was found that the 

water quality of seven government hospitals were not suitable for drinking purposes due 

to the high turbidity, color, iron, Chemical Oxygen Demand (COD), and total suspended 

solid. To solve this problem, the overhead tanks need to be cleaned on a regular basis.  

Hospital water is one of the most frequently unnoticed and ignored sources of 

hospital acquired infections (nosocomial infection) and is potentially one of the most 

easily controlled (Jurasek, 2002). Jurasek (2002) discusses that the buildup of biofilm 

and corrosion of distribution lines and tank surfaces in the water because of aging or 

design defects. Patients risk exposure to waterborne microorganisms through showering, 

bathing, and drinking water (or ice). Exposure can happen by contacting medical 
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equipment that has been rinsed with tap water. Therefore, high-risk patients should avoid 

contact and exposure to hospital water and instead use sterile water (Anaissie et al. 

2002). 

Facilities can take more control over quality of their water by reducing 

dependence on outside suppliers for water. This can improve equipment operation and 

duration as well as protect against contaminants that can impact patient health 

(Sustainability Roadmap for Hospitals, 2010). 

Dissolved oxygen is a water quality metric that is important for the hospitals. A 

high DO level in a water supply is good because it makes drinking water taste better. 

However, high DO levels cause oxidization in water pipes. Therefore, industries try to 

keep the DO levels to 0.007 ppm or less and no more than 2.0 ppm (Free Drinking 

Water, 2014). 

2.1.2.8.2 Hospitals, Wastewater, and Water Management 

Hospital wastewater can cause pollution to the environment and health dangers 

to human since it is contaminated with drugs (ScienceDaily, 2007). The materials 

contained in hospital wastewater could be a threat to human (Atasoy et al., 2012). 

Emmanuel et al. (2002) gathered samples from the wastewater of a hospital in Southeast 

France and found out it contained pathogenic microorganisms, pharmaceutical partially 

metabolized, radioactive elements, and other toxic chemical substances. They also 

concluded that these contaminations negatively affected the environment. ScienceDaily 

(2007) reports that traces of these substances can be found in the sewers even after 

being treated since some of the substances are not biologically degradable.  

Researchers at the Fraunhofer Institute for Environmental, Safety and Energy 

Technology UMSICHT have developed a way to treat hospital wastewater within the 

hospital facility through a joint project with the Duisburg Institute of Energy and 
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Environmental Technology IUTA (Grundfos, 2011). The reclaimed water after treatment 

is ensured to contain no toxic substances. This treatment is conducted through a 

compact, biological purification plant that removes antibiotics and other medicine from the 

wastewater. This method was tested and confirmed by a technology project executed by 

Grundfos and Danish Institute of Water and Environment supported by the Danish Nature 

Protection Agency where they cleaned wastewater from Copenhagen University Hospital. 

After the purification, they found out that the wastewater did not contain any bacteria 

resistant to antibiotics and the medicine contents were reduced significantly making it 

possible for bathing (Grundfos, 2011). Other examples of hospital that implement a 

medical wastewater treatment are the Children’s hospital No 1 in HCM City, the Hung 

Vuong hospital, and the Cho Ray hospital in Vietnam (VietNamNet Bridge, 2011). 

Another project called the “Pharmafilter” project, carried out in Netherlands, uses an 

integral concept to treat wastewater from hospitals (Pharmafilter, 2011). The result is a 

much cleaner water that can be discharged into surface water and reused for other 

purposes such as toilet flushing. This treatment is being used in the Reinierde Graaf 

Gasthuis hospital in Delft (Pharmafilter, 2011).  
2.1.2.8.3 Hospitals and Water Conservation 

Water conservation is an important consideration for healthcare 

facilities. Reducing water use can result in lower water and sewer bills. In addition, many 

water conservation techniques are linked to energy conservation. This leads to more cost 

savings. More fundamentally, water is a highly valuable national resource. A reliable 

supply of clean fresh water is necessary to sustain our population and life.  

Water conservation measures in hospitals prioritize these needs while 

addressing wasteful or unnecessary practices. Performance improvement measures 

focus on fixing leaks, eliminating avoidable use, and implementing new technologies that 
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get the same job done using significantly less water. In addition to saving water, water 

conservation measures in hospitals save operating costs and energy. 

The U.S. has the highest per capita water use (HERC, 2012). According to the 

Massachusetts Water Resource Authority (MWRA, 2012), healthcare institutions are 

consistently within the top 10 water users in their communities. 

A study of the literature shows that some healthcare facilities (mainly hospitals) 

are applying methods to conserve water in their facilities. Water-saving efforts at Rex 

Healthcare include dual-flush toilets for solid and liquid waste, a storm-water retention 

pond to irrigate landscape plants around campus instead of using fresh water, and using 

microfiber mops that are more effective both for water conservation and for maintaining 

clean floors (Smith, 2008).  

Sharp Grossmont Hospital in San Diego started a ground water conservation 

effort called the drip system where a drip line is placed through a feeder to each 

individual plant (Sharp Grossmont Hospital, 2010). The line drips water to the plant three 

times a day, and as time progresses, eventually scales back water use to once a day. 

According to Andy Grossman, project manager for the Engineering Department at Sharp 

Grossmont, the new system will save the hospital an estimated 60 to 70 percent of water 

in the areas where the drip system was implemented, as compared to areas with a 

regular sprinkler system (Sharp Grossmont Hospital, 2010).  

Water is used in different areas in healthcare. Understanding where the water is 

used can help to achieve a better understanding of the healthcare system. This 

knowledge can help provide ways to minimize the use of water. Healthcare facility water 

use varies widely depending on type, size, geographical location, and water use 

equipment/practices (HERC, 2012). A study conducted by Practice Greenhealth in 2002 

(Practice Greenhealth, 2012) indicates that hospitals typically use 25% of their water for 
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domestic use (e.g. sinks, showers and toilets) and 75% for non-domestic or process use 

(including boilers, chillers, food services, operating rooms, sterile processing, and 

radiology). 

Cost saving is a huge incentive for healthcare systems. Hospitals that have 

conducted successful water use reduction programs have been able to reduce water use 

by approximately 20 to 30 percent. For large facilities, this can mean over $100,000 per 

year savings in water, sewer, and energy costs. Based on published reports, healthcare 

facilities that implement water conservation changes can expect a return on investment in 

the range of approximately 25% - 40%. Practice Greenhealth’s award-winning hospitals 

reported an average savings of $0.25 per staffed bed per day resulting from water 

conservation projects currently underway - for a 200-bed hospital this could mean $50 

per day or more than $18,000 per year (Practice Greenhealth, 2012). Southwest Florida 

Water Management District (SWFWMD, 2012a) created a checklist for hospitals to help 

facility managers evaluate the suitability of water saving modifications for improving the 

efficiency of their healthcare facility for the Tampa Bay area. A St. Petersburg hospital 

saves 50% of its water use by using bathroom retrofits, cooling adjustments, and 

recirculation system (SWFWMS, 2012b). 

As mentioned before, water resources are limited. Hospitals are beginning to use 

new technologies such as digital x-ray machines, efficient commercial dishwashers and 

washing machines that reduce water use to deal with the water scarcity issue (Pacific 

Institute, 2009). 
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2.2 Research Methods 

This section provides background information about different research methods 

that can be used for this research to be able to answer the research questions and 

design the research.   

2.2.1 Systems Engineering 

“Systems engineering is an interdisciplinary approach and means to enable the 

realization of successful systems.” (INCOSE Handbook, 2011). Systems engineering is 

an interdisciplinary field of engineering which addresses large and complex systems and 

considers the complete problem and solution. One of the goals of systems engineering is 

to better understand the behavior of a system and its problems. This discipline deals with 

large and complex systems and focuses on the system as a whole. Healthcare is a 

complex system of systems. Systems engineering can help to address the complex 

sustainability challenges in healthcare systems and hospitals. Reid et al. (2005) consider 

the necessity to build a partnership between systems engineering and healthcare.  

2.2.1.1 Systems Thinking 

Systems thinking is a systems engineering approach that can help address the 

complex challenges in different systems. Systems thinking is a method of placing the 

system in its context and observing the system’s role within the whole (Gharajedaghi, 

1999). Systems thinking is referred to as a world view; things are holistically seen and 

interconnected (Maani and Maharaj, 2004). 

Systems thinking perceives the world as a complex system and supports 

understanding its interconnectedness and interrelationships (Sterman, 2000). Systems 

thinking enables us to better understand complex systems.  
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2.2.1.1.1 Systems Thinking in Healthcare Sustainability 

Systems thinking can be applied to understand healthcare sustainability by 

considering the holism of systems. Systems thinking related to healthcare systems must 

consider how different parts in a healthcare system interact. For example, how does a 

late delivery from the pharmaceutical area in a hospital affect the patients in the 

healthcare system? In order to understand and manage a complex system, a system’s 

overall performance needs to be assessed (Costanza et al., 1992). Systems thinking can 

be also be applied to understand water sustainability in hospitals.  

Systems thinking, a core skill within systems engineering, has been employed to 

improve the healthcare domain. Atun and Menabde (2008) identify a framework for 

analyzing health systems and managing communicable disease programs. Systems 

thinking has also been applied to improve healthcare quality and patient safety. Chuang 

et al. (2008) identify enhancements to patient safety using a system-oriented event 

analysis model based on systems theory and risk management. According to (Swanson 

et al. 2012) systems thinking can help with approaches to health improvement and the 

current Health System Strengthening ‘HSS’ movement, by improving health practice, 

education, research, and policy.  

2.2.1.2 Decision Support Systems 

Decision support systems (DSS) consist of a class of information and 

computerized systems including knowledge-based systems that support decision-making 

activities. These systems aid in helping to choose among alternatives to achieve an 

optimum solution. Less changes are required thus the cost of implementation will be 

reduced and this will lead to an improvement in the quality of systems. DSS can be 

categorized in six groups (Power, 2007):  
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Model-driven; these DSS allow access to manipulate financial, optimization, and 

simulation models. Small data bases are generally needed for this type of DSS (Power, 

2002). 

Data-driven; these DSS allow access to manipulate the time series of internal 

company data and external and real-time data (Power, 2007).  

Communications-driven; Network and communication technologies are used in 

this type of DSS to assist the decision making communication and process. 

Document-driven; Computer storage is used for a document-driven DSS. This 

DSS may incorporate images, sounds, and documents. Search engine is one of the 

primary tools associated with this type of DSS (Power, 2002). 

Knowledge-driven; these DSS are computer person systems which consist of 

expertise that have problem solving skills. Artificial Intelligence (AI) and expert systems 

are more recent types of knowledge-driven DSS. Goul et al. (1992) studied various AI 

contributions to DSS.  

Web-based; these DSS use a web browser that serves as a host to deliver 

decision support information or decision support tools to those who can use the 

information (Power, 1998). 

2.2.1.2.1 Simulation 

Simulation is used to experiment and study models. Simulation can be used to 

test and predict a system before implementation. According to Alan and Pritsker (1989), 

simulation is the most used and useful technique of industrial engineers and operations 

researchers. One can perform ‘what-if’ analysis to consider alternative options and 

assess results. Simulation provides the basis for making decisions (Page, 1994). 

Simulators can help users to explore risks and evaluate the dynamic consequences of 

various decisions without having to actually build the real system. Decision makers can 
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use simulators to understand the system dynamics associated to a system. When 

developing a simulator, it is important to know what problems, issues, and questions are 

going to be addressed (Sterman, 2000).  

There are three existing methods for simulation modeling: continuous (system 

dynamics), discrete-event, and agent-based. The type of modeling chosen depends on 

the problem and work that needs to be done. The modeler decides which method to work 

with. Sometimes, a multi-model method is used if necessary. In discrete event modeling, 

the system state changes in discrete time by each event based on chronological 

sequences (Abdul Majid et al., 2009). Discrete event modeling typically involves a 

process flowchart that incorporates entities, resources, and processes. Continuous 

simulation is suitable for systems in which the variables can change continuously (Özgün 

and Barlas, 2009). This method is a top-down approach. Continuous modeling uses a 

feedback structure and contains loops with factors and factor relationships representing 

complex behaviors. This type of modeling is used for system dynamics modeling. A 

system is modeled as a set of autonomous decision making entities called agents in 

agent based modeling (Bonabeau, 2002). This method is a bottom-up approach. Agent 

based modeling involves agents, rules, behavior, and interactions. 

2.2.1.3 System Dynamics 

One can promote systems thinking by understanding a system’s dynamics. 

System dynamics, a systems thinking approach, can help in comprehending complicated 

relationships between key factors. To deal with the complexity, non-linear relationships 

as well as linear relationships must be considered. 

 System dynamics supports understanding the dynamic feedback behavior and 

structure in complex systems. Forrester (1961) developed this method. His work initially 
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addressed industrial and business systems management but has been applied to many 

other domains.  

An understanding of the factors and the relationships between factors can help in 

understanding what drives sustainability in healthcare systems. According to the US 

Environmental Protection Agency (2007), understanding the “interconnections, resilience, 

and vulnerabilities over time of natural systems, industrial systems, the built environment, 

and human society” is one major challenge in achieving sustainability that system 

dynamics can help to address.  

2.2.1.3.1 System Dynamics in Healthcare Sustainability 

System dynamics has been employed in various ways in healthcare. Table 2.1 

defines different applications of system dynamics in healthcare and the associated 

research work.  

Table 2.1 The Application of System Dynamics in Healthcare 

References Applications 
Hirsch, 1979 Strengths and difficulties of system dynamics in its 

applications to healthcare applications 
Royston et al., 1999 Develop and manage policies and programs using system 

dynamics in healthcare 
Wolstenholme et al., 
2004 

The benefits of using system dynamics to influence and 
interpret policy in a systemic way in patient pathways 
through hospital and mental health applications 

Brailsford et al., 2004 Modeling emergency and on-demand healthcare using 
system dynamics 

Rees and Orr-Walker, 
2005 

Healthcare planning and strategy to address diabetes 
using system dynamics 

Evenden et al., 2005 
 

Detecting, planning, and cost-benefit estimation of 
Chlamydia infection using system dynamics 

Homer and Hirsch, 2006 
 

Background and opportunities of using system dynamics 
modeling for public health 

Brailsford, 2007 
 

Opportunities and challenges of using system dynamics 
and reasons for failure in healthcare applications 

Complex Systems 
Modeling Group, 2008 

Concepts of system dynamics and the use of system 
dynamics in dieting 

Dierjs et al., 2008 
 

The use of system dynamics to manage and model risk in 
the ambulatory/outpatient surgical care area 
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Bayer, 2009 Examining the role of models in healthcare planning 
Stringfellow et al., 2009 

 
 
 

The use of system dynamics to measure the relative 
magnitude of effect of various policies and explore new 
ways of structuring the system to allow for better 
stakeholder alignment and achievement of system goals 

Amin and Wahba, 2003 
 

The use of system dynamics to model healthcare 
performance management in hospitals 

Dangerfield, 1999 
 

Review of system dynamics models addressing Europe’s 
healthcare issues and stage and treatment of HIV/AIDS 
using system dynamics models 

Erdil and Emerson, 2008 
 

The use of system dynamics to model Electronic Health 
Records in U.S. healthcare system 

Lane et al., 1998 
 

The use of system dynamics to model accident and 
emergency department in the British healthcare 

Lattimer et al., 2004 
 

The use of system dynamics in emergency and urgent 
care system within one health authority and investigating 
ways in which patient flows and system capacity could be 
improved 

Lubyansky, 2005 
 
 

A system dynamics model to investigate how healthcare 
providers can and should respond to increases in patient 
demand for treatment above usual levels (surge capacity) 
in emergency, disaster planning, and response 

Manley et al., 2005 
 
 

A system dynamics model was developed to help 
hospitals assess their ability to handle surges of demand 
during various types of disasters 

Hirsch et al., 2005 
 
 

Examining potential types of reform and the history of 
reform efforts. Presenting causal loop models that help to 
identify and explain what created the set of problems that 
exist and why efforts at reform have largely failed 

Mcdonnell et al., 2004 
 
 

Analysis of the health system performance within the 
WHO Framework using system dynamics 

Pedamallu et al., 2010 A system dynamics approach for modeling the 
phenomenon of intentional transmission of HIV/AIDS by 
non-disclosure of status in various risky situations 

Rwashana and Williams, 
2008 

 

To better understand immunization healthcare problems 
and increase immunization coverage effectiveness using 
system dynamics 

Lee et al., 2009.  
 
 

The use of system dynamics for patient's interaction with 
surgery and emergency departments 

Hirsch et al., 2010 
 

 

Planning programs for the prevention and treatment of 
cardiovascular disease using system dynamics 

Wu, 2010 
 

Modeling the progression of acute inflammatory responses 
using system dynamics 

Schröttner and Herzog, 
2010 
 

System dynamics use to estimate costs regarding hip joint 
endoprosthesis 

Table 2.1—Continued       
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Bayer et al., 2007 
 
 

System dynamics approach to address challenges of 
infrastructure planning that can examine the effect of 
changing healthcare demand 

Cody et al., 2007 
 

The use system dynamics to create a conceptual 
framework that will account for some factors causing 
disparity 

Haslett, 2007 
 
 

System dynamics utilization to see if the new built facility 
copes with the flow of patients from the Theatres, 
Endoscopy Rooms, and the Cardiac Catheter Lab (three 
streams of patients) 

Chaerul et al., 2008 Hospital waste management model based on system 
dynamics 

Ciplak, 2013 Impacts of hospital waste on workers 
 

System dynamics can be applied to understand the dynamic behavior of factors 

and factor relationships related to water sustainability in hospitals.  

2.2.1.3.2 Causal Model 

In support of system dynamics, causal models can provide a graphical 

understanding of a system’s factors and factor relationships. Causal diagrams capture 

the major feedback mechanisms within a model. The art in system dynamics is the effort 

to effectively represent the feedback relationships (Sterman, 2000). These diagrams can 

demonstrate various hypotheses about factors. They can also simplify the representation 

of a system. Elements (factors) and arrows (causal links) are included in a causal 

diagram. A sign (either + or –) is assigned on each link indicating an increasing or 

decreasing relationship between factors. The positive or negative signs on the arrows 

indicate the nature of the relationship in the causal model. In addition to the signs on 

each link, a complete loop can also be given a sign reflecting a positive or negative 

feedback. The arrow heads also have a direction that indicates the sequence of the 

factors and the factor relationships. Some factors have indirect relationships versus direct 

relationships. 

 

Table 2.1—Continued       
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Chapter 3  

Research Design 

This chapter describes the research design used to develop the identified 

research contributions in Chapter 1. Each section discusses the research activities that 

are part of the research design for developing the research contributions. The set of key 

activities and relationships used for the research design is presented in Figure 3.1. 

Develop causal model 
related to water 

sustainability in hospitals

Causal model validation

Develop simulator 
architecture

Identify, collect, and 
analyze simulator data

Populate simulator with 
analyzed data

Validation of populated 
simulator 

Literature review and 
analysis

Simulator architecture 
validation

 

Figure 3.1 Research Design 
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3.1 Literature Review and Analysis 

A comprehensive literature review of sustainability and healthcare, hospitals and 

water sustainability, as well as systems thinking and system dynamics in healthcare 

sustainability was performed to better understand what currently exists in the literature. 

Frequent literature searches were performed to update the material and include any 

additional work. The literature review is summarized in Chapter 2.  

A thorough literature review and analysis was performed to identify major 

categories of factors that contributed to an understanding of healthcare sustainability and 

water sustainability related to hospitals and to understand and identify the factors and 

factor relationships related to healthcare sustainability and water sustainability in 

hospitals. The literature review also helped in identifying some data for the simulator that 

was developed.  

3.2 Develop Healthcare Sustainability Causal Models 

This activity was an interim step in identifying the factors and factor relationships that 

considered water sustainability in hospitals. Healthcare sustainability causal models were 

developed to provide a better understanding of the factors and factor relationships that 

consider sustainability in hospitals. The research initially encompassed a very broad area 

that was related to healthcare systems. A better understanding of this whole system had 

to be achieved before exploring water sustainability in hospitals. Through literature review 

and analysis, major categories of factors were identified that contributed to an 

understanding of healthcare sustainability. Factors and their relationships within 

healthcare sustainability were developed through literature search and a rigorous review 

and analysis of the existing work. The factor categories were called the healthcare 

sustainability framework. The healthcare sustainability framework enabled a holistic view 

of the healthcare system and provided a guidance and common structure to better 
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understand the factors and their relationships in this complex system. The factor 

categories are discussed in Chapter 4. 

After the factor categories were developed, a series of causal models were 

created to represent factors and factor relationships that consider sustainability in 

healthcare (Faezipour and Ferreira, 2011a). These causal models provide an overview of 

sustainability considerations in healthcare and align with the three pillars and top level 

healthcare sustainability factor categories. The healthcare sustainability causal models 

are presented in Appendix A. An understanding of the factors and the relationships 

between factors helped in understanding sustainability considerations in healthcare 

systems. A more detailed causal model related to the environmental/energy category 

(Faezipour and Ferreira, 2011b) was also performed and presented in Appendix A along 

with the other healthcare sustainability causal models to show an example of one of the 

healthcare sustainability factor category causal models.  

The analysis of existing research and literature related to healthcare 

sustainability, systems engineering leading indicators, and also the healthcare 

sustainability factors and relationships led into a set of healthcare sustainability indicators 

that can be used to measure sustainability in healthcare systems. The sustainability 

indicators are discussed in Chapter 4.   

3.3 Develop Causal Model Related to Water Sustainability in Hospitals 

After the healthcare sustainability causal models were developed, another in-

depth literature analysis was performed for water sustainability in hospitals. Hospitals are 

a large component of the healthcare system and a major consumer of water resources. 

Water sustainability is an important challenge in hospitals. A goal of water sustainability 

related to hospitals is to manage the use of water without causing unacceptable social, 

economic, or environmental consequences (Faezipour and Ferreira, 2013a) . Multiple 
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factors contribute to water sustainability related to hospitals. Using the results of the 

literature review and analysis and also leveraging the developed healthcare sustainability 

causal models, the water sustainability causal model related to hospitals was created.  

A systems thinking perspective was applied that offers a holistic view of a system 

and facilitates understanding of complex systems. System dynamics modeling (a 

systems thinking method) was utilized to help understand the complex factor 

relationships. System dynamics aids in visualizing and exploring the structure and 

behavior of factors related to water sustainability in hospitals. Causal models are used in 

support of system dynamics to illustrate and capture the major feedback mechanisms 

within this system. Causal model diagrams can present various hypotheses about 

factors. The causal model was developed using Microsoft Visio diagrams. The factors are 

represented in bubbles. A sign is allocated to each link that implies either an increasing 

(+) or decreasing (-) relationship. The causal model also includes feedback loops. The 

details about the causal model related to water sustainability in hospitals are provided in 

Chapter 4. A hospital water use process model was also developed and is presented in 

Chapter 4. The process model was developed to give a better understanding of the 

factors and factor relationships in the causal model that related to the water use in 

hospitals. The process model was developed jointly with the dissertation advisor using an 

iterative process.  

3.4 Causal Model Validation 

The causal model needs to be validated in order to ensure all the factors and 

factor relationships are valid and reasonable. The purpose of the causal model validation 

is to ensure the factors and factor relationships in the model are a reasonable 

representation of reality. The causal model was first validated by the iterative process of 

updating factors and brainstorming with the dissertation advisor to make sure all the 
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factors and their relationships were valid. The dissertation advisor provided comments 

and recommendations that helped with the validation process.  

A validation presentation and package was developed that was first presented to 

the dissertation committee members. The dissertation committee members reviewed the 

presentation and package and provided inputs. Necessary changes were made and 

updates were applied to the causal model and validation package based on the 

dissertation committee recommendations. As a result of the validation process and with 

the assistance of the dissertation committee members, potential hospital contacts and 

validators were identified. Validators were contacted to assist with the causal model 

validation. Multiple individuals (nine) from three hospitals in the Dallas Fort Worth (DFW) 

Metroplex responded to help with the causal model validation. Validation presentations 

were made at these three hospitals and the validation package was provided to the nine 

validators. The validators that participated in the validation process in the hospitals were 

subject matter experts. They each had background information related to water, energy, 

and resource processes at their facility and were able to provide exceptional feedback 

regarding the model. The causal model validation package is provided in Appendix C. 

Based on the inputs that were received from the nine validators, a thorough analysis was 

performed to see what changes would be reasonable to make. The list of feedback and 

inputs from the validators are provided in Appendix D. Assessment, modifications, and 

list of recommended changes based on validator comments are also provided in 

Appendix D. There were additional modifications to the causal model that were based on 

walkthroughs with the dissertation advisor and further analysis of the model and the 

literature. The modifications to the model and justification related to each change is 

provided in Appendix D. The validated causal model was used as an input to develop the 

simulator architecture.  
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3.5 Develop Simulator Architecture 

Simulation modeling can be used to help decision support. It can be also used to 

assess results and evaluate the implications of various decisions at no risk. Simulation 

provides ‘what-if’ analysis to consider alternative options. Architecture is defined as “the 

organizational structure of a system or component” (IEEE, 1990).  Architecture provides a 

framework of how components are put together. The simulator architecture was 

developed using a system dynamics approach. A system dynamics simulator architecture 

includes a set of stocks, flows, and auxiliary variables. The notation for the system 

dynamics simulator architecture is shown below: 

Stocks represent states of the model or system. They are accumulations. Stocks 

are denoted with rectangles (Figure 3.2). 

 

Figure 3.2 Stock 

Flows represent changes in the state of the model or system. Inflows are 

represented by an arrow pointing to (adding to) a stock and outflows are represented by 

an arrow pointing out (subtracting from) of a stock. Rates control the flows. Flows are 

represented with valves (Figure 3.3). 

 

Figure 3.3 Flow (Rate) 

Auxiliary variables are combinations of information inputs. They can modify the 

flows. Auxiliary variables are shown with circles (Figure 3.4). 

 

Figure 3.4 Auxiliary Variable 

Stock

Auxiliary  v ariable
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Clouds represent the sources and sinks for the flows. Sources and sinks 

represent stocks that are outside of a model scope. Sources and sinks are assumed to 

have infinite capacity and can never constrain the flow they support (Figure 3.5). 

 

Figure 3.5 Cloud 

Arrows represent causal dependencies in the model. The simulator architecture 

was developed using the iThink simulation software (iThink, 2014).  

A water sustainability simulator related to hospitals can help users explore risks 

and evaluate the dynamic consequences of various decisions without having to interrupt 

or affect the existing hospital water system. The hospital water sustainability simulator 

models the factors that relate to water sustainability while considering the three pillars of 

sustainability (social, economic, and environmental). Individuals from healthcare systems 

and hospitals can use such a simulator to understand the system dynamics associated to 

hospitals and use this knowledge to make more informed decisions, leading to a more 

proactive paradigm. 

The overall simulator architecture is discussed in Chapter 4. The simulator 

architecture represents the validated causal model using system dynamics simulator 

notation. Information about the simulator architecture entities including the stocks, flows, 

and auxiliary variables are presented in Appendix E.  

The variables in the simulator are based on equations. These variables may be 

direct inputs or calculated amounts based on other variables. The equations are 

developed based on the relationships and the nature of the variables. Chapter 4 

discusses the equations in more detail. The equations are located in the equation layer 

and incorporated in the source code output of the simulator and called the model listing. 

A complete list of the iThink model listing is provided in Appendix F.   
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3.6 Simulator Architecture Validation 

After the simulator architecture was developed, the next step was to validate the 

simulator architecture. The purpose of the simulator validation process is to ensure that 

the simulator architecture is a valid representation of reality. The validation of the 

simulator is performed in two stages. In the first stage the simulator architecture is 

validated (Section 3.6) and in the second stage the populated (with data) simulator is 

validated (Section 3.9). The validation process was performed using guidelines and 

model tests from the Richardson and Pugh (1981) framework. These tests build 

confidence in the model. For the first stage, there was no data and the only test that was 

checked from the Richardson and Pugh framework was identified as “face validity”. Face 

validity checks the model’s structure to verify it is a recognizable picture of the real 

system and represents the essential characteristics of the actual system. An initial level 

of validation was completed prior to this point with the dissertation advisor to ensure the 

initial architecture of the simulator and the modules were valid and the model was a 

reasonable representation of the system. The simulator architecture was updated based 

on recommended changes. The simulator validation architecture process is similar to the 

causal model validation process. Walkthroughs were performed of the updated simulator 

and updates were made to the simulator based on recommendations from the 

dissertation advisor to ensure the simulator was valid. A simulator architecture validation 

package was provided and prepared for the validators. The simulator architecture 

validation package is provided in Appendix G. Four validators were identified from two 

DFW Metroplex hospitals to assess the model in the first validation stage. The validation 

package was presented to the validators to acquire their feedback. The simulator 

architecture was updated based on recommendations and insights from the validators. 
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The validation results, assessments based on validator comments, and modifications to 

the simulator architecture are discussed in Appendix H.  

3.7 Identify, Collect, and Analyze Simulator Data 

3.7.1 Identify Simulator Data 

After the simulator architecture was developed and validated, data needed to be 

collected in order to populate and run the simulator. After the simulator architecture was 

validated, a better understanding of the simulator and its data requirements were 

achieved. At this stage, the simulator architecture was validated and the structure of the 

model was complete, therefore it became much more clear what was needed in terms of 

the entities in the model such as stocks, flows, and auxiliary variables. Identified data 

requirements were used to develop a data collection package that was used to elicit data 

from hospitals and available resources for the simulator. When identifying the data 

requirements for the simulator, it was realized that some data was not available from 

hospitals and had to be extracted from literature and other resources. 

3.7.2 Collect Simulator Data 

After the data requirements were identified, quantitative data was collected to be 

able to populate the actual simulator. A data collection package was developed to elicit 

information needed to populate the simulator. This package included questions related to 

the variables in the model. The data collection package was provided and presented to 

two hospitals in the DFW Metroplex and actual hospital data was obtained. Some data 

was not available from hospitals and was obtained from literature. The data collection 

package is presented in Appendix I. The results from the data collection package along 

with hospital data is presented in Appendix J. The data related to some variables in the 

hospital water sustainability model that could not be obtained from hospitals were 

acquired through other resources and data-bases. There are some useful databases that 
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have information related to some of the variables in the simulator. Some organizations 

and government websites that have available information used in the model include: 

USGS (Water Use in the United States, 2009 a & b) and Dallas City Hall (2014 a & b).  

3.7.3 Analyze Simulator Data 

Some of the data obtained could not be populated directly in the simulation 

model. After the data had been extracted from hospitals and the available databases, the 

information had to be evaluated carefully to be able to determine what information could 

be used in the simulator. Some information required a unit of measure conversion. Other 

information needed to be adjusted and justified before populating in the simulator. Some 

information needed to be removed for privacy policies. Information that was received 

from hospitals along with information gathered through existing data-bases and 

justification for using these data is presented in Appendix J.  

3.8 Populate Simulator with Analyzed Data 

The simulation model was populated using the analyzed data from two hospitals 

and other resources. The simulator operation was monitored closely to ensure the model 

ran properly. If there were any problems or issues with the simulation model after being 

implemented, they were detected during this activity and necessary actions to correct the 

issues were performed.  

Different scenarios were developed to analyze the results and behavior of the 

simulator runs. The evaluation of results generated from these scenarios can allow the 

assessment of different policies associated with water sustainability related to hospitals 

and can help better understand the model results and behavior. The results of the runs 

and analysis of the simulator results are discussed in Chapter 4. 
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3.9 Validation of Populated Simulator 

Once the simulator was populated, validation exercises based on the populated 

version of the model were performed. Validation confirms if the model represented is 

useful. A validation package for the simulator was developed similar to the causal model 

and simulator architecture validation plan. The dissertation advisor reviewed the 

simulator validation package and updates were made based on recommendations. Four 

validators from three hospitals in the DFW Metroplex were identified to validate the 

simulator results. The validation package was provided to the validators. Based on 

recommendations and feedback from the four validators, no modifications were made to 

the simulator. The simulator validation package is presented in Appendix K. Validator 

recommendations, and assessment based on feedback are discussed in Appendix L. 

The validation process was performed using the Richardson and Pugh (1981) 

framework. This framework focuses on suitability and consistency. The model also 

represents the utility and effectiveness. It examines if the model is suitable for its 

purposes. It also checks if the model is consistent with the portion of reality it tries to 

capture. It focuses on how effective the model is in achieving the purposes of the study. It 

also checks if the model or its results can be used. The framework determines if the 

simulator runs as planned. Table 3.1 summarizes the tests used in the framework for the 

model validation activities.  

Some of these tests were performed by the validators and the remaining were 

performed by the dissertation author. For each of the tests performed by validators, 

feedback was acquired in the validation package. 
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Table 3.1 Simulator Validation Activities 

Activities Structure Behavior 
Suitability Tests  Dimensional consistency 

Extreme conditions in equations 
Boundary adequacy 

Parameter (in) sensitivity 
Structural (in) sensitivity 

Consistency 
Tests  

Face validity 
Parameter values 

Replication of reference 
mode (boundary adequacy 
for behavior) 
Surprise behavior 
Extreme condition 
simulations 
Statistical tests 

Utility and 
Effectiveness 
Tests 

Appropriateness of model 
characteristics for audience 

Counterintuitive behavior 
Generation of insights 

 

Activities and tests in the table are defined as follows: 

Tests for suitability: 

Dimensional consistency: The dimensions of the variables in the models are 

checked with the computation. This test was performed by the author. 

Extreme condition tests in equations: The equations of the models are checked 

to see if make sense when subjected to extreme but possible values of its variables. This 

test was performed by the author. Extreme values were used in some variables to see if 

the equations made sense. 

Boundary adequacy tests for structure: The structure of the model is checked to 

verify if it contains the necessary variables and feedback effects to address and suit the 

objective of the research. This test was performed by the validators. 

Parameter (in) sensitivity: The behavior of the model is checked to see if it is 

sensitive to reasonable variations in parameter values. This test was performed by the 

author. 
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Structural (in) sensitivity: The behavior of the model is checked to ensure the 

model is sensitive to reasonable alternative formulations. This test was performed by the 

validators. 

Tests for consistency: 

Face validity: The model’s structure is checked to verify it looks like the real 

system and represents the essential characteristics of the actual system. This test was 

performed by the validators. 

Parameter values: This includes two tests; first, the parameters are checked to 

ensure they are recognizable in terms of the real system. Second, the values selected for 

the parameters are selected to ensure they are consistent with the best information 

available for the real system. This test was performed by the validators. 

Replication of reference modes (boundary adequacy tests focusing on behavior): 

The model is checked to make sure it reproduces the various reference behavior modes 

that defined the research including the problematic behavior, any observed responses to 

past policies, and any conceptually anticipated behavior arising from hypothetical 

situations. This test was performed by the validators. 

Surprise behavior: The model is checked to see if it produces unexpected 

behavior under some test circumstances not observed in the real system. This test was 

performed by the author. 

Extreme condition simulations: The model is checked to verify it does not behave 

unreasonable under extreme conditions or policies. This test was performed by the 

author. 

Statistical tests: The model’s output is checked to verify it behaves statistically 

like the data from the real system (if possible). This test was performed by the author. 
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Tests for utility and effectiveness: 

Appropriateness of structure for audience: The model’s size, simplicity or 

complexity, and level of aggregation or richness of detail is checked to ensure it is 

appropriate for the audience intended for the research. This test was performed by the 

validators. 

Counterintuitive behavior: The models behavior is checked to see if it contradicts 

intuitions and later reflects a clear implication of the structure of the system. This test was 

performed by the author. 

Generation of insights: The model is checked if it can generate new insights 

about the system’s behavior. This test was performed by the author. 
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Chapter 4  

Research Results 

This chapter of the dissertation presents the results of the research. This chapter 

is organized to provide the results of the application of the research design discussed in 

Chapter 3. The results are used to address the research questions that were defined in 

Chapter 1. 

The research results include the healthcare sustainability causal models, the 

causal model related to water sustainability in hospitals, the causal model validation and 

results, the simulator architecture, the simulator architecture validation, data collection 

and simulator data population, simulator runs and results, and the validation of the 

populated simulator.  

4.1 Healthcare Sustainability Causal Models 

The definition of sustainable healthcare that is provided by ANH (2006) states 

that a sustainable system should address the three pillars of sustainability which are 

social, economic, and environmental. According to Sibthorpe et al. (2005), healthcare 

sustainability can be further segmented into six categories: political, institutional, 

financial, economic, client, and workforce. 

In order for healthcare to be sustainable, these six areas have to be addressed 

and balanced (Faezipour and Ferreira, 2011a). The Committee on Engineering and the 

Health Care System (2005) has developed a four level model of the healthcare system to 

explain the structure of this system. They derived their model from Ferlie and Shortell 

(2001) which identified four levels of change (individual, group/team, organization, larger 

system, and environment) for improving quality of healthcare in UK and the USA. Atun 

and Menabde (2008) adapted a framework for analyzing the healthcare system and its 

context. Baxter (2010) combined factors defined as the healthcare safety factors from the 
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World Health Organization (2009b), that included human, quality improvement, team, and 

managing risk factors as well as some other factors described in Hollnagel and Woods 

(2005) including human, technology, and organization factors. As a result, Baxter 

identified a set of factors that have an effect on healthcare complexity. These factors are 

people, task, technology and tool, team, environmental, and organizational factors. 

Factors associated to healthcare were discovered via literature reviews and 

analysis of the results. An analysis of the existing research identified major categories of 

factors that contributed to an understanding of healthcare sustainability. The top level 

categories include: patient, provider, resource, quality, financial, and environmental 

/energy (Faezipour and Ferreira, 2011a). These categories were defined to reflect the 

three sustainability pillars (WCED, 1987) and key categories and factors in the healthcare 

system. Table 4.1 lists these categories and shows how they align with other categories 

in the literature. The factors are shown in italic where they can span more than one 

category. 

Table 4.1 Healthcare Sustainability Factor Categories 

Healthcare 
sustainability 
factor 
categories 

Committee on 
Engineering 
and the 
Health Care 
System (2005) 

Sibthorpe 
et 
al. (2005) 

Atun and 
Menabde 
(2008) 

Baxter (2010) 

Patient Individual patient Client Social People 
Quality   Demographic Team 
   Epidemiological  
Provider Care team Workforce  Technology & 

tool 
Resource Economic 

environment 
Economic Economic Task 

Financial  Financial   
Environmental/
energy 

Political 
environment 

Political Environmental Environmental 

 Organization Institutional Political Organizational 
   Legal  
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Patient and quality correspond to the social pillar. The provider and resource are 

also partly incorporated in the social pillar. The provider includes people offering services 

to the healthcare while the resource are the supplies needed to offer this service. 

Therefore, resource can also be considered in the social pillar. Resource consumes 

money therefore it is directly related to cost and is incorporated in the economic pillar. 

Quality of services can be associated with cost. Thus, it could also belong to the 

economic pillar. Financial and provider correspond to the economic pillar. 

Environmental/energy relate to the environmental pillar. All of these major categories are 

interrelated and can contribute to creating a sustainable healthcare system. Figure 4.1 

illustrates the major categories that can be used as a basis to build a sustainable 

healthcare framework (Faezipour and Ferreira, 2011a). 

 

Figure 4.1 Healthcare Sustainability Categories (Faezipour and Ferreira, 2011a) 

A series of healthcare sustainability causal models representing the key factor 

categories were generated. These causal models provide an overview of sustainability 

considerations in healthcare and align with the three pillars and top level healthcare 

sustainability factor categories. 

The healthcare sustainability causal model along with a more detailed discussion 

of the major categories of sustainability in healthcare and a summary of the associated 
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factors for each category are presented in Appendix A. A detailed causal model related to 

the environmental category is also presented in Appendix A. 

4.1.1 Sustainability Indicators 

For each of the top level healthcare sustainability factor categories, a 

sustainability indicator is identified. These indicators are a starting point to measure 

sustainability in healthcare systems. Table 4.2 shows one indicator per sustainability 

category along with a rationale. There are many other indicators which can be defined. 

Table 4.2 Healthcare Sustainability Indicators (Faezipour and Ferreira, 2011a) 

Sustainability 

Category 

Sustainability 

Indicator 

Rationale 

Patient Quantity of 
individuals 
using wellness 
programs 

Wellness programs will increase well-being 
of patients. This is expected to reduce the 
quantity of patients and associated 
demands, helping to ensure sustainability. 

Provider Staff morale Staff morale can help to ensure effectiveness 
of services, which will result in patient 
satisfaction. 

Resource Demand for services 
and resources 

The need for resources including medication, 
healthcare facilities, and equipment. 

Quality Patient satisfaction Expresses patient contentment in regards to 
the cost, accessibility to services and 
resources, and patient well-being. Analogous 
to ‘customer satisfaction’. 

Financial Healthcare total cost Covers the cost of services including trained 
staff and resources including medication, 
healthcare facilities, and equipment offered 
to the patient. 

Environmental/ 
Energy 

Healthcare ecological 
footprint 

Represents the time required for nature to 
regenerate the resources used by 
healthcare. 

 

4.2 Causal Model for Water Sustainability Related to Hospitals 

An in-depth analysis of  research related to water sustainability in hospitals, 

analysis of healthcare factors, and the previously developed healthcare sustainability 
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causal models provided the inputs to help develop a set of factors and factor 

relationships that are represented in a causal model related to water sustainability in 

hospitals. Figure 4.2 represents a context model for water sustainability in hospitals. This 

context model provides an overall view of the water sustainability model. 

Hospital waste 
products

Hospital

Quantity 
of 

patients

Population’s 
general health

Wastewater

Long term relationship

Hospital 
scope

Natural 
habitats 
lifespan

External 
fresh water 

quality

Level of 
demand for 
services and 

resources

Actual 
volume of 

water needed

Water 
footprint

 

Figure 4.2 Context Model for Water Sustainability in Hospitals 

A process model was developed in order to better understand and identify the 

factors and factor relationships related to water use in the causal model and is presented 

in Figure 4.3. 
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Figure 4.3 Hospital Water Use Process Model 
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This process model represents the hospital water use that begins with the 

process of obtaining water from available water resources and continues through treating 

wastewater and discharging wastewater back into the environment. The water that is 

obtained from available water resources and used in hospital will become wastewater. 

The wastewater may be left untreated or be treated. The water can also be collected from 

other resources such as rainwater and used in hospitals. Some of the wastewater may be 

discharged into the sewer. The managed wastewater will eventually become part of the 

available water resources. The untreated wastewater may be stored in the hospital. The 

untreated wastewater may also be treated in the hospital. The treated water may be used 

in the hospital for purposes such as irrigation or cooling systems, among other purposes. 

Treated wastewater can also be stored in the hospital. The treated wastewater and 

stored treated wastewater may be discharged into the sewer or be reused in the hospital. 

All processes with the exception of obtaining water from available water resources and 

managing wastewater are performed within the scope of hospitals. 

The causal model related to water sustainability in hospitals includes factors 

related to water use within and outside the scope of hospitals. Multiple factors contribute 

to water sustainability in hospitals. The causal model related to water sustainability in 

hospitals is shown in Figure 4.4. This causal model is the final version of the causal 

model after going through modifications based on recommendations received from 

validators for the validation process. The gray factors in the causal model indicate factors 

that are external to the hospitals. 

Appendix B presents the factors in the causal model and includes a definition 

and unit of measurement for each factor.  
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Figure 4.4 Causal Model Related to Water Sustainability in Hospitals 
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4.2.1 Water Sustainability Causal Model Factor Relationships 

The causal model indicates that as the level of the overall population increases, 

the quantity of patients increases. The increase in the quantity of the patients is expected 

to increase the level of demand for services and resources. As the level of demand for 

services and resources increases the level of accessibility to services and resources is 

expected to decrease. As the cost of services and resources increases, level of 

accessibility to services and resources decreases. An increase in the level of accessibility 

to services and resources is expected to decrease the level of patient complaints. As 

patient complaints increase, the level of demand for services and resources is expected 

to decrease. 

The quantity of patients reduces as the level of patient wellbeing improves. As 

quantity of patients increase, quantity of staff and quantity of visitors is expected to 

increase. An increase in the quantity of staff increases the level of demand for services 

and resources for staff. Quantity of visitors increases the level of demand for services 

and resources for visitors and quantity of vendors increases the level of demand for 

services and resources for vendors. As quantity of patients, quantity of staff, quantity of 

visitors, and quantity of vendors increases, amount of hospital waste products increases. 

As amount of hospital waste products increases, the level of external fresh water quality 

decreases. More people will produce more waste in the long term which will decrease the 

quality level of external fresh water. These healthcare waste products include solid waste 

from the hospital and are handled separately from wastewater. 

As the demand for services and resources increases, the actual volume of water 

needed in the hospital is expected to increase. When the number of the people in 

hospital increases, more water is needed. This will increase the actual use of water that 

is called the water footprint. The increase in the volume of water used (water footprint) 
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will increase the volume of untreated wastewater, as using water will initially result in an 

untreated wastewater. However, the untreated wastewater may be treated. The untreated 

wastewater may increase the volume of water treated. The treated wastewater, on the 

other hand, may increase the volume of water reused. An increase in the volume of 

treated wastewater may cause an increase in the level of external fresh water quality 

since treated water is being discharged the quality of the water will not be depleted. As 

the volume of untreated wastewater or treated wastewater increases, the external level of 

fresh water quality is expected to decrease in the long term. Both treated wastewater and 

untreated wastewater contain contaminates and drugs that will decrease the quality level 

of the external fresh water. This will negatively affect the level of wellbeing of the overall 

population.  An increase in the quality level of external fresh water increases the level of 

patient wellbeing. As the overall wellbeing level of the population increases, the quantity 

of patients is expected to decrease. As the level of external fresh water quality increases, 

the life span of natural habitats increases. As the building size increases the actual 

volume of water needed increases. An increase in the temperature is also expected to 

increase the actual volume of water needed. 

An increase in water footprint would increase the price of water in the hospital. 

The water cost is affected by the amount of water used. The increase in price of water 

will increase the water cost in the hospital. The water cost in hospitals is the price of 

water times the amount of water used in the facility. As the water cost in hospital 

increases, the cost of services and resources is expected to increase. The amount of 

increase in the water cost may cause the society to react and object to the high costs. As 

the water footprint in the hospital increases, the volume of available water resources 

decreases. As the water footprint increases, the energy consumption related to water use 

increases. This will increase the energy cost related to water use in hospitals which will 
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cause a societal outcry. As the energy consumption related to water use increases the 

hospital greenhouse gas emission amount is expected to increase. As the volume of 

available water resources decreases, this will negatively affect the society. Also, as the 

volume of available water resources increases, the level of accessibility to the services 

and resources is expected to increase.  

As the actual volume of water needed increases, more energy is consumed to 

extract and prepare the water for use. The energy consumption increases the energy 

cost which may cause society to negatively react. As energy consumption increases, the 

greenhouse gas emission amount increases. Hospital ecological footprint represents the 

amount of land and water area required for nature to regenerate the resources used by 

the hospital. As the hospital greenhouse gas emission amount increases, the greenhouse 

gas emission amount is expected to increase. An increase in the hospital greenhouse 

gas emission amount, amount of waste products, and water footprint is expected to 

increase the hospital ecological footprint. As the hospital ecological footprint increases, 

the ecological footprint is expected to increase. An increase in the ecological footprint is 

expected to decrease the volume of available water resources since ecological footprint 

uses the water and land area. As the lifespan for natural habitats increases, societal 

outcry is expected to decrease. The increase in level of overall population wellbeing also 

decreases the societal outcry.  

A greater societal outcry is expected to increase the stringency of government 

regulations, standards, and policies for water sustainability considerations. When the 

severity of government regulations, standards, and policies increases, incentives may be 

offered to facilitate the water reduction, water reusing, and water recycling efforts. As the 

amount of incentives increases for implementing water sustainability methods, the level 

of hospital’s interest in getting the incentive is expected to increase. Also hospitals 
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constantly like to be recognized in their communities for sustainability achievements and 

as this level of interest increases, the probability of getting incentives and level of ineptest 

in getting incentives increases. When the level of interest increases and the probability of 

getting the incentive increases, the acquired incentive for hospital is expected to 

increase. Reduce, reuse, and recycle are referred as the three R’s of conservation 

(Ministry of Environment, 2005). New conservation methods and technologies are 

expected to reduce the usage of water via water reducing, water reusing, and water 

recycling. Increase in the incentives may increase the volume of water reduced, volume 

of water reused, and volume of water recycled. Increase in the volume of water reduced 

and the volume of water reused may lead to increase in the volume of water conserved. 

When water is conserved and the usage decreases, the volume of water needed in the 

hospital is expected to decrease. Acquired incentives increases the volume of treated 

wastewater. As the treated wastewater increases, the volume of water reused increases 

which will increase the water conserved. Acquired incentives also increases the volume 

of water reduced which will also increase the water conserved. When water is conserved 

the actual volume of water needed decreases.  

4.2.2 Water Sustainability Causal Model Feedback Loops 

Factors in the causal model relate to the three pillars of sustainability. The water 

sustainability causal model includes a number of feedback loops. For the purpose of 

understanding the model, a feedback loop related to each sustainability pillar is 

presented. A feedback loop related to the social pillar includes the level of demand for 

services and resources for patients, level of accessibility to services and resources, and 

quantity of patient complaints. Figure 4.5 represents the feedback loop related to the 

social pillar. Another loop includes actual volume of water needed, water footprint, price 

of water, cost of services and resources, level of accessibility to services and resources, 
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quantity of patient complaints, and level of demand for services and resources for 

patients. This feedback loop is related to the economic pillar and is shown in Figure 4.6. 

The feedback loop related to the environmental pillar includes quantity of patients, 

amount of hospital waste products, level of external fresh water quality, and level of 

overall population wellbeing. The feedback loop related to the environmental pillar is 

represented in Figure 4.7. 
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Figure 4.5 Feedback Loop Related to the Social Pillar (Faezipour and Ferreira, 2014) 
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Figure 4.6 Feedback Loop Related to the Economic Sustainability Pillar (Faezipour and 

Ferreira, 2014) 
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Figure 4.7 Feedback Loop Related to the Environmental Sustainability Pillar (Faezipour 

and Ferreira, 2014) 

4.2.3 Water Sustainability Causal Model Validation 

The purpose of the validation process is to ensure the factors and factor  

relationships represented in the causal model are valid. A causal model validation 

package was prepared and presented to nine validators that were experts at various 

hospitals. This validation package included a validation purpose, a model introduction, 

the causal model, a context model, a process model figure and model narrative, 

description on how to read the model and what the symbols mean, tables describing the 

factors, the definition of each factor, corresponding units of measurement, factor 

relationships, and a set of questions that validators were required to answer related to the 

model. This validation package was provided to the validators that were required to have 

an understanding of water sustainability considerations related to hospitals and work at 

hospitals. The validators reviewed the package and provided their feedback. The 

validation package is presented in Appendix C. The causal model was validated with the 

help of the nine experts in four DFW Metroplex hospitals. The validators provided 

comments and feedback related to the causal model. Assessment was provided based 

on validator comments to indicate whether change or changes to the model was 
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necessary or not. The causal model was updated and changes were made according to 

recommendations given. The validator comments, assessments, and model updates are 

presented in Appendix D. The validated causal model was used to develop the water 

sustainability simulator related to hospitals. 

4.3 Water Sustainability Simulator Related to Hospitals 

A water sustainability simulator related to hospitals can help users explore risks 

and evaluate the dynamic consequences of various decisions without having to interrupt 

or affect the existing hospital water system. The simulator helps to perform what-if 

analysis to assess alternative decisions. The water sustainability simulator models the 

factors that relate to water sustainability while considering the three pillars of 

sustainability (social, economic, and environmental). Individuals who influence healthcare 

systems and hospitals can use such a simulator to understand the system dynamics 

associated to hospitals and use this knowledge to make informed decisions, leading to a 

more proactive paradigm. The system dynamics simulator that was developed includes a 

set of the validated causal model factors and factor relationships. A subset of the causal 

model was implemented for the simulator architecture development. Most of the factors in 

the causal model were used in the simulator architecture development and the factors 

that remained were mainly factors that were difficult to quantify and did not change the 

overall structure of the sustainability model. These factors included the level of societal 

outcry related to sustainability, level of stringency of government regulations, standards, 

and policies related to water sustainability, amount of incentives for implementing water 

sustainability methods, level of hospital interest in getting incentives, probability of getting 

incentives, and level of interest of hospital for being recognized in their communities for 

sustainability achievements. These factors are discussed in Chapter 5 for future work.    
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The simulator architecture was developed using the iThink simulation software 

and is presented in Figure 4.8 (overall model). In order to better visualize the simulator 

architecture, the simulator is split into three sections in Figures 4.9-4.11. This simulator is 

the final version of the system dynamics model after going through modifications based 

on recommendations received from validators for the validation process. The stocks, 

flows, and auxiliary variables of the simulator architecture are listed along with definitions 

and unit of measurements for each variable in Appendix E. 

The system dynamics simulator represents a set of the validated causal model 

factors and factor relationships. The elements in the system dynamics model are 

connected to each other with the connectors and arrows but they also have underlying 

equations. Based on the data received from the hospitals, the model is a deterministic 

model and the equations reflect the nature of the model. There are 117 elements in the 

simulator (including stocks, flows, and auxiliary variables). Some of these variables are 

direct inputs and do not have an equation. An example is the overall population where it 

represents the population in the DFW Metroplex. For some variables, a condition is 

added to the equation to retain the results within the hospital’s scope, averages, and 

capacity. The complete iThink model listing is presented in Appendix F.  



 

 

76 

 

Figure 4.8 Water Sustainability Simulator Related to Hospitals (Overall)
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Figure 4.9 Water Sustainability Simulator Related to Hospitals (Section 1) 
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Figure 4.10 Water Sustainability Simulator Related to Hospitals (Section 2)
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Figure 4.11 Water Sustainability Simulator Related to Hospitals (Section 3)
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4.4 Simulator Architecture Validation 

The simulator validation was performed in two stages. The first stage is the 

validation of the simulator architecture and the second stage is the validation of the 

populated version of the simulator. This section discusses the validation of the simulator 

architecture. The purpose of the validation process is to ensure that the architecture of 

the simulator is valid and is a reasonable representation of reality. The validation of the 

simulator architecture was performed using guidelines and model tests from the 

Richardson and Pugh (1981) framework that builds confidence in the model. The only 

test conducted at this stage was the “face validity” test since no data was included in the 

simulator. Face validity tests the model’s structure to verify it looks like the real system 

and represents the essential characteristics of the actual system. A validation package 

was prepared and presented to four subject matter experts in DFW Metroplex hospitals. 

This package included the causal model and the simulator architecture along with tables 

that described the factors and variables. Questions were asked to ensure the structure of 

the simulator architecture represented the real system. For each variable, the validators 

were asked if the variable was valid, if the variable definition was reasonable, and if the 

unit of measure was reasonable. Validators were asked to verify the relationships were 

reasonable and identify if there were any missing or incorrect variables or relationships. 

Validators were also asked to provide additional comments. The simulator was updated 

and modified based on recommended changes and feedback from validators. The 

simulator architecture validation package is provided in Appendix G. Validator feedback 

and assessment based on the feedback is provided in Appendix H.  

4.5 Simulator Data Collection and Analyze Data  

After the simulator architecture was validated, a data collection package was 

developed to elicit information needed to populate the simulator. The data package was 
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provided and presented to hospitals in the DFW Metroplex. The data collection package 

included a set of questions about the variables in the simulator that the hospital 

representatives were able to fill in. 

After the data was received from the hospitals the information had to be analyzed 

and evaluated since some data received from hospitals could not be directly used in the 

simulator and had to be transformed into other units or scaled for the particular unit of 

measurement the variable used in the simulator. The data received from the hospitals 

included variables that were either direct inputs (e.g., overall population) or a calculated 

amount based on other variables. 

The data collection package is presented in Appendix I. Answers from hospitals 

along with data that was not available from the hospitals is presented in Appendix J. For 

the data that was not available, other resources and data bases were used to fill in the 

information.  

4.6 Simulator Runs and Results  

A simulator enables decision makers to see and understand the impacts of 

different decisions. Various scenarios may occur within the current water sustainability 

system. The evaluation of results generated from these scenarios can allow the 

assessment of different policies associated to water sustainability related to hospitals.  

Simulations have been carried out to understand how the different variables in 

the system influence particular outputs. Outputs that are important for hospitals include 

water footprint, cost of services and resources, hospital ecological footprint, level of 

external fresh water quality, and level of overall population wellbeing. These variables are 

important to hospitals since they will have an impact on the level of societal outcry related 

to sustainability which is an indicator that provides the society’s level of approval with the 

current circumstances related to sustainability.  
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One of the input variables in the simulator is the volume of water reduced. 

Another input variable is the volume of water reused. These two inputs indicate how 

much water is conserved in hospitals. Different scenarios can be developed and tested to 

evaluate the impact of these two variables on some of the outputs and see how effective 

the impact can be in improving conditions. The impact of these variables can be 

evaluated on outputs related to variables in three pillars of sustainability. Hospitals can 

use the simulator to evaluate different water conservation policies to understand the 

impact of their decisions on simulator outputs. 

Information from two hospitals was used to populate and run the simulator. For 

each of these hospitals, three scenarios were tested: a baseline case, a 15% water 

reduction case, and a 20% water reuse case. Each scenario includes output results. 

Outputs that were analyzed include water footprint, cost of services and resources, 

hospital ecological footprint, external fresh water quality, and overall population 

wellbeing.  

4.6.1 Hospital 1; Scenario 1: Simulate Baseline Case 

In this scenario, the user runs the simulation without modifying the volume of 

water reduced and the volume of water reused and the simulation runs as-is. This 

particular hospital has no existing water reduction but already implements water reuse. 

After running the simulator for 30 days, the results are shown for day 30. The following 

are the model outputs that are analyzed for each case:  

Water footprint: relates to the environmental pillar. The water footprint for the 

baseline case is 425,818 gallons per day. 

Cost of services and resources: relates to the economic pillar. The cost of 

services and resources for the baseline case is $1,834 per day. 
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Hospital ecological footprint: relates to the environmental sustainability pillar. The 

hospital ecological footprint for the baseline case is .149394 gha (global hectares). A 

global hectare is equivalent to one hectare of land or water with average productivity 

ability (Austrialian Academy of Science, 2008). 

External fresh water quality: relates to the environmental pillar. The external fresh 

water quality is 1.63ppm (parts per million). 

Level of overall population wellbeing: relates to the social sustainability pillar. 

Represents the % of people becoming sick. The overall level of population wellbeing for 

the baseline case is .0116129. 

4.6.2 Hospital 1; Scenario 2: Simulate Water Reduction Case 

The user runs a case that includes water reduction of 15%. The results can be 

compared with the baseline case or other scenarios that consider varying attributes 

related to water reduction. The user can then see the effects of this variable on the output 

parameters. These outputs are from the three pillars of sustainability. The results are 

shown after running the simulation for 30 days and represents the results on day 30.  

Model outputs: 

Water footprint: will decrease when the water use is reduced. The water footprint 

will decrease from 425,818 gallons per day in the baseline scenario (no reduction) to 

375,831 gallons per day (with reduction). The initial decrease in water footprint is 

because of the water reduction. Decrease in water footprint reduces the cost of services 

and resources. On the other hand, when water footprint is reduced, the wastewater 

discharged in the sewer becomes concentrated with less DO levels therefore the quality 

of the external fresh water is expected to decrease. Higher DO levels are better both for 

the purpose of wellbeing and the survival of aquatics (natural habitats in water) to a 

certain point as explained in sections 2.1.2.7.4 and 2.1.2.8.1. The reduction in water 
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quality will negatively impact the health of the overall population which will in turn result in 

more hospital visits. As the cost decreases, accessibility to services and resources 

increases and that will decrease the percentage of patient complaints which will factor 

into patients more likely increasing their visits to the hospital. This means the number of 

patients will increase. More patients will increase the consumption of water. This will 

cause an increase in water footprint. As the water footprint increases, external fresh 

water quality increases and that will have an effect on the % of people becoming sick. 

The % of people becoming sick will decrease therefore less people will visit hospitals and 

be admitted. Also, cost has increased and that means less accessibility and more 

complaints therefore the number of patients admitted will decrease. At some point, some 

variables will overpower other variables in the model. In the end, the water footprint will 

balance out and remain at a stable value. The effect of reduction is slightly more than 

15% and this is because of the system dynamics and the effects of other factors and their 

relationships that need to be taken into account as discussed.   

Cost of services and resources: there is a decrease in the cost of services and 

resources. In the case of no reduction the cost is $1,834 and with a reduction the cost 

goes down to $1,572. The cost of services and resources is impacted by other variables 

in the model which are the water footprint, the water cost in hospital and  

patients admitted.  

Hospital ecological footprint: will also decrease when the water use is reduced. 

The hospital ecological footprint will decrease from .149394 gha in the baseline scenario 

(no reduction) to .132775 gha (with reduction). The hospital ecological footprint is 

affected by the water footprint and the amount of hospital waste products.  

External fresh water quality: will also decrease when the water use is reduced. 

The external fresh water quality will decrease from 1.63ppm in the baseline scenario (no 
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reduction) to 1.43ppm (with reduction). The behavior of the external fresh water quality 

was stated in the water footprint section. When number of patients admitted decreases 

and the water footprint increases, external fresh water quality increases.  

Level of overall population wellbeing: will increase when the external fresh water 

quality is reduced. The overall level of population wellbeing increases from .0116129 to 

.0116703.  

4.6.3 Hospital 1; Scenario 3: Simulate Water Reuse Case 

The user runs a case that includes an additional 20% to the water reuse that is 

already being implemented at the hospital. This particular hospital already implements 

water reuse in their system. The 20% water reuse is additional to the water reuse that is 

being implemented at the hospital. The user can evaluate the impact of performing the 

baseline water reuse versus the additional reuse of 20% on hospital output variables in 

the three pillars of sustainability.  

Model outputs: 

Water footprint: will decrease when the water use is reused. The water footprint 

will decrease from 425,818 gallons per day in the baseline scenario to 358,167 gallons 

per day (with reuse). The initial drop in water footprint is because of the water reuse that 

will impact the use of water in the hospital. As water footprint decreases, water cost 

decreases and cost of services and resources also decreases. Hospital ecological 

footprint will also decrease. A decrease in water footprint will decrease the quality of the 

external fresh water because of the much less levels of DO. As the quality of the external 

fresh water decreases, the percentage of people that become sick increases and that will 

increase the number of patients admitted. On the other hand, when cost decreases, 

accessibility to services and resources increases which will decreases the percentage of 

complaints. As the complaints decreases, people are more likely to return to the hospital 
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to receive services therefore the number of patients admitted increase. This will increase 

the number of patients admitted which will in return consume more water and increase 

the water footprint. As water footprint increases, external fresh water quality will start to 

increase. More patients will produce more waste and that will also affect the external 

fresh water quality. At some point the complaints overpowers the overall population 

wellbeing. Finally, the water footprint will begin the balance and stabilize at a certain 

point. The effect of reuse is slightly more than 20% and this is because of the system 

dynamics and the effects of other factors and their relationships that need to be taken 

into account as discussed.  

Cost of services and resources: there is a decrease in the cost of services and 

resources. In the baseline case the cost is $1,834 and with a reuse the cost goes down to 

$1,487. The decrease in cost of services and resources is the result of the decrease in 

water footprint and the water cost in hospital.  

Hospital ecological footprint: will also decrease when the water use is reused. 

The hospital ecological footprint will decrease from .149394 gha in the baseline scenario 

to .12688 gha (with reuse).  

External fresh water quality: will also decrease when the water use is reused. 

The external fresh water quality will decrease from 1.63ppm in the baseline scenario to 

1.37ppm (with reuse). The behavior of the external fresh water quality was stated in the 

water footprint section. When number of patients admitted decreases and the water 

footprint increases, external fresh water quality increases. 

Level of overall population wellbeing: will increase when the external fresh water 

quality is reduced. The overall level of population wellbeing increases from .0116129 to 

.0116906.  
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4.6.4 Hospital 2; Scenario 1: Simulate Baseline Case 

In this scenario, the user runs the simulation without modifying the volume of 

water reduced and the volume of water reused and the simulation runs as-is. This 

particular hospital has no existing water reduction or water reuse. After running the 

simulator for 30 days, the results are shown for day 30.  

Model outputs: 

Water footprint: relates to the environmental pillar. The water footprint for the 

baseline case is 320,108 gallons per day. 

Cost of services and resources: relates to the economic pillar. The cost of 

services and resources for the baseline case is $6,412 per day. 

Hospital ecological footprint: relates to the environmental sustainability pillar. The 

hospital ecological footprint for the baseline case is .116049 gha (global hectares). 

External fresh water quality: relates to the environmental pillar. The external fresh 

water quality is 1.04ppm (parts per million). 

Level of overall population wellbeing: relates to the social sustainability pillar.  

Represents the % of people becoming sick. The overall level of population wellbeing for 

the baseline case is .0117879. 

4.6.5 Hospital 2; Scenario 2: Simulate Water Reduction Case 

The user runs a case that includes water reduction of 15%. The results can be 

compared with the baseline case or other scenarios that consider varying attributes 

related to water reduction. The user can then see the effects of this variable on the output 

parameters. These outputs are from the three pillars of sustainability. The results are 

shown after running the simulation for 30 days and represents the results on day 30.  
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Model outputs:  

Water footprint that: will decrease when the water use is reduced. The water 

footprint will decrease from 320,108 gallons per day in the baseline scenario (no 

reduction) to 274,912 gallons per day (with reduction). The water footprint will balance 

and stabilize after few days. The effect of reduction is slightly more than 15% and this is 

because of the system dynamics and the effects of other factors and their relationships 

that need to be taken into account as discussed.  

Cost of services and resources: there is a decrease in the cost of services and 

resources. In the case of no reduction the cost is $6,412 and with a reduction the cost 

goes down to $5,475.  

Hospital ecological footprint: will also decrease when the water use is reduced. 

The hospital ecological footprint will decrease from .116049 gha in the baseline scenario 

(no reduction) to .102293 gha (with reduction).  

External fresh water quality: will also decrease when the water use is reduced. 

The external fresh water quality will decrease from 1.04ppm in the baseline scenario (no 

reduction) to .90ppm (with reduction). When number of patients admitted decreases and 

the water footprint increases, external fresh water quality increases. 

Level of overall population: will increase when the external fresh water quality is 

reduced. The overall level of population wellbeing increases from .0117879 to .0118323.  

4.6.6 Hospital 6; Scenario 3: Simulate Water Reuse Case 

The user runs a case that includes water reuse of 20%. This hospital does not 

have any reuse or recycling programs in its facility therefore the 20% reuse will be an 

experiment to see how it will impact other outputs in the model. The user can evaluate 

the impact of performing the baseline model that is without reuse and reduction versus 

20% reuse on hospital output variables in the three pillars of sustainability.  
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Model outputs: 

Water footprint: will decrease when the water use is reused. The water footprint 

will decrease from 320,108 gallons per day in the baseline scenario to 261,717 gallons 

per day (with reuse). The water footprint will balance and stabilize after few days. The 

effect of reuse is slightly more than 20% and this is because of the system dynamics and 

the effects of other factors and their relationships that need to be taken into account as 

discussed. 

Cost of services and resources: there is a decrease in the cost of services and 

resources. In the baseline case the cost is $6,412 and with a reuse the cost goes down to 

$5,181.  

Hospital ecological footprint: will also decrease when the water use is reused. 

The hospital ecological footprint will decrease from .116049 gha in the baseline scenario 

to .0983837 gha (with reuse).  

External fresh water quality: will also decrease when the water use is reused. 

The external fresh water quality will decrease from 1.04ppm in the baseline scenario to 

.85ppm (with reuse). When number of patients admitted decreases and the water 

footprint increases, external fresh water quality increases. 

Level of overall population wellbeing: will increase when the external fresh water 

quality is reduced. The overall level of population wellbeing increases from .0117879 to 

.0118452.  

4.7 Validation of the Simulator Results 

The second stage of simulator validation is the validation of the populated 

simulator. Validation confirms if the model represented is useful. The validation effort 

focuses on building confidence in the water sustainability simulator related to hospitals as 

a reasonable representation of the real system and in its usefulness in providing results. 
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The overall approach for the model’s validation includes test of the structure and behavior 

of the model. This strategy follows a framework of guidelines presented by Richardson & 

Pugh (1981) that builds confidence in the model and its results. The tests focus on 

suitability and consistency checks. The validation of the water sustainability simulator 

related to hospitals is performed using the Richardson and Pugh (1981) framework. It 

examines if the model is suitable for its purposes. It also checks if the model is consistent 

with the portion of reality it tries to capture. The framework also represents utility and 

effectiveness. It focuses on how effective the model is in achieving purposes of the 

research. The framework also checks if the model or its results can be used. The 

package checks if the simulation model runs as planned. A validation package was 

developed similar to the causal model and simulator architecture validation plan. The 

validation package was presented to four subject matter experts in three DFW hospitals 

and validators were asked to answer questions about tests they had to perform about the 

model. Validators were required for a number of the validation activities including 

boundary structural adequacy, structural sensitivity, face validity, parameter validity, 

replication of reference modes, and appropriateness of structure tests. The populated 

simulator validation package is provided in Appendix K. The four validators responded to 

the questions and their feedback and comments along with assessment based on these 

comments is provided in Appendix L. Based on comments received from validators, no 

modifications were made to the simulator.  
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Chapter 5  

Summary and Future Work 

This chapter begins with a summary and contributions of the research. The 

chapter concludes with a discussion about future work.  

5.1 Summary  

This work is related to addressing water sustainability in hospitals. An objective 

of this research is to help hospitals better comprehend the effects and relationships 

between various factors related to water sustainability in hospitals. This dissertation 

includes development of a causal model and a system dynamics based simulator that will 

help individuals assess the water sustainability factors and their relationships in hospitals. 

System dynamics is applied as a modeling approach to provide a better understanding of 

the water sustainability considerations and model key factors and factor relationships 

related to water sustainability associated with hospitals. The simulator will help decision 

makers realize the impacts of their decisions made related to some key factors and also 

aid them in making informed decisions.  

The primary contributions of this research include a validated causal model 

related to water sustainability in hospitals and a validated simulator for water 

sustainability in hospitals. Other research contributions include the development of the 

healthcare sustainability causal models. The primary contributions of the research are 

explained in more detail: 

5.1.1 Validated Causal Model Related to Water Sustainability in Hospitals 

A causal model was developed that presents a graphical illustration of the factor 

and factor relationships. The development of a causal model helps in understanding the 

factors and factor relationships that contribute to water sustainability in hospitals. Many 

factors contributed to water sustainability related to hospitals. The causal model was 
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validated with the help of nine subject matter experts and represented some of the main 

factors and factor relationships in water sustainability for hospitals. The validated causal 

model includes several feedback loops. The validated set of causal model factors and 

factor relationships were inputs to the development of the water sustainability system 

dynamics simulator related to hospitals. 

5.1.2 Validated Simulator for Water Sustainability in Hospitals 

To the best of our knowledge, this is the first system dynamics model that   

considers water sustainability in hospitals. There are many articles that use system 

dynamics modeling for a problem or an application in healthcare, but this research 

applies a systems thinking approach and considers water sustainability in hospitals. 

The simulator models the behavior of different factors related to hospitals and 

water sustainability. Individuals who influence healthcare systems and hospitals can use 

such a simulator to make more informed decisions, leading to a more proactive 

paradigm. The development of the simulator aids decision makers to understand the 

impact of their decisions and also helps them comprehend the behavior of different 

variables in the model after being affected by certain inputs. The model allows decision 

makers to see the impact of various variables on important model outputs. As discussed 

in Chapter 4, three different scenarios were considered for each hospital. The baseline, 

water reduction, and water reuse scenarios were examined to see how changes in one 

input will affect other outputs in the model.   
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5.2 Future Work 

This work can be extended to include other interesting views and research 

directions. The model presented in this research opens up doors for several other 

research avenues. Some of the future directions are listed below:  

As a future direction, time lags could be considered for several variables in the 

model. Some variables such as external fresh water quality do not necessarily affect 

other variables in the model, such as the overall population wellbeing, immediately. In 

order to reflect this, appropriate time lags could be inserted in the model. Currently the 

assumption in the simulation is that the time lag (DT) is one day. For future work, this can 

be changed to other values.  

Another future direction pertains to the data inputs in the model where they could 

be represented as probabilistic distributions such as Poisson and Normal distributions to 

reflect real hospital data more accurately.  

Currently the only water quality parameter that was considered in the proposed 

model was dissolved oxygen (DO). Many other parameters can be considered and 

investigated such as the pH level, level of toxicity, level of nitrates, and level of turbidity.  

Another interesting aspect is to find out which subunit of a hospital is the largest 

consumer of water. That may help to set and refine the assumptions under which the 

model is applicable. 

One reservation related to the sub-unit of water consumption is to consider 

patients in separate departments of hospitals. The current model considers patients in all 

departments and does not segment the patient population. Patients in different units of 

the hospital may use different amounts of water. For instance, the emergency 

department, the outpatient care, and inpatient care may all have different water 

consumption. 
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All factors in the simulation model are not necessarily significant. A statistical 

analysis can be performed to identify the significant factors and reduce the set of 

modeled factors.  

 Another aspect that could be added to the model are the parameters related to 

availability of water resources. Such parameters could be designed to automatically 

calculate the availability of water resources depending on weather / seasonal / 

environmental / drought conditions. 

A subset of the causal model factors were analyzed and used for the 

development of the simulator. The other factors not modeled in the simulator can be 

analyzed and used for further research and development. These factors were difficult to 

quantify and out of the scope of this dissertation. However, as a future direction, it would 

be interesting to find a way to represent them as quantifiable factors and provide 

equations for them in the model. 

 In addition to the factors in the causal model there are undoubtedly other factors 

that can be considered related to water sustainability in hospitals, such as the number of 

number of bottled waters purchased and consumed in the hospital. 

 Finally as this model represents a system dynamics model for water 

sustainability in hospitals, the design of the model can be expanded to include several 

other variables such as a breakdown on the number of staff for each sector (i.e. doctors, 

nurses, administrative staff, etc.) and the hours staff are working. There are factors in the 

model that are hospital specific and would not be applicable to other types of 

organizations and systems. Certain aspects of the model developed can be applied to 

other types of organizations. The simulator factors are general and can be applied to 

various types of hospitals and even healthcare organizations. However, the simulator 

inputs and data used in the equations would be adjusted to the hospitals and healthcare 
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organizations of interest. In addition, the presented system dynamics model can be 

extended to many other healthcare applications. 
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Appendix A  

Healthcare Sustainability Causal Models 
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A.1 Causal Models Related to Healthcare Sustainability 

This appendix includes the illustration of a series of healthcare sustainability 

causal models presented in Figures A.1-A.5 along with a more detailed definition of the 

higher level sustainability factor categories.  

 

Figure A.1 Patient, Provider, Quality, and Financial Causal Diagram (Faezipour and 

Ferreira, 2011a) 
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Figure A.2 Healthcare System Resources Causal Diagram 
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Figure A.3 Environmental Impact Causal Diagram (Faezipour and Ferreira, 2011a) 

 
Figure A.4 Energy Utilization and Impact Causal Diagram (Faezipour and Ferreira, 

2011a) 

 
Figure A.5 Managed Care Considerations Causal Diagram (Faezipour and Ferreira, 

2011a) 
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A.1.1 Summary of Healthcare Sustainability Categories for Causal Model Related to 

Healthcare Sustainability 

The following sections provide a more detailed discussion of the major categories 

of sustainability in healthcare and a summary of the associated factors for each category.  

Patient comprises the overall population, aging population, quantities of patients 

entering the healthcare system and also using wellness programs. Preventative 

programs such as wellness programs are important contributors to healthcare system 

sustainability. Wellness programs are sponsored in an attempt to promote good health or 

to identify and correct potential health-related problems (Wolfe et al., 1994). The patient 

and quality categories are interrelated. The main factors which overlap in the patient and 

quality categories include patient satisfaction, patient well-being, quantity of patient 

deaths, and safety of patients. 

Provider includes all the healthcare providers including trained staff, which can 

consist of the doctors, nurses, and the physicians. Other providers include the managed 

care companies (insurance companies) which provide services to patients. The provider 

and quality categories are also interrelated. Staff experience level can represent quality 

within the provider category. 

Resource comprises the healthcare facilities that include the hospitals, care 

centers, and emergency sections. Equipment, medication, and supplies are other types 

of resources in a healthcare system. The resources within healthcare systems have 

associated costs and will provide patients with access to the services and resources. 

Quality in healthcare systems can be interpreted in different ways. Omachonu 

and Einspruch (2007) identify nine imperatives for quality in a hospital including: respect 

and caring, safety, effectiveness, timeliness, efficiency, equitability, accessibility, 

continuity, and appropriateness. The Institute of Medicine (2001) considers six aspects 
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for quality in healthcare and reports that in order to satisfy quality, healthcare needs to be 

safe, effective, patient-centered, timely, efficient, and equitable. The Health Council of 

Canada (2008) reports in its strategic plan for 2008/2009 – 2012/2013 that quality 

encompasses nine quality factors including: efficiency, safety, effectiveness, accessibility, 

equitability, patient-centered, integrity, appropriately resourced, and focused on 

population health. The quality considerations introduced in this research include safety of 

patients, effectiveness of services, staff efficiency, accessibility to services and 

resources, staff morale, staff ethical behavior, and interest in providing equal services to 

patients (equitability) (Faezipour and Ferreira, 2011a). Safety avoids injuries and harm to 

patients. Effectiveness refers to the services offered and their outcome. Efficiency is 

defined by avoiding waste from equipment, supplies, and errors. Accessibility to services 

is the availability of the services and resources for each patient which also seeks to 

reduce patient’s waiting time. Morale and ethical behavior are two characteristics of the 

healthcare staff and include offering services to patients in a respectful, responsive, and 

caring manner. Equitability will drive equal attention paid to patients, regardless of their 

gender, age, income or ethnicity. The main factors which represent quality include the 

staff’s experience level, patient’s life expectancy, patient satisfaction, patient well-being, 

and quantity of deaths. Patient satisfaction can be considered one of the main indicators 

of healthcare sustainability. 

Financial includes the cost of the services and resources offered to patients as 

well as revenues to pay for these services and resources. Another cost is the cost of 

managing the environmental waste and the energy cost. Cost is a key indicator of 

sustainability. Almost every other factor will have an effect on it. Revenues also include 

those provided from the government and insurance companies. Demand for services and 
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resources that provide the patient services and medication are associated with the cost to 

be paid by the patient. 

Environment/energy is another category. Most of the literature on sustainability in 

healthcare focuses on the environmental pillar and is related to energy usage and waste 

disposal (Stalker, 2008). Environment considers the environmental impact on the world 

and ecological considerations. This category also includes laws, regulations, and policies 

defined by the government and other participating organizations. Factors presented in 

this paper are level of interest in environmental research and development (R&D), level 

of government regulations for environmental protection, level of societal outcry, 

environmental efficiency, greenhouse gas emissions, environmental waste, cost of 

managing environmental waste, and ecological footprint. Environmental waste needs to 

be considered in the environment factor. Runciman et al. (2007) make a point that the 

environmental category may not be directly controlled by the trained staff running the 

facilities. 

Energy considers the amount of energy that healthcare equipment and facilities 

consume. Energy consumption, energy cost, greenhouse gas emissions, level of interest 

in energy R&D, level of societal outcry, government regulations for energy concerns, and 

energy efficiency are all important factors. 

A more detailed causal model related to the environmental sustainability pillar is 

illustrated in Figure A.6. 
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Figure A.6 Healthcare Environmental Sustainability Causal Model (Faezipour and 

Ferreira, 2011b) 
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Appendix B  

Causal Model Factors, Definitions, and Units 
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Table B.1 Causal Model Factors, Definitions, and Units 

Factors Definition Unit 

Amount of incentives for 
implementing water 
sustainability methods 

Provides encouragement 
in terms of funds and 
recognition to businesses 
and industries or 
individuals that implement 
water sustainability 
methods. This research 
focuses on the funds 
provided for these 
methods 

Dollars 

Amount of hospital waste 
products 

The waste that is produced 
by the hospital food, 
supplies, equipment or 
patients 

Tons 

Actual volume of water 
needed 

Defines the total amount of 
water that is needed for 
use in the hospital for 
patients personal needs 

Gallons 

Acquired incentives for 
hospitals 

Defines the amount of 
incentives that the 
hospitals have acquired 
and is ready to be used for 
sustainability purposes 

Dollars 

Building size The actual size of the 
hospital facility 

Sq/ft 
 

Cost of services and 
resources 

Covers the total cost of 
services and resources 
offered to patients in 
hospitals during their stay. 
This includes cost of 
trained staff and resources 
including medication, 
equipment, and hospital 
fees and bills 

Dollars 

Ecological footprint 

Represents the amount of 
land and water area 
required for nature to 
regenerate the resources 
used by humans 

Global hectares 

Energy consumption to 
obtain water 

Defines the total amount of 
energy needed to extract, 
obtain, and deliver water 
from available resources 

Kilowatt Hour 
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Energy consumption 
amount related to water 
use 

Represents the total 
amount of energy needed 
to perform water related 
efforts (i.e. pumping water) 

Kilowatt Hour 

Energy cost to obtain 
water 

The cost of energy that is 
used to obtain water from 
available resources 

Dollars 

Energy cost related to 
water use in hospital 

The total cost of energy 
related to water use in 
hospital 

Dollars 

Greenhouse gas emission 
amount 

The amount of greenhouse 
gas, in particular, carbon 
dioxide, that is produced 
by using the energy. This 
accounts for a part of the 
ecological footprint 

Tons 

Hospital ecological 
footprint 

Represents the amount of 
land and water area 
required for nature to 
regenerate the resources 
used by the hospital 

Global hectares 

Hospital greenhouse gas 
emission amount 

The amount of greenhouse 
gas, in particular, carbon 
dioxide, that is produced 
by using energy in 
hospital. This accounts for 
a part of the ecological 
footprint 

Tons 

Level of accessibility to 
services and resources 

Provides a measure to 
ensure all the patients 
have equal access to the 
services and resources 
offered in hospital. Equity 
of access may be 
measured in terms of the 
availability, utilization or 
outcomes of services 
(Gulliford et al. 2002). This 
factor is also used to 
measure patient 
satisfaction as one of the 
subsets of the RAND PSQ-
18 (Rand Health, 2011)  

Level 

Level of external fresh 
water quality 

Defines the level of quality 
of the water that is/will be 
used in hospital 

Level 

Table B.1—Continued       
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Level of demand for 
services and resources for 
patients 

The need for hospital 
resources including 
medication, healthcare 
facilities, and equipment 
identified by the number of 
patients who need services 

Level 

Level of demand for 
services and resources for 
staff 

The need for hospital 
resources including 
medication, healthcare 
facilities, and equipment 
identified by the number of 
staff 

Level 

Level of demand for 
services and resources for 
vendors 

The need for hospital 
resources including 
medication, healthcare 
facilities, and equipment 
identified by the number of 
vendors 

Level 

Level of demand for 
services and resources for 
visitors 

The need for hospital 
resources including 
medication, healthcare 
facilities, and equipment 
identified by the number of 
visitors 

Level 

Level of hospital interest in 
getting incentives 

Defines the level the 
hospitals are interested in 
getting the actual 
incentives for sustainability 
efforts 

Level 

Level of interest of hospital 
for being recognized in 
their communities for 
sustainability 
achievements 

Represents the hospitals 
interest level in being the 
leading organization for 
carrying sustainability 
accomplishments 

Level 

Level of patient complaints 

Indicates the level at which 
patients are not satisfied 
with the services and 
resources offered at the 
hospital and will not return 
to receive services and 
resources 

Level of complaints 

Level of patient wellbeing 

Defines the level of proper 
health, security, safety, 
and happiness of the 
patient (using the SF-36 
Health Survey (Ware et al., 
1993)) 

Level 

Table B.1—Continued       
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Level of societal outcry 
related to sustainability 

An indicator that provides 
the society’s level of 
approval with the current 
circumstances related to 
sustainability 

Level 

Level of stringency of 
government regulations 
and considerations related 
to water sustainability 

Indicates the severity of 
government regulations, 
standards, and policies 
related to water 
sustainability efforts 

Level 

Natural habitats life span 

Represents the duration of 
the life of the species in 
the external water 
environment (e.g. life of 
particular fish species) 

Time (days) 

Overall population 
The overall number of the 
population that currently 
live (in DFW) 

Number of people 

Price of water 

Represents the actual 
value of water that is 
determined by the 
available water resources 
and cost to extract water 

Dollars 

Probability of getting 
incentives 

Presents the possibility of 
the hospitals getting the 
incentives.  

Percentage 

Level of overall population 
wellbeing 

Defines the level of overall 
population wellbeing (% of 
population that become 
sick) 

Level 

Quantity of patients 
The number of patients 
entering the healthcare 
system 

Number of patients 

Quantity of staff 
The total quantity of staff 
that work in the hospital. 
Full Time Employee (FTE)  

Number of staff 

Quantity of vendors 
The total quantity of 
vendors that enter the 
hospital facility 

Number of vendors 

Quantity of visitors 
The total quantity of 
visitors that enter the 
hospital facility 

Number of visitors 

Temperature 

The temperature of the 
hospital facility. 
Temperature measures the 
hotness and coolness of 
the facility 

Degrees Fahrenheit  

Table B.1—Continued       
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Volume of available water 
resources 

Represents the total 
amount of available water 
resources accessible to 
the hospital 

Gallons 
 

Volume of untreated 
wastewater 

The total amount of water 
that has been negatively 
affected in quality by 
patients or equipment used 
in hospital which include 
contaminates and drugs 
that negatively impacts the 
environment and is not 
treated 

Gallons 

Volume of water 
conserved 

Refers to the total volume 
of water conserved by 
water conservation 
techniques & fixtures and 
reducing the usage of 
water in the hospital 
through different practices 
Reduce, reuse, and 
recycle are referred as the 
three R’s of conservation 
(Ministry of Environment, 
2005) 

Gallons 

Volume of water recycled 

Refers to the total volume 
of wastewater treated for 
further use such as 
landscape irrigation, toilet 
flushing and other 
purposes. The goal of this 
process is to ensure that 
the waste water is not 
reused in healthcare or 
released in the 
environment without 
treatment (Wastewater 
with treatment) 
 

Gallons 

Volume of water reduced 

Refers to the total volume 
of water reduced by either 
using less water or 
reducing water use by 
implementing techniques & 
fixtures in the hospital 

Gallons 
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Volume of water reused 

Refers to the water that is 
reused in the hospital after 
being treated (i.e. 
purposes such as the 
cooling system and 
landscaping)  

Gallons 

Water footprint 

The total amount of water 
that is used by the 
hospital. The water 
footprint, in general, is the 
total volume of freshwater 
used to produce the goods 
and services consumed by 
individual or industry. In 
this research the water is 
the main purpose of the 
water footprint 

Gallons 

Water cost in hospital 

The total cost of water 
used in the hospital (Water 
bill=Amount of water 
used*Price of water) 

Dollars 
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Appendix C  

Causal Model Validation Package 
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The validation package developed and presented to nine validators for the 

hospital water sustainability causal model is provided below. This validation package 

includes an earlier version of the causal model. The package included references that are 

provided with all the other references in the Reference section:  

Purpose 

The purpose of the validation process is to ensure the factors and factor 

relationships represented in the causal model are valid. This validation process should 

require approximately two hours of your time. 

Causal Model Introduction 

Hospitals are a large component of the healthcare system and a major consumer 

of water resources. Water sustainability is an important challenge in healthcare systems. 

A goal of water sustainability in hospitals is to manage the use of water without causing 

unacceptable social, economic, or environmental consequences. Multiple factors 

contribute to water sustainability in hospitals.  

Causal models graphically illustrate the factors and factor relationships in a 

complex system. Literature review and analysis of healthcare factors, including previously 

developed healthcare sustainability causal models, resulted in the identification of a set of 

factors and relationships represented in a causal model. Figure C.1 represents the causal 

model related to water sustainability in hospitals to be validated as applied to hospitals. 

The model illustrates key sustainability factors related to water sustainability including the 

top-level healthcare sustainability factor categories related to patients, resources, quality, 

financial, and environment/energy.  
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Causal diagrams capture the major feedback mechanisms within a model. These 

diagrams can demonstrate various hypotheses about factors. Elements (factors) and 

arrows (relationships) are included in a causal diagram. A sign (either + or –) is assigned 

on each link indicating an increasing or decreasing relationship between factors. The 

positive or negative signs on the arrows indicate the nature of the relationship in the 

causal model. The arrow heads also have a direction that indicates the sequence of the 

factors and the factor relationships. Reviewers need to look at the sequence of the 

factors and relationships. Some factors have indirect relationships versus direct 

relationships. An understanding of the factors and the relationships between factors 

provides a better understanding of what drives water sustainability related to hospitals. 

Causal Model Factors and Relationships 

The factors in the causal model are listed in Table C.1 including definition of each 

factor and the unit of measurement.  

The causal model indicates that as the level of the overall population increases, 

the quantity of patients increases. The increase in the quantity of the patients is expected 

to increase the level of demand for services and resources. As the level of demand for 

services and resources increases the cost of the services and resources is expected to 

increase. As the cost of services increases, patient satisfaction level decreases.  
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Figure C.1 Causal Model Related to Water Sustainability in Hospitals (in Causal Model 

Validation Package) 
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When the demand for services and resources increases, the accessibility level to 

services and resources decrease. Bacon & Mark (2009) indicate that as accessibility to 

services and resources increases, the level of patient satisfaction is expected to increase. 

The quantity of patients reduces as the level of patient wellbeing improves. An increase 

in the level of patient wellbeing is expected to increase the level of patient satisfaction. 

Kessler and Mylod (2011) identify a statistically significant link between patient 

satisfaction and patient loyalty. As the patient satisfaction level increases, patient loyalty 

is expected to increase. An increase in the level of patient loyalty is expected to increase 

the level of demand for services and resources because patients are more apt to return 

or recommend healthcare services to others. An increase in patient satisfaction can also 

decrease the level of patient complaints. As patient complaints increase, the level of 

demand for services and resources would decrease. 

As the demand for services and resources increases, the actual volume of water 

needed in the hospital is expected to increase. This will increase the actual use of water 

that is called the water footprint. The increase in the volume of water used (water 

footprint) will increase the volume of untreated wastewater, as using water will initially 

result in an untreated wastewater. However, the untreated wastewater may be treated. 

The untreated wastewater may increase the volume of water reused. The treated 

wastewater, on the other hand, may increase the volume of water recycled. As the 

volume of untreated wastewater or treated wastewater increases, the external level of 

fresh water quality is expected to decrease. Both treated wastewater and untreated 

wastewater contain contaminates and drugs that will decrease the quality level of the 

external fresh water. This will negatively affect the level of wellbeing of the overall 

population. An increase in the quality level of external fresh water increases the level of 

patient wellbeing. As the overall wellbeing level of the population increases, the quantity 
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of patients is expected to decrease. As the level of external fresh water quality increases, 

the life span of natural habitats increases. As the level of demand for services and 

resources increases, the amount of healthcare waste products is expected to increase 

which will decrease the quality level of external fresh water. These healthcare waste 

products include solid waste from the hospital and are handled separately from 

wastewater. 

An increase in water footprint would increase the water cost in the hospital. The 

water cost is affected by the amount of water used. The amount of increase in the water 

cost may cause the society to react and object to the high costs. As the water footprint in 

the hospital increases, the volume of available water resources decreases. As the 

volume of available water resources decreases, this will negatively affect the society. As 

the volume of available water resources increases, the actual price of water is expected 

to decrease. The increase in price of water will increase the water cost in the hospital. 

The water cost in hospitals is the price of water times the amount of water used in the 

facility. As the water cost in hospital increases, the cost of services and resources is 

expected to increase. Also, as the volume of available water resources increases, the 

level of accessibility to the services and resources is expected to increase.  

As the actual volume of water needed increases, more energy is consumed to 

extract and prepare the water for use. The energy consumption increases the energy 

cost which may cause society to negatively react. An increase in the energy cost for 

water extraction is expected to increase the price of water. As energy consumption 

increases, the greenhouse gas emission amount increases. An increase in the healthcare 

waste products and greenhouse gas emissions increases the healthcare ecological 

footprint. Healthcare ecological footprint represents the amount of land and water area 

required for nature to regenerate the resources used by the hospital. The increase in 
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healthcare ecological footprint is expected to decrease the volume of available water 

resources since the ecological footprint in healthcare uses the water and also land area. 

As the lifespan for natural habitats increases societal outcry is expected to decrease. The 

increase in the quality level of external fresh water also decreases the societal outcry. A 

greater societal outcry is expected to increase the stringency of government regulations, 

standards, and policies for water sustainability considerations. 

When the severity of government regulations, standards, and policies increases, 

incentives may be offered to facilitate the water reducing, water reusing, and water 

recycling efforts. Reduce, reuse, and recycle are referred as the three R’s of conservation 

(Ministry of Environment, 2005). New conservation methods and technologies are 

expected to reduce the usage of water via water reducing, water reusing, and water 

recycling. Increase in the incentives may increase the volume of water reduced, volume 

of water reused, and volume of water recycled. Increase in the volume of water reduced, 

volume of water reused, and the volume of water recycled may lead to increase in the 

volume of water conserved.  

When water is conserved and the usage decreases, the volume of water needed 

in the hospital is expected to decrease. As the volume of water recycled increases, the 

energy consumption amount for water recycling efforts increases. The energy 

consumption is expected to increase the energy cost in the hospital. This will negatively 

affect the society. 

A process model is presented in Figure C.2. This is an initial version of the 

process model that is presented in Chapter 4. This process model represents the hospital 

water use that begins with the process of extracting water from available water resources 

and continues through conserving water and releasing wastewater back into the 

environment. 
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The water that is extracted from available water resources and used in hospital 

will become wastewater. The wastewater may be left untreated or be treated. The water 

can also be collected from other resources such as rainwater and used in hospitals. 

Some of the wastewater may be discharged into the sewer. The managed wastewater 

will eventually become part of the available water resources. The untreated wastewater 

may be reused in the hospital. The untreated wastewater may also be treated and 

recycled in the hospital. The recycled and reused water may be used in the hospital for 

purposes such as irrigation or cooling systems, among other purposes. All processes 

with the exception of extracting water from available water resources and managing 

wastewater are performed within the scope of hospitals. 

 

Figure C.2 Hospital Water Use Process Model (Initial Version) 
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Table C.1 Hospital Water Sustainability Factors and Metrics in the Causal Model 

Validation 

Factors Definition Unit 

Amount of incentives for 
implementing water 
sustainability methods 

Provides encouragement 
in terms of funds and 
recognition to businesses 
and industries or 
individuals that implement 
water sustainability 
methods. This research 
focuses on the funds 
provided for these 
methods 

Dollars 

Amount of healthcare 
waste products 

The waste that is produced 
by the hospital food, 
supplies, equipment or 
patients 

Tons 

Actual volume of water 
needed 

Defines the total amount of 
water that is needed for 
use in the hospital for 
patients personal needs 

Cubic meter 

Cost of services and 
resources 

Covers the total cost of 
services including trained 
staff and resources 
including medication, 
hospital fees, and 
equipment offered to all 
patients 

Dollars 

Energy consumption 
amount for water 
extraction 

Defines the total amount of 
energy needed to extract 
water from available 
resources for use in the 
hospital 

Kilowatt Hour 

Energy consumption 
amount of water recycling 
efforts 

Represents the total 
amount of energy needed 
to perform water recycling 
efforts 

Kilowatt Hour 

Energy cost for water 
extraction 

The cost of energy that is 
used for water extraction 
purposes in the hospital 

Dollars 

Energy cost in healthcare 
The total cost of energy in 
healthcare (hospitals for 
this model) 

Dollars 
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Greenhouse gas emission 
amount 

The amount of greenhouse 
gas, in particular, carbon 
dioxide, that is produced 
by using the energy in 
healthcare. This accounts 
for a part of the ecological 
footprint 

Parts per million (ppm) 

Healthcare ecological 
footprint 

Represents the amount of 
land and water area 
required for nature to 
regenerate the resources 
used by the hospital 

Global hectares 

Level of accessibility to 
services and resources 

Provides a measure to 
ensure all the patients 
have equal access to the 
services and resources 
offered in healthcare. 
Equity of access may be 
measured in terms of the 
availability, utilization or 
outcomes of services 
(Gulliford et al. 2002). The 
amount of resources and 
level of demand define this 
factor 

Level 

Level of external fresh 
water quality 

Defines the level of quality 
of the water that is/will be 
used in healthcare 

Level 

Level of demand for 
services and resources 

The need for hospital 
resources including 
medication, healthcare 
facilities, and equipment 
identified by the number of 
patients 

Volume 

Level of patient complaints 

The level of patient 
complaint indicates the 
level at which the patient is 
not satisfied with the 
services and criticizes the 
system 

Level 

Level of patient loyalty 

Level of patient loyalty 
shows the level of patient’s 
commitment to the existing 
providers, resources, and 
services 

Level 

Table C.1—Continued       
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Level of patient wellbeing 

Defines the level of proper 
health, security, safety, 
and happiness of the 
patient (using the SF-36 
Health Survey (Ware et 
al.1993)) 

Level 

Level of patient satisfaction 

Expresses patient 
contentment in regards to 
the cost, accessibility to 
services and resources, 
and patient wellbeing using 
a survey. It’s analogous to 
‘customer satisfaction’ 

Level 

Level of overall population 
wellbeing 

The wellbeing defines the 
level of proper health, 
security, safety, and 
happiness of the overall 
population 

Level 

Level of societal outcry 

An indicator that provides 
the society’s level of 
approval with the current 
circumstances  

Level 

Level of stringency of 
government regulations 
and considerations for 
water sustainability 

Indicates the severity of 
government regulations, 
standards, and policies for 
water sustainability efforts 

Level 

Natural habitats life span 

Represents the duration of 
the life of the species in 
the external water 
environment (e.g. life of 
particular fish species) 

Time (days) 

Overall population 
The overall number of the 
population that currently 
live 

Number of people 

Price of water 

Represents the actual 
value of water that is 
determined by the 
available water resources 
and cost to extract water 

Dollars 

Quantity of patients 
The number of patients 
entering the healthcare 
system 

Number of patients 

Volume of available water 
resources 

Represents the total 
amount of available water 
resources accessible to 
the hospital 

Cubic meter 
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Volume of treated waste 
water 

The total amount of 
wastewater that has been 
treated for use and will be 
used later for other 
purposes. This water may 
still contain contaminates 

Cubic meter 

Volume of untreated 
wastewater 

The total amount of water 
that has been negatively 
affected in quality by 
patients or equipment used 
in healthcare which include 
contaminates and drugs 
that negatively impacts the 
environment and is not 
treated 

Cubic meter 

Volume of water 
conserved 

Refers to the total volume 
of water conserved by 
water conservation 
techniques & fixtures and 
reducing the usage of 
water in the hospital 
through different practices 

Cubic meter 

Volume of water recycled 

Refers to the total volume 
of wastewater treated for 
further use such as 
landscape irrigation, toilet 
flushing and other 
purposes. The goal of this 
process is to ensure that 
the waste water is not 
reused in healthcare or 
released in the 
environment without 
treatment (Wastewater 
with treatment) 
 

Cubic meter 

Volume of water reduced 

Refers to the total volume 
of water reduced by either 
using less water or 
reducing water use by 
implementing techniques & 
fixtures in the hospital 

Cubic meter 
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Volume of water reused 

Refers to the water that is 
reused in the hospital 
without treating the water 
which can be used for 
different purposes such as 
the cooling system and 
landscaping and is used in 
term of volume of water 
utilizing the technique 
(Wastewater without 
treatment) 

Cubic meter 

Water footprint 

The total amount of water 
that is used by the 
hospital. The water 
footprint, in general, is the 
total volume of freshwater 
used to produce the goods 
and services consumed by 
individual or industry. In 
this research the water is 
the main purpose of the 
water footprint 

Cubic meter 

Water cost in healthcare 

The total cost of water 
used in the hospital (Water 
bill=Amount of water 
used*Price of water) 

Dollars 

 

Contact Information 

The following contact information will only be used for authenticating an 

individual response to the validation exercise. All individual contact information and 

validation results will be kept confidential.  

Name  

Role (Position)  

Location  

Experience (Years)  

Hospital  
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Validation Process 

Please review the set of factors, factor units, and factor relationships in the 

causal model. For each factor in Table C.2, please answer these questions. Space is 

allocated in Table B.2 for your inputs related to the factors. Please consider the following 

questions:  

• Is the factor valid and reasonable?  

• Is the definition of the factor reasonable? 

• Is the unit for this factor reasonable? 

Table C.2 Factors & Units (Please provide your comments here) 

Factors Comment 

Amount of incentives for implementing 
water sustainability methods 

 
 
 

 
Amount of healthcare waste products 
 

 

Actual volume of water needed 
 
 
 

 
Cost of services and resources 
 

 
 
 

Energy consumption amount for water 
extraction 

 
 
 

Energy consumption amount of water 
recycling efforts 

 
 
 

Energy cost for water extraction 
 
 
 

Energy cost in healthcare 
 
 
 

Greenhouse gas emission amount 
 
 
 

Healthcare ecological footprint 
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Level of accessibility to services and 
resources 
 

 
 
 

 
Level of external fresh water quality 
 

 
 

Level of demand for services and 
resources 

 
 
 
 

Level of patient complaints 

 
 
 
 

Level of patient loyalty 
 
 
 

 
Level of patient wellbeing 
 

 

 
Level of patient satisfaction 
 

 
 

Level of overall population wellbeing 
 
 
 

Level of societal outcry 
 
 
 

Level of stringency of government 
regulations and considerations for water 
sustainability 

 
 
 

Natural habitats life span 
 
 
 

Overall population 

 
 
 
 

Price of water 

 
 
 
 

Quantity of patients 
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Volume of available water resources 
 
 
 

Volume of treated waste water 
 
 
 

Volume of untreated wastewater 
 
 
 

Volume of water conserved 
 
 
 

Volume of water recycled 
 
 
 

Volume of water reduced 
 
 
 

Volume of water reused  
 

Water footprint 
 
 
 

 
Water cost in healthcare 
 

 

 

Please answer the following questions related to the causal model. Table C.3 

provides the relationships between the factors and the nature of the relationship. Please 

use this table to answer the following questions: 

• Are the relationships between the factors in the model valid and realistic? 

• Does the nature of the links (positive or negative signs) on the causal 

model reflect the interactions between factors? 

Table C.3 Factor Relationships 

    
Comment Factor Factor +/_ 

Amount of 

incentives for  
Volume of water 

recycled 

+  
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implementing 

water 

sustainability 

methods 

Volume of water 

reduced 

 

+  

Volume of water 

reused 

 

+  

Amount of 
healthcare waste 
products 

Healthcare 

ecological footprint 

+  

Level of external 

fresh water quality 

 

_  

Actual volume of 
water needed 

Energy 

consumption 

amount for water 

extraction 

+  

Water footprint 

 

+  

Cost of services 
and resources 

 

Level of patient 

satisfaction 

 

_ 

 

Energy 
consumption 
amount for water 
extraction 

Energy cost for 

water extraction 

+  

Greenhouse gas 

emission amount 

+  

Energy 
consumption 
amount of water 
recycling efforts 

Energy cost in 

healthcare 

+  

Energy cost for 
water extraction 

Level of societal 

outcry 

+  

 

Price of water 

 

+ 

 

Energy cost in 
healthcare 

Level of societal 

outcry 

+  
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Greenhouse gas 
emission amount 

Healthcare 

ecological footprint 

+  

Healthcare 
ecological 
footprint 

Volume of available 

water resources 

_  

Level of 
accessibility to 
services and 
resources 

 

Level of patient 

satisfaction 

 

 

+ 

 

Level of external 
fresh water 
quality 

Level of patient 

wellbeing 

+  

Level of overall 

population 

wellbeing 

+  

Level of societal 

outcry 

_  

Natural habitats life 

span 

+  

Level of demand 
for services and 
resources 

Actual volume of 

water needed 

+  

Amount of 

healthcare waste 

products 

+  

Cost of services 

and resources 

 

+  

Level of 

accessibility to 

services and 

resources 

_  

Level of patient 
complaints 

Level of demand 

for services and 

resources 

_  
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Level of patient 
loyalty 

Level of demand 

for services and 

resources 

+  

Level of patient 
wellbeing 

Level of patient 

satisfaction 

+  

Quantity of patients _  

Level of patient 
satisfaction 

Level of patient 

complaints 

_  

Level of patient 

loyalty 

+  

Level of overall 
population 
wellbeing 

Quantity of patients _  

Level of societal 
outcry 

Level of stringency 

of government 

regulations and 

considerations for 

water sustainability 

+  

Level of 
stringency of 
government 
regulations and 
considerations for 
water 
sustainability 

Amount of 

incentives for 

implementing water 

sustainability 

methods 

+  

Natural habitats 
life span 

Level of societal 

outcry 

_  

Overall 
population 

Quantity of patients +  

Price of water 
Water cost in 

healthcare 

+  

Quantity of 
patients 

Level of demand 

for services and 

resources 

+  
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Volume of 
available water 
resources 

Level of 

accessibility to 

services and 

resources 

+  

Level of societal 

outcry 

 

_  

Price of water 

 

_  

Volume of treated 
waste water 

Level of external 

fresh water quality 

 

_  

Volume of water 

recycled 

 

+  

Volume of 
untreated 
wastewater 

Level of external 

fresh water quality 

_  

Volume of treated 

wastewater 

+  

Volume of water 

reused 

+  

Volume of water 
conserved 

Actual volume of 

water needed 

_  

Volume of water 
recycled 

Energy 

consumption 

amount of water 

recycling efforts 

+  

Volume of water 

conserved 

+  

Volume of water 
reduced 

Volume of water 

conserved 

+  
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Additional comments and insights are encouraged. Feel free to mark up the 

causal model. Please use the notes section below to provide additional information on 

your recommendations including any suggestions for changes with:  

• Missing factors or incorrect factors 

• Missing or unidentified relationships between factors 

• Factor definitions and associated units 

Notes 

Additional recommendations and notes may be provided here.  

 

 

 

 

 

 

 

Volume of water 
reused 

Volume of water 

conserved 

+  

Water footprint 

Volume of available 

water resources 

_  

Volume of 

untreated 

wastewater 

+  

Water cost in 

healthcare 

+  

Water cost in 
healthcare 

Cost of services 

and resources 

+  

Level of societal 

outcry 

+  
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Appendix D  

Survey Overview 
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Inputs received from the validators are presented in this section. There are separate 

tables for the validator comments. Assessment based on the validator inputs are also provided 

in this Appendix. Table D.1 provides validator feedback and assessments based on validator 

comments related to the factor definition. Table D.2 provides validator feedback and 

assessments related the factor relationships, and Table D.3 provides validator feedback and 

assessments related to the Notes section. Tables D.4-D.5 provides results based on the 

assessments and changes that were made based on validator comments and feedback.  

A blank cell in the table indicates that the factor, definition, and unit of measurement are 

valid and reasonable where the factors are concerned. For the factor relationships validation, a 

blank cell indicates that the relationship is valid and realistic. Only factors and factor 

relationships that were given recommendations, feedback, and comments are presented.  
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Table D.1 Causal Model Validator Feedback and Assessment (Factors, Definitions and Units of Measurement) 

Factors Validator 1  Validator 2  Validator 3  Validator 4  Validator 5  Validator 6  Validator 7  Validator 8  Validator 9 
 

Assessment 

Amount of 
incentives for 
implementing 
water 
sustainability 
methods 

Valid and 
Reasonable. 
May consider 
cost 
relationship 
such as 
“25% rebate 
available for 
implemented 
measures” 
rather than 
gross dollars 
available. 

    Maybe 
consider 
the 
economic 
impacts to 
the 
patients 
care or 
satisfactio
n due to 
increase in 
bill for 
service 

   Comments from 
Validator #6 have 
been analyzed and 
the decision is that no 
modification was 
made to this factor 
because comment 
relates to other 
factors. 

Amount of 
healthcare 
waste 
products 

This may 
show 
relationship 
but I suspect 
it will be 
because of 
multicollineai
-ty between 
this factor 
and patient 
occupancy, 
hospital 
footprint, etc. 
Also may 
consider 
showing this 
as a rate 
“Tons/square 
foot” 

Valid and 
Reasonabl
-e; difficult 
to 
measure 
at detail 
level 

   Consider 
visitor/staff 
impact 

   It would make sense 
to show this as a rate 
(Tons/square feet), 
which would go into 
the simulator 
architecture. Tons of 
waste per person was 
used here.  
Comment from 
Validator #6 is 
analyzed and it was 
decided that the type 
of hospital waste 
discussed in the 
model is affected by 
the visitor and staff. 
Factor renamed to 
‘Amount of hospital 
waste products’. 
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Actual 
volume of 
water 
needed 

Valid but 
difficult to 
measure. It 
is typically 
only 
calculated 
from 
historical 
usage data 
which has 
been 
affected by 
other 
variables. 

Valid but 
will be 
difficult to 
separate 
actual 
water 
volume 
used 
specifically 
for patient 
care. 

Unit of 
measurem
ent is 
usually 
‘Gallons’ 

Factors 
and 
definitions 
ok, 
Gallons 
may be 
better for 
unit of 
measurem
ent 

Should 
include 
visitors, 
staff, 
vendors, 
equipment 

Gallons 
per person 
for direct 
PT care 
Texas 
Title 25 
Chapter 
133 

the unit of 
measurem
ent is not 
my area of 
expertise 

Units can 
be 
converted 

Factor on 
level of 
societal 
outcry 
should 
both be a 
positive, 
yes, yes. 
(Factor 
definition 
& unit of 
measurem
ent valid). 

The unit of 
measurement 
modified to Gallons 
(Texas title 25 chapter 
133).  This factor can 
include water needed 
for patients, staff, 
visitors, vendors, 
equipment (Total 
volume of water 
needed in hospital). 
Based on Validator #5 
comments, Visitors, 
staff, and vendors 
related factors were 
added that related to 
the volume of water 
needed. 2 new factors 
are added to the 
model as a result of 
the comments from 
the Notes section of 
Validator #1&2: 
“Building size” and 
“Temperature” which 
will have an effect on 
the “Actual volume of 
water needed”. 

Cost of 
services and 
resources 

Profit margin 
may be a 
better 
indicator of 
the 
importance 
of 
decreasing 
operation 
costs such 
as water. 

       No, No, 
No 
(Factor not 
valid, 
definition 
not 
reasonabl
e, unit of 
measurem
ent not 
reasonabl
e) 

Profit margin will not 
add value to the 
causal model at this 
stage. Can be added 
for future work. 
Comments from 
Validator #9 have 
been considered and 
the decision is that no 
modification was 
made since no 
explanation or 
justification was 
provided.  
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Energy 
consumption 
amount for 
water 
extraction 

If this is in 
relation to 
external 
energy 
consumption 
used by 
municipalitie
s and such 
for extraction 
and 
treatment of 
water, I 
suspect the 
effects of this 
will be 
factored into 
water cost 
and that will 
be the 
primary 
factor. 

Need to 
clarify 
“extract” 

     might 
consider 
Btus at 
gas 
pumps 

 Extract water means 
to extract, obtain & 
deliver water to the 
hospital. This factor is 
renamed to “Energy 
consumption to obtain 
water”.  
 

Energy 
consumption 
amount of 
water 
recycling 
efforts 

If this is in 
relation to 
the internal 
reuse and 
recycle 
methods, it 
will likely be 
a factor 
reflected 
more 
accurately in 
the cost 
consequence
s of energy 
use.  

        No action as result of 
validator inputs was 
taken.  
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Energy cost 
for water 
extraction 

See note on 
“Energy 
Consumption 
Amount for 
Water 
Extraction” – 
this is likely 
reflected 
mostly in the 
cost of water, 
which will 
likely show a 
strong causal 
relationship. 

Need to 
clarify 
“extract” 

       To clarify the factor, 
the factor is renamed 
to “Energy cost to 
obtain water”. 

Energy cost 
in healthcare 

Valid and 
reasonable. 
As energy 
costs rise, 
efficiency 
measures 
are put in 
place which 
will 
drastically 
reduce water 
consumption 
as well. 

        No further action 
based on validator 
comments was taken.  

Greenhouse 
gas emission 
amount 

Valid and 
reasonable. 
It may be 
influenced 
strongly by 
energy 
cost/consum
ption since 
they are 
directly tied 
to one 
another. 

 Measured 
in ‘Tons’ 
when 
compared 
to other 
healthcare 
organizati
ons 

Not my 
area 

  unit of 
measurem
ent not my 
area of 
expertise 

  The unit of 
measurement is 
modified to “Tons”. 
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Healthcare 
ecological 
footprint 

Valid and 
reasonable. 
Again, 
reflected by 
other drivers 
such as cost 
of resources. 

  Not my 
area 

  Unfamiliar 
with 
Global 
Hectares 

  This factor will remain 
the same.  

Level of 
accessibility 
to services 
and 
resources 

   Not my 
area 

This factor 
continues 
to show 
growth 

    The factor will remain 
the same in the 
model. 

Level of 
external 
fresh water 
quality 

Valid and 
reasonable. 
May 
especially 
influence the 
amount of 
internal 
treatment, 
reuse, etc. 
which will 
drop external 
water 
purchase 
and one time 
use. 

Valid and 
reasonabl
e; 
available 
from city 
data 

     May 
consider 
hardness, 
turbidity, 
ppm of 
chlorine, 
minerals 
etc TDS 

 The factor will remain 
in the same in the 
model. In a more 
detailed model, the 
quality can be 
considered by 
hardness, turbidity, 
ppm of chlorine, 
minerals & pH level 
that is discussed in 
future work. 

Table D.1—Continued       



 

 

139 

Level of 
demand for 
services and 
resources 

    Add 
visitors, 
staff, and 
outside 
vendors 

    The factor will be 
renamed to “Level of 
demand for services 
and resources for 
patients”. Validator #5 
comments are 
considered, and 6 
new factors are added 
to the model after 
evaluating and 
analyzing the model. 
The staff, visitors, and 
vendors have 
demands for water 
that would all increase 
the actual volume of 
water needed. The 
factors added are 
“Quantity of visitors”, 
“Level of demand for 
services and 
resources for visitors”, 
“Quantity of staff 
(FTE=Full Time 
Employee)”, “Level of 
demand for services 
and resources for 
staff”, and “Quantity of 
vendors”, “Level of 
demand for services 
and resources for 
vendors”.  

Level of 
patient 
complaints 

Valid and 
reasonable. 
Check for 
multicollinear
-ity with 
occupancy 
rates. 

Valid and 
reasonabl
e (partial 
source is 
ongoing 
patient 
satisfactio
n survey) 

 Not my 
area 

   No, yes, 
yes. 
(Factor not 
valid. 
Factor 
definition 
reasonabl
e and unit 
of 
measurem
ent 
reasonabl
e) 

 The factor will remain 
the same in the 
model. (Patient 
admittance rates will 
be considered in 
simulator 
architecture). 
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Level of 
patient 
loyalty 

Valid and 
reasonable. 
See note 
above. 

  Not my 
area 

   scale  The factor will remain 
the same in the 
model. (Patient 
admittance rates will 
be considered in 
simulator 
architecture). 

Level of 
patient 
wellbeing 

Valid and 
reasonable. 
See note 
above. 

Valid and 
reasonabl
e (ongoing 
patient 
satisfactio
n survey) 

 Not my 
area 

   scale  The factor will remain 
the same in the 
model. (Patient 
admittance rates will 
be considered in 
simulator 
architecture). 

Level of 
patient 
satisfaction 

Valid and 
reasonable. 
See note 
above. 

  Not my 
area 

   scale  The factor will remain 
the same in the 
model. (Patient 
admittance rates will 
be considered in 
simulator 
architecture). 

Level of 
overall 
population 
wellbeing 

   Not my 
area 

   scale  The factor will remain 
the same in the 
model. 

Level of 
societal 
outcry 

Valid and 
reasonable. 
Difficult to 
measure 
level. 

Valid and 
reasonabl
e; difficult 
to quantify 
at hospital 
level 

 Seems 
difficult to 
measure 

   scale  Based on Validator #5 
comments in Notes 
section and other 
validator comments 
the outcry factor here 
is too broad and 
general. After analysis 
and evaluation, the 
factor has been 
renamed to “Level of 
societal outcry related 
to sustainability”. For 
updated relationships, 
see factor 
relationships table.  
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Level of 
stringency of 
government 
regulations 
and 
consideration
s for water 
sustainability 

   Relative to 
what? 
Difficult to 
measure 

   scale  This factor will remain 
the same.  

Natural 
habitats life 
span 

Difficult to 
say….outsid
e of my area 
of expertise. 

  Not my 
area 

     This factor will remain 
the same in the 
model. 

Overall 
population 

         The factor will remain 
the same in the 
model. 

Price of 
water 

Valid and 
reasonable. 
Expect 
strong 
correlation. 
May use 
$/volume 

Valid and 
reasonabl
e ($/1000 
gallons 
from city 
water 
dept.) 

       The factor will remain 
the same in the 
model. (Will consider 
using the rates in 
simulator architecture 
$/volume). 

Quantity of 
patients 

      unfamiliar 
with units 
of 
measurem
ent 

  The factor will remain 
the same in the 
model. 

Volume of 
available 
water 
resources 

Valid and 
reasonable. 
Expect 
strong 
correlation. 
Will effect 
water price 
and 
government 
restrictions. 

 Best 
communic
ated in 
‘Gallons’ 

   unfamiliar 
with units 
of 
measurem
ent 

  Unit of measurement 
modified to ‘Gallons’. 

Volume of 
treated 
waste water 

  Best 
communic
ated in 
‘Gallons’ 

Gallons 
may be a 
better unit 
of 
measurem
ent 

  unfamiliar 
with units 
of 
measurem
ent 

  No further action as 
result of the validator 
inputs was taken. 
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Volume of 
untreated 
wastewater 

  Best 
communic
ated in 
‘Gallons’ 

Gallons 
may be a 
better unit 
of 
measurem
ent 

  unfamiliar 
with units 
of 
measurem
ent 

 Don’t like 
the factor 

Unit of measurement 
modified to ‘Gallons’. 

Volume of 
water 
conserved 

  Best 
communic
ated in 
‘Gallons’ 

Gallons 
may be a 
better unit 
of 
measurem
ent 

  unfamiliar 
with units 
of 
measurem
ent 

  Unit of measurement 
modified to ‘Gallons’. 

Volume of 
water 
recycled 

Valid and 
reasonable. 
Must define 
bounds of 
water 
consumption. 
This will be 
reflected in 
the water 
purchased 
from outside 
but may not 
be influenced 
by demand 
for water as 
much. 

 Best 
communic
ated in 
‘Gallons’ 

Gallons 
may be a 
better unit 
of 
measurem
ent 

  unfamiliar 
with units 
of 
measurem
ent 

include 
laundry ( it 
is large) 

 Unit of measurement 
modified to ‘Gallons’. 

Volume of 
water 
reduced 

  Best 
communic
ated in 
‘Gallons’ 

Gallons 
may be a 
better unit 
of 
measurem
ent 

  unfamiliar 
with units 
of 
measurem
ent 

 ?, ?, ? Unit of measurement 
modified to ‘Gallons’. 
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Volume of 
water reused 

Valid and 
reasonable. 
Must define 
bounds of 
water 
consumption. 
This will be 
reflected in 
the water 
purchased 
from outside 
but may not 
be influenced 
by demand 
for water as 
much. 

 Best 
communic
ated in 
‘Gallons’ 

Gallons 
may be a 
better unit 
of 
measurem
ent 

  unfamiliar 
with units 
of 
measurem
ent 

  Unit of measurement 
modified to ‘Gallons’. 

Water 
footprint 

  Best 
communic
ated in 
‘Gallons’ 

   unfamiliar 
with units 
of 
measurem
ent 

  Unit of measurement 
modified to ‘Gallons’. 

Water cost in 
healthcare 

      unfamiliar 
with units 
of 
measurem
ent 

but leaves 
out 
outsource
s services 

 No change was made 
as a result of the 
validator comments. 

 

Factors that are added to the causal model as a result of the validator comments are: Quantity of staff (FTE :Full Time 

Equivalent), Quantity of visitors, Quantity of vendors, Level of demand for services and resources for staff, Level of demand for services 

and resources for visitors, Level of demand for services and resources for vendors, Temperature, and Building size. 
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Table D.2 Factors and Factor Relationships Validator Feedback and Assessment 

 Validator 1  Validator 2  Validator 3  Validator 4  Validator 5  Validator 6  Validator 7  Validator 8  Validator 9  Assessment 

Factor Factor +/_ 

Amount of 
incentives for 
implementing 
water 
sustainability 
methods 

Volume of 

water 

recycled 

+          This relationship 

will be deleted in 

the updated 

model when the 

new factors are 

added. 

Volume of 

water 

reduced 

+          This relationship 

will be deleted in 

the updated 

model when the 

new factors are 

added. 

Volume of 

water reused 

+          This relationship 

will be deleted in 

the updated 

model when the 

new factors are 

added. 

Amount of 
healthcare 
waste 
products 

Healthcare 

ecological 

footprint 

+        could be a 

spider web 

 The relationship 

will remain the 

same. 

Level of 

external fresh 

water quality 

_          The relationship 

will remain the 

same. 
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Actual 
volume of 
water needed 

Energy 

consumption 

amount for 

water 

extraction 

+ On a 

volume 

basis this 

is 

reasonabl

y but on a 

unit basis I 

don’t see 

a 

relationshi

p. 

        The relationship 

will remain the 

same. The 

relationship is 

based on a 

volume basis.  

Water 

footprint 

+          The relationship 

will remain the 

same. 

Cost of 
services and 
resources 

Level of 

patient 

satisfaction 

_   Correlates 

to the cost 

of 

healthcare 

Not sure if 

this 

relationshi

p is totally 

valid – 

quality of 

care + 

service 

may have 

a larger 

impact 

    Think this 

should be 

a “+” 

The relationship 

will remain the 

same. 
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Energy 
consumption 
amount for 
water 
extraction 

Energy cost 

for water 

extraction 

+ May be 

reversed 

depending 

on how 

this is 

phrased. 

High 

energy 

cost per 

unit would 

lead to 

lower 

overall 

energy 

consumpti

on 

because 

of 

conservati

on 

measures. 

        This is not related 

to the water 

conservation 

methods. The 

relationship will 

remain the same. 

Greenhouse 

gas emission 

amount 

+ Same as 

above. 

        This is not related 

to the water 

conservation 

methods. The 

relationship will 

remain the same.  

Energy 
consumption 
amount of 
water 
recycling 
efforts 

Energy cost 

in healthcare 

+ Same as 

above.  

     maybe not 

in all 

cases 

  The relationship 

will remain the 

same.  
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Energy cost 
for water 
extraction 

Level of 

societal 

outcry 

+ Depends 

on what 

the 

societal 

outcry 

concerns. 

Expect 

that higher 

energy 

cost for 

extraction 

(per unit) 

would 

result in 

lower 

water 

consumpti

on leading 

to lower 

societal 

outcry of 

water 

waste. 

However, 

outcry 

may be 

higher 

concernin

g energy 

cost. 

     May also + 

affect level 

of PT 

satisfactio

n and 

loyalty 

?  The relationship 

will remain the 

same. The factor 

was renamed to 

the level of 

societal outcry 

related to 

sustainability. 

This will address 

validator #1 

comments.   
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Price of water +          The relationship 

will remain the 

same.  

Energy cost 
in healthcare 

Level of 

societal 

outcry 

+  Valid and 

realistic; 

yes 

(Difficult to 

measure 

at hospital 

level) 

    May also + 

affect level 

of PT 

satisfactio

n and 

loyalty 

?  The relationship 

will remain the 

same. 

Greenhouse 
gas emission 
amount 

Healthcare 

ecological 

footprint 

+          The relationship 

will remain the 

same.  

Healthcare 
ecological 
footprint 

Volume of 

available 

water 

resources 

_  Valid and 

realistic; 

yes 

Seems 

like this 

one could 

+ or – 

depending 

on 

perspectiv

e 

       The relationship 

will remain the 

same.  

Level of 
accessibility 
to services 
and 
resources 

Level of 

patient 

satisfaction 

+          The relationship 

will remain the 

same. 
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Level of 
external fresh 
water quality 

Level of 

patient 

wellbeing 

+          The relationship 

will remain the 

same. 

Level of 

overall 

population 

wellbeing 

+          The relationship 

will remain the 

same. 

Level of 

societal 

outcry 

_          The relationship 

will remain the 

same. 

Natural 

habitats life 

span 

+          The relationship 

will remain the 

same. 

Level of 
demand for 
services and 
resources 

Actual 

volume of 

water needed 

+          The relationship 

will remain the 

same. 

Amount of 

healthcare 

waste 

products 

+          The relationship 

will remain the 

same. 

Cost of 

services and 

resources 

+    If factor is 

Total cost, 

yes. 

Per 

person 

(patient), 

this may 

decrease. 

     The relationship 

will remain the 

same. (It is the 

total cost) 
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Level of 

accessibility 

to services 

and 

resources 

_    Not 

necessaril

y – unless 

services + 

resources 

are fixed. 

Level of 

demand 

may result 

in 

additional 

resources. 

     This is true. But 

generally as 

demand 

increases the 

accessibility 

decreases. There 

could be another 

factor that 

connects to the 

level of 

accessibility to 

services and 

resources but this 

factor would be 

outside the scope 

of the model.  
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Level of 
patient 
complaints 

Level of 

demand for 

services and 

resources 

_ Depends 

on 

measure. 

Demand 

for 

resources 

may be 

independe

nt of 

complaints 

and could 

actually 

drive 

complaints 

(i.e. 

extended 

wait times 

due to 

increased 

Emergenc

y Room 

usage) 

  For an 

individual 

facility, 

perhaps. 

On a 

larger 

scale, 

healthcare 

demand 

would 

probably 

not be 

impacted 

by patient 

complaints

. 

  To a 

certain 

extent 

  The relationship 

will remain the 

same. According 

to validator #4, on 

larger scales, this 

will not have an 

impact. However, 

if the complaints 

keep occurring, it 

will have an 

impact on the 

facility. Therefore, 

it will be an 

important factor. 

This factor 

defines the 

relationship on 

the Level of 

demand for 

services and 

resources, not the 

other way around. 

This addresses 

validator #1’s 

comment.  
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Level of 
patient loyalty 

Level of 

demand for 

services and 

resources 

+ Inconclusi

ve. First 

look this 

makes 

sense but 

it’s 

possible 

that 

demand 

for certain 

services 

could 

decrease 

due to 

patient 

loyalty. 

(i.e. 

regular 

physicals 

decrease 

number of 

sudden 

heart 

attacks) 

  Same 

principal 

as above. 

     The relationship 

will remain the 

same. Patients 

are more apt to 

return or 

recommend 

healthcare 

services to others 

and this will more 

likely increase the 

level of demand 

for services and 

resources. In 

large scale 

facilities, such as 

hospitals, patients 

are more likely to 

return to receive 

services as they 

go through 

illnesses or 

regular checkups. 
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Level of 
patient 
wellbeing 

Quantity of 

patients 

_ Inconclusi

ve. It may 

be that 

patients 

are 

healthier 

and have 

better 

wellbeing 

due to 

more 

regular 

visits.  

        The relationship 

will remain the 

same. Validator 

#1 comments are 

valid. When 

considering the 

wellbeing of 

patients, one can 

consider the 

number of regular 

visits the patients 

has had to 

measure the level 

of wellbeing. 

Level of 
patient 
satisfaction 

Level of 

patient 

complaints 

_          The relationship 

will remain the 

same. 

Level of 

patient loyalty 

+          The relationship 

will remain the 

same. 
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Level of 
overall 
population 
wellbeing 

Quantity of 

patients 

_ Inconclusi

ve. It may 

be that if 

population

s are 

healthier 

and have 

better 

wellbeing 

due to 

more 

regular 

visits. 

        The relationship 

will remain the 

same. The 

relationship will 

remain the same. 

Validator #1 

comments are 

valid. When 

considering the 

overall population 

wellbeing, one 

can consider the 

number of regular 

visits the 

population had to 

measure the level 

of overall 

population 

wellbeing. 

Level of 
societal 
outcry 

Level of 

stringency of 

government 

regulations, 

standards, 

and policies 

related to 

water 

sustainability 

+          The relationship 

will remain the 

same. The factor 

is renamed to the 

Level of societal 

outcry related to 

water 

sustainability in 

hospitals. Another 

factor is added 

called “Level of 

societal outcry 

related to 

sustainability”. 
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Level of 
stringency of 
government 
regulations, 
standards, 
and policies 
related to 
water 
sustainability 

Amount of 

incentives for 

implementing 

water 

sustainability 

methods 

+    I don’t 

know that 

these 

have a 

direct 

relationshi

-p. 

Access to 

more 

incentives 

 It would 

seem so! 

  The relationship 

will remain the 

same. As the 

severity of 

government 

regulations 

related to water 

sustainability 

increases, the 

amount of 

incentives that 

are offered to 

facilitate water 

sustainability 

efforts increases. 

Natural 
habitats life 
span 

Level of 

societal 

outcry 

_  Valid and 

realistic; 

yes 

Seems 

like this 

one could 

+ or – 

depending 

on 

perspectiv

e 

       The relationship 

will remain the 

same. (The 

natural habitats 

are important & 

part of the eco 

system and 

environment so 

decrease in their 

life span would 

cause a 

sustainability 

outcry). The level 

of societal outcry 

here is renamed 

to the Level of 

societal outcry 

related to 

sustainability  
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Overall 
population 

Quantity of 

patients 

+          The relationship 

will remain the 

same. 

Price of water 

Water cost in 

healthcare 

+   Can be 

both + or - 

  ?    Keep the +. As 

the price of water 

increases, the 

cost of water in 

hospital 

increases. On the 

other hand, as the 

price of water 

increases, 

interest to 

purchase water 

decreases, 

therefore, less 

water is used so a 

decreasing 

relationship will 

be added to 

Water footprint 

factor. 

Quantity of 
patients 

Level of 

demand for 

services and 

resources 

+          The relationship 

will remain the 

same. 

Volume of 
available 
water 
resources 

Level of 

accessibility 

to services 

and 

resources 

+          The relationship 

will remain the 

same. 
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Level of 

societal 

outcry 

_       ?? outcry?   The Level of 

societal outcry 

factor is changed 

to the Level of 

societal outcry 

related to 

sustainability. 

Price of water _          The relationship 

will remain the 

same. 

Volume of 
treated 
wastewater 

Level of 

external fresh 

water quality 

_ This may 

be 

reversed 

since 

more 

treated 

water 

could 

increase 

quality of 

water 

returned to 

the 

ecosystem 

and 

increase 

water 

quality. 

Valid and 

realistic; 

yes 

Could be + 

 Not 

necessaril

y true, 

depending 

on 

treatment 

methods + 

quality of 

treated 

wastewate

r 

     The relationship 

will remain the 

same. 
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Volume of 

water 

recycled 

+ This may 

be 

reversed 

since 

volume of 

treated 

waste 

water 

available 

could 

decrease 

price 

which 

would 

remove 

incentive 

to recycle 

water. 

        The relationship 

will remain the 

same. 

Volume of 
untreated 
wastewater 

Level of 

external fresh 

water quality 

_          The relationship 

will remain the 

same. 

Volume of 

treated 

wastewater 

+ Depends 

on where 

each type 

of water is 

measured. 

 If 

untreated, 

how does 

this 

increase 

volume of 

treated. 

Long term 

impact, 

yes 

     The relationship 

will remain the 

same. 
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Volume of 

water reused 

+ Again, 

depends 

on where 

this is 

measured. 

If more 

water is 

untreated 

inside the 

building it 

may mean 

that less is 

able to be 

reused. 

  Long term 

impact, 

yes 

     The relationship 

will remain the 

same. 

Volume of 
water 
conserved 

Actual 

volume of 

water needed 

_  Valid and 

realistic; 

yes 

Could be + 

 Decreases 

actual 

volume of 

fresh 

water 

needed 

     The relationship 

will remain the 

same. 

Volume of 
water 
recycled 

Energy 

consumption 

amount of 

water 

recycling 

efforts 

+          The relationship 

will remain the 

same. 

Volume of 

water 

conserved 

+          The relationship 

will remain the 

same.  

Volume of 
water 
reduced 

Volume of 

water 

conserved 

+          The relationship 

will remain the 

same. 
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Volume of 
water reused 

Volume of 

water 

conserved 

+          The relationship 

will remain the 

same. 

Water 
footprint 

Volume of 

available 

water 

resources 

_          The relationship 

will remain the 

same. 

Volume of 

untreated 

wastewater 

+          The relationship 

will remain the 

same. 

Water cost in 

healthcare 

+          The relationship 

will remain the 

same.  

Water cost in 
healthcare 

Cost of 

services and 

resources 

+          The relationship 

will remain the 

same. 

Level of 

societal 

outcry 

+          Increase in the 

water cost in 

hospitals causes 

hospitals to react. 

Factor of Level of 

societal outcry is 

changed to Level 

of societal outcry 

related to 

sustainability. 
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Table D.3 Notes and Additional Comments, Validator Feedback and Assessment 

Validator 1  Validator 2  Validator 3  Validator 4  Validator 5  Validator 6  Assessment 
Additional Factors worth 
adding: 
- Weather – One of the 
most significant drivers of 
water usage is the 
demand for air 
conditioning in a building. 
Assuming all other factors 
are held constant, weather 
(temperature and 
enthalpy) is a primary 
driver of this demand. 
Additionally, irrigation is 
highly dependent on 
weather conditions such 
as enthalpy and rainfall. 
- Geographic location – 
Driven primarily by 
weather but also 
influences other factors 
such as availability and 
cost of water which will 
influence conservation 
measures 
- Expansion of building 
footprint will increase 
demand for cooling and 
water usage 
Employee count (FTE) – 
large driver. Baylor has 
almost 20,000  employees 
throughout the System 
(10M Sq. Ft) 
- Infection rate – this may 
be factored into patient 
wellbeing and admission 
rates but infections 
contracted within hospitals 
is one of the top issues 
facing the industry today. 
As such, many hospitals 
are enacting campaigns to 
get employees and visitors 
to wash their hands more. 

Some considerations:  
- Weather (HVAC) 
impact on water should 
be factored; 
normalization based on 
degree days and 
possibly other factors 
- Consider measurement 
of some items on a per 
square foot basis to help 
normalize between 
hospitals 
- Sterilization has a 
significant impact on 
water usage in hospitals. 
Some hospitals sterilize 
internally and some 
outsource it. 
- Same applies to 
laundry 
- Landscape irrigation 
water consumption and 
HVAC water 
consumption should be 
measured separately to 
show true water 
consumption associated 
with patient care. 

Very detailed 
model. Only 
recommendation 
is measurement 
of water, i.e., 
Gallons. 

1) Refer to Texas title 
25 Chapter 133 for 
regulatory 
requirements for PT in 
a hospital setting, 
Gallons per person 
per day. 
2) Verify water usage 
rates – might be 
based on Gallons 
used per day vs. 
Cubic meter. 

“Level of societal 
outcry” is maybe 
too broad 
Outcry R/T 
conservation 
Outcry R/T other 
factors 

Outsourcing can move 
water use from inside 
the hospital footprint 
to outside but the 
water is still used 
somewhere and may 
be greater or less.  
 
Reduction or 
landscape will reduce 
water consumption. 

Unit of measurement for water is 
modified to ‘Gallons’. 
Based on comments from validator 
#1&2, a new factor is added to the 
model called “Temperature”. There 
will be an increasing link to the 
Actual volume of water needed from 
this factor. 
According to Validator #1, 
Geographic location is very 
important. Temperature addresses 
this point.  
Based on validator #1 comments, 
Employee count (FTE) or the 
Quantity of staff is added to the 
model. 
Based on validator #1 comments, 
Building footprint (size) is another 
new factor added to the causal 
model. There is an increasing link to 
the Actual volume of water needed 
from this factor.  
Validator #1 indicates a valid point 
about the Geographic location. This 
factor affects other factors such as 
availability and cost of water that is 
embedded in the Temperature and 
Building size factors, therefore a 
separate factor is not added. 
Validator #1 indicates a good point 
about Infection rate. However, it is 
not within the scope of this research 
so it is decided not to include it in 
this model. 
Validator #2 has a good point about 
Sterilization. However, it is not within 
the scope of this research so it is 
decided not to include it in this 
model. 
The level of societal outcry based on 
Validator #5 is renamed to the “Level 
of societal outcry related to 
sustainability” to be more specific 
and address the concern.  

Changes to the factors, unit of measurement, and definitions are provided in Table D.4 (Only factors that were modified are 

listed, as well as factors that were added as a result of analysis). Changes to the factor relationships are provided in Table D.5. 
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Table D.4 Changes to Factors, Definitions, and Units of Measurement Based on Analysis of Causal Model Validation 

Factors Assessment 
Amount of 
incentives for 
implementing 
water 
sustainability 
methods 

4 new factors are added to the model as a result of the processes taking place after this factor: Level of interest of hospitals for becoming recognized in their communities for 
sustainability achievements, Level of hospital interest in getting incentives, Probability of getting incentives, and Acquired incentives for hospitals. 

Amount of 
healthcare 
waste 
products 

The name of this factor is renamed to “Amount of hospital waste products”. 

Energy 
consumption 
amount for 
water 
extraction 

This factor is renamed to “Energy consumption amount to obtain water”.  
 

Energy 
consumption 
amount of 
water 
recycling 
efforts 

After reviewing the causal model and considering the process model, this factor is deleted and instead another factor is added called “Energy consumption amount related to 
water use”. This factor is within the scope of the hospital. The relationships will be shown in the factor relationships table.  

Energy cost in 
healthcare 

Because of the focus of the model on water sustainability in hospital, this factor is scaled down and renamed to “Energy cost related to water use in hospital”.  

Greenhouse 
gas emission 
amount 

The factor is external to the hospital. Another factor called “Hospital greenhouse gas emission amount” will be added to the model to represent the greenhouse gas amount 
specific to the hospital.  

Healthcare 
ecological 
footprint 

The factor is external to the hospital. This factor is renamed to “Ecological footprint”. Another factor called “Hospital ecological footprint” will be added to the model to 
represent the footprint specific to the hospital.   

Level of 
demand for 
services and 
resources 

The factor is renamed to “Level of demand for services and resources for patients”.  

Level of 
stringency of 
government 
regulations 
and 
considerations 
for water 
sustainability 

This factor has been renamed to “Level of stringency of government regulations and considerations related to water sustainability”.  

Volume of 
treated waste 
water 

After analysis of this factor, it was decided that the factor is redundant with another factor in the model (Volume of water recycled), therefore, this factor is deleted from the 
model. 

Water cost in 
healthcare 

It was decided to rename this factor to: “Water cost in hospitals”, to make it more specific. 
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New Factors 
 
Level of 
interest of 
hospitals for 
becoming 
recognized in 
their 
communities 
for 
sustainability 
achievements 

This factor is added to the model as a result of the processes taking place after the amount of incentives for implementing water sustainability methods is received. This 
factor represents the hospitals interest level in being the leading organization for carrying sustainability accomplishments. 

Probability of 
getting 
incentives 

This factor is added to the model as a result of the processes taking place after the amount of incentives for implementing water sustainability methods is received. This 
presents the possibility of the hospitals getting the incentives. 

Level of 
hospital 
interest in 
getting 
incentives 

This factor is added to the model as a result of the processes taking place after the amount of incentives for implementing water sustainability methods is received. This 
factor defines the level the hospitals are interested in getting the actual incentives for sustainability efforts. 

Acquired 
incentives for 
hospitals 

This factor is added to the model as a result of the processes taking place after the amount of incentives for implementing water sustainability methods is received. This 
factor defines the amount of incentives that the hospitals have acquired and is ready to be used for sustainability purposes. 

Energy 
consumption 
amount 
related to 
water use 

This factor is added to the model as a result of the energy that is consumed in water related efforts in hospitals. This factor represents the total amount of energy needed to 
perform water related efforts (i.e. pumping water) 

Hospital 
greenhouse 
gas emission 
amount 

This factor is added to the model as a result of the energy consumption factor in hospital. Energy related efforts will produce greenhouse gas emission in hospital. This factor 
represents the amount of greenhouse gas, in particular, carbon dioxide, that is produced by using energy in hospital. This accounts for a part of the ecological footprint. 

Hospital 
ecological 
footprint 

The hospital greenhouse gas emission accounts for hospital ecological footprint, therefore this factor is added to the model and is specific to hospital. This factor represents 
the amount of land and water area required for nature to regenerate the resources used by the hospital. 
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Table D.5 Changes to the Factor and Factor Relationships Based on Analysis of Causal Model Validation 

 Assessment 

Factor Factor +/_ 

Amount of incentives for 
implementing water 
sustainability methods 

Volume of water 

recycled 
+ 

This relationship is deleted in the updated model when the new factors are added. The new connection will be from the 

“Acquired incentives for hospitals” to the “Volume of water recycled” and it is an increasing relationship.  

Volume of water 

reduced 
+ 

This relationship is deleted in the updated model when the new factors are added. The new connection will be from the 

“Acquired incentives for hospitals” to the “Volume of water reduced” and it is an increasing relationship. 

Volume of water 

reused 
+ 

This relationship is deleted in the updated model when the new factors are added. The new connection will be from the “Volume 

of water recycled” to the “Volume of water reused” and it is an increasing relationship. 

4 new factors were added to the model, the following relationships were created: 

Increasing relationship from “Amount of incentives for implementing water sustainability methods” to “Level of hospital interest in 

getting incentives” 

Increasing relationship from “Level of hospital interest for being recognized in their communities for sustainability achievements” 

to “Level of hospital interest in getting incentives”  

Increasing relationship from “Amount of incentives for implementing water sustainability methods” to “Probability of getting 

incentives” 

Increasing relationship from “Probability of getting incentives” to “Acquired incentives for hospitals” 

Increasing relationship from “Level of hospital interest in getting incentives” to “Acquired incentives for hospitals” 

Increasing relationship from “Acquired incentives for hospitals” to “Volume of water recycled” 

Increasing relationship from “Acquired incentives for hospitals” to “Volume of water reduced” 

Amount of healthcare waste 
products (renamed to Amount 
of hospital waste products) 

Healthcare 

ecological 

footprint 

+ 

Healthcare ecological factor renamed to “Ecological footprint”. Another factor added called “Hospital ecological footprint”. There 

is an increasing relationship to both these factors.   

Level of external 

fresh water 

quality 

_ 

The relationship will remain the same. 

Actual volume of water needed 

Energy 

consumption 

amount for 

water extraction 

+ 

The relationship will remain the same. 

Water footprint + 
The relationship will remain the same. 
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Cost of services and resources 
Level of patient 

satisfaction 
_ 

The relationship will remain the same. 

Energy consumption amount 
for water extraction (renamed 
to Energy consumption amount 
to obtain water) 

Energy cost for 

water extraction 
+ 

The relationship will remain the same. 

Greenhouse gas 

emission 

amount 

+ 

The relationship will remain the same. 

Energy consumption amount of 
water recycling efforts 
(deleted) 

Energy cost in 

healthcare 
+ 

This factor is deleted from the model; therefore the relationships will also disappear. The new factor called “Energy consumption 

amount related to water use” is added to the model. This factor has an increasing relationship to the renamed factor “Energy 

cost related to water use in hospital”. There is also an increasing relationship to another new factor “Hospital greenhouse gas 

emission amount”. 

Energy cost for water 
extraction (renamed to Energy 
cost to obtain water) 

Level of societal 

outcry (renamed 

to Level of 

societal outcry 

related to 

sustainability) 

+ 

The relationship will remain the same. 

Price of water + 

The relationship will remain the same. 
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Energy cost in healthcare 
(renamed to Energy cost 
related to water use in 
hospital) 

Level of societal 

outcry (renamed 

to Level of 

societal outcry 

related to 

sustainability) 

+ 

The relationship will remain the same. 

Greenhouse gas emission 
amount 

Healthcare 

ecological 

footprint 

(renamed to 

Ecological 

footprint) 

+ 

Also, another factor called “Hospital greenhouse gas emission amount” added that has increasing relationship to another added 

factor “Hospital ecological footprint”. There is also an increasing relationship from “Hospital greenhouse gas emission amount” to 

“Greenhouse gas emission amount”. 

Healthcare ecological footprint 
(renamed to Ecological 
footprint) 

Volume of 

available water 

resources 

_ 

The relationship will remain the same. 

Level of accessibility to 
services and resources 

Level of patient 

satisfaction 
+ 

The relationship will remain the same. 

Level of external fresh water 
quality 

Level of patient 

wellbeing 
+ 

The relationship will remain the same. 

Level of overall 

population 

wellbeing 

+ 

The relationship will remain the same. 

Level of societal 

outcry 
_ 

Delete this relationship. Replace this relationship with another factor “Level of overall population wellbeing”. A decreasing 

relationship from this factor to the “Level of societal outcry related to sustainability”.  

Natural habitats 

life span 
+ 

The relationship will remain the same. 

Level of demand for services 
and resources 

Actual volume of 

water needed 
+ 

The relationship will remain the same. 

Amount of 

healthcare 

waste products 

+ 

The relationship will remain the same. 

Cost of services 

and resources 
+ 

The relationship will remain the same. 

Table D.5—Continued       



 

 

167 

Level of 

accessibility to 

services and 

resources 

_ 

The relationship will remain the same. 

Level of patient complaints 

Level of demand 

for services and 

resources 

_ 

The relationship will remain the same. 

Level of patient loyalty 

Level of demand 

for services and 

resources 

+ 

The relationship will remain the same. 

Level of patient wellbeing 
Quantity of 

patients 
_ 

The relationship will remain the same. 

Level of patient satisfaction 

Level of patient 

complaints 
_ 

The relationship will remain the same. 

Level of patient 

loyalty 
+ 

The relationship will remain the same. 

Level of overall population 
wellbeing 

Quantity of 

patients 
_ 

The relationship will remain the same. 

Level of societal outcry 
(renamed to Level of societal 
outcry related to sustainability) 

Level of 

stringency of 

government 

regulations, 

standards, and 

policies related 

to water 

sustainability 

+ 

The relationship will remain the same. 

Level of stringency of 
government regulations, 
standards, and policies related 
to water sustainability 

Amount of 

incentives for 

implementing 

water 

sustainability 

methods 

+ 

The relationship will remain the same. 
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Natural habitats life span 

Level of societal 

outcry (renamed 

to Level of 

societal outcry 

related to water 

sustainability) 

_ 

The relationship will remain the same. 

Overall population 
Quantity of 

patients 
+ 

The relationship will remain the same. 

Price of water 
Water cost in 

healthcare 
+ 

The relationship will remain the same. 

Quantity of patients 

Level of demand 

for services and 

resources 

+ 

The relationship will remain the same. 

Volume of available water 
resources 

Level of 

accessibility to 

services and 

resources 

+ 

The relationship will remain the same. 

Level of societal 

outcry 
_ 

The relationship will remain the same. 

Price of water _ The relationship will remain the same. 

Volume of treated wastewater 

Level of external 

fresh water 

quality 

_ 

This factor is deleted so will its relationships (redundant to the Volume of water recycled) 

Volume of water 

recycled 
+ 

This factor is deleted so will its relationships (redundant to the Volume of water recycled) 

Volume of untreated 
wastewater 

Level of external 

fresh water 

quality 

_ 

The relationship will remain the same. 

Volume of 

treated 

wastewater 

+ 

This factor is deleted so will its relationships.  

Volume of water 

reused 
+ 

The factor is deleted here, so will the relationship. 
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Volume of water conserved 
Actual volume of 

water needed 
_ 

The relationship will remain the same. 

Volume of water recycled 

Energy 

consumption 

amount of water 

recycling efforts 

+ 

The factor is deleted here, so will the relationship. 

Volume of water 

conserved 
+ 

Connection to the Volume of water conserved is deleted. Instead, an increasing relation is added to the Volume of water reused. 

There is also another +/_ relationship from the “Volume of water recycled” to the “Level of external fresh water quality”.  

Volume of water reduced 
Volume of water 

conserved 
+ 

The relationship will remain the same. 

Volume of water reused 
Volume of water 

conserved 
+ 

The relationship will remain the same. 

Water footprint 

Volume of 

available water 

resources 

_ 

The relationship will remain the same. 

Volume of 

untreated 

wastewater 

+ 

The relationship will remain the same. 

Water cost in 

healthcare 
+ 

Another increasing relationship is added from Water footprint to the new factor “Energy consumption amount related to water 

use”.  

Water cost in healthcare 

Cost of services 

and resources 
+ 

The relationship will remain the same. 

Level of societal 

outcry 
+ 

The relationship will remain the same. 

New Relationships 

Quantity of patients 
Quantity of staff 

(FTE) 
+ 
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Quantity  of 

visitors 
+ 

 

Quantity of staff (FTE) 

Level of demand 

for services and 

resources for 

staff 

+ 

 

Quantity of visitors 

Level of demand 

for services and 

resources for 

visitors 

+ 

 

Quantity of vendors 

Level of demand 

for services and 

resources for 

vendors 

+ 

 

Level of demand for services 
and resources for staff 

Actual volume of 

water needed 
+ 

 

Level of demand for services 
and resources for visitors 

Actual volume of 

water needed 
+ 

 

Level of demand for services 
and resources for vendors 

Actual volume of 

water needed 
+ 

 

Building size 
Actual volume of 

water needed 
+ 

 

Temperature 
Actual volume of 

water needed 
+ 

 

Water footprint 

Energy 

consumption 

amount related 

to water use 

+ 

 

Energy consumption amount 
related to water use 

Hospital 

greenhouse gas 

emission 

amount 

+ 
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Energy cost 

related to water 

use in hospital 

+ 

 

Energy cost related to water 
use in hospital 

Level of societal 

outcry related to 

sustainability 

+ 

 

Amount of hospital waste 
products 

Hospital 

ecological 

footprint 

+ 

 

Ecological 

footprint 
+ 

 

Hospital greenhouse gas 
emission amount 

Hospital 

ecological 

footprint 

+ 

 

Greenhouse gas 

emission 

amount 

+ 

 

Ecological footprint 

Volume of 

available water 

resources 

_ 

 

Level of societal 

outcry related to 

sustainability 

+ 

 

Level of overall population 
wellbeing 

Level of societal 

outcry related to 

sustainability 

_ 

 

Amount of incentives for 
implementing water 
sustainability methods 

Level of hospital 

interest in 

getting 

incentives 

+ 

 

Probability of 

getting 

incentives 

+ 
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Level of interest of hospital for 
being recognized in their 
communities for sustainability 
achievements 

Level of hospital 

interest in 

getting 

incentives 

+ 

 

Level of hospital interest in 
getting incentives 

Acquired 

incentives for 

hospitals 

+ 

 

Probability of getting incentives 

Acquired 

incentives for 

hospitals 

+ 

 

Acquired incentives for 
hospitals 

Volume of water 

recycled 
+ 

 

Volume of water 

reduced 
+ 

 

Volume of water recycled 

Volume of water 

reused 
+ 

 

Level of external 

fresh water 

quality 

+/_ 
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Appendix E  

Definitions and Units of Measurement for Stocks, Rates, and Auxiliary Variables 
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The following tables describe the definitions and units of measurement for the 

stocks, rates, and auxiliary variables.  

Table E.1 Stock Definitions and Units 

Stocks Definition Unit 

Patients admitted 
The number of patients 
admitted to the hospital 
who need services 

Number of patients per day 

Patients serviced 

Represents the number of 
patients that are being 
serviced and receiving 
necessary resources.  

Number of patients per day 

Discharged patients 

The number of patients 
that have been discharged 
from hospital and no 
longer are using services 
and resources 

Number of people per day 

Visitors 

The total quantity of 
visitors that enter the 
hospital facility to visit 
patients 

Number of visitors per day 

 
Collected hospital water 
 

Represents the water that 
is collected from other 
resources such as rain for 
use in hospital 

Gallons per day 

Available water resources 
outside hospital 

Represents the total 
amount of available water 
resources accessible to 
the hospital for use 

Gallons per day 

Water footprint The total amount of water 
that is used by the hospital Gallons per day 

Stored untreated 
wastewater 

Defines the total amount of 
untreated wastewater that 
is stored in hospital 

Gallons per day 

Treated wastewater 

Refers to the total volume 
of wastewater treated for 
further use such as 
landscape irrigation, toilet 
flushing and other 
purposes 

Gallons per day 

Stored treated wastewater 
Defines the total amount of 
treated wastewater that is 
stored in hospital 

Gallons per day 
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Managed wastewater 

Represents the total 
volume of wastewater that 
is managed outside 
hospital (includes treated 
wastewater, stored treated 
wastewater, untreated 
wastewater, and stored 
untreated wastewater) 

Gallons per day 

 

Table E.2 Rate Definitions and Units 

Rates Definition Unit 

pt admittance rate 

Represents the rate at 
which patients are 
admitted to the hospital 
facility 

Number of patients per 
time period (day) 

patient service rate 
Represents the rate at 
which patients are serviced 
in the hospital 

Number of patients per day 

pt discharge rate 
Represents the rate at 
which patients are from the 
hospital facility 

Number of patients per day 

rate of visitors entering  
Represents the rate that 
visitors enter the hospital 
facility  

Number of visitors per day 

rate of visitors leaving 
Represents the rate that 
visitors leave the hospital 
facility 

Number of visitors per day 

rate of obtaining water 
from other resources 

Represents the rate that 
water is obtained from 
other resources outside 
hospital for use 

Gallons per time period 
(day) 

rate of water collection 

The rate at which water is 
collected from other 
resources for hospital use 
(e.g. rain) 

Gallons per day 

rate of using available 
water resources outside 
hospital 

The rate at which water is 
used from outside hospital 
water resources 

Gallons per day 

rate of storing untreated 
wastewater 

Represents the rate at 
which untreated 
wastewater is stored in 
hospital 

Gallons per day 

rate of treating untreated 
wastewater 

Represents the rate at 
which untreated 
wastewater is treated in 
hospital 

Gallons per day 
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rate of discharging 
untreated wastewater in 
sewer 

Represents the rate at 
which untreated 
wastewater is discharged 
in sewer 

Gallons per day 

rate of treating stored 
untreated wastewater 

Represents the rate at 
which stored untreated 
wastewater is treated in 
hospital 

Gallons per day 

rate of discharging treated 
wastewater in sewer 

Represents the rate at 
which treated wastewater 
is discharged in sewer 

Gallons per day 

rate of discharging stored 
untreated wastewater in 
sewer 

Represents the rate at 
which stored untreated 
wastewater is discharged 
in sewer 

Gallons per day 

rate of storing treated 
wastewater 

Represents the rate at 
which treated wastewater 
is stored in hospital 

Gallons per day 

rate of discharging stored 
treated wastewater in 
sewer 

Represents the rate at 
which stored treated 
wastewater is discharged 
in sewer 

Gallons per day 

rate of reusing treated 
wastewater 

Represents the rate at 
which treated wastewater 
is reused 

Gallons per day 

rate of reusing stored 
treated wastewater 

Represents the rate at 
which stored treated 
wastewater is reused 

Gallons per day 

rate of conserving water 
Represents the rate at 
which water is conserved 
in hospital 

Gallons per day 

rate of managing 
wastewater 

Represents the rate at 
which wastewater is 
managed outside hospital 

Gallons per day 

 

Table E.3 Auxiliary Variable Definitions and Units 

Auxiliary Variables Definition Unit 

Alternative water 
resources 

Represents the average 
amount of alternative water 
resources that are 
available to hospitals (this 
may include emergency 
water supplies such as a 
nearby storage tank or an 
existing swimming pool)  

Gallons per day 
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Amount of biohazardous 
waste per patient 

Average amount of 
biohazardous waste that is 
produced by patients. 
Biohazardous waste can 
include infectious waste, 
blood, and sharps 

Tons per patient per day 

Amount of hazardous 
waste per patient 

Average amount of 
hazardous waste that is 
produced by patients. 
Hazardous waste can 
include pharmaceutical 
and chemical waste.  

Tons per patient per day 

Amount of hospital waste 
products 

The total amount of waste 
that is produced by 
patients, staff, visitors, and 
vendors in the hospital 
food, supplies, equipment 
or patients 

Tons per day 

Amount of municipal solid 
waste per patient 

Average amount of 
municipal solid waste that 
is produced by patients. 
This type of waste is 
known as trash or garbage 
and consists of everyday 
items that are thrown away 
(i.e. clothing, bottles, food 
scraps, etc.).  

Tons per patient per day 

Amount of municipal solid 
waste per staff 

Average amount of 
municipal solid waste that 
is produced by staff 

Tons per staff per day 

Amount of municipal solid 
waste per vendors 

Average amount of 
municipal solid waste that 
is produced by vendors 

Tons per vendors per day 

Amount of municipal waste 
per visitors 

Average amount of 
municipal solid waste that 
is produced by visitors 

Tons per visitors per day 

Available beds 
Represents the average 
number of available beds 
in a day 

Number of beds per day 

Available water resources 
outside hospital level 

Represents the available 
water resources outside 
hospital level (Likert scale) 

Level 

avg duration of visitor’s 
visit 

Represents the average 
time the visitor spends 
when visiting patients at 
hospital 

Hours per day 
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avg Energy consumption 
amount related to water 
use 

Represents the total 
amount of energy needed 
to perform water related 
efforts (i.e. pumping water) 

Kilowatt Hour per day 

avg energy consumption to 
obtain water 

Represents the average 
energy that is needed to 
extract, obtain, and deliver 
water from available 
resources in a day 

Kwh per gallon per day 

Average length of stay  

Average time patients stay 
in hospital to receive 
services and resources 
which depends on their 
wellbeing and average 
number of stay days 

Time period (days) 

Amount of water consisting 
hospital waste products 

Represents the amount of 
water that consists hospital 
waste products discharged 
into it 

Gallons per day 

Acquired incentives for 
hospital 

Average amount of dollars 
acquired by hospitals for 
treatment plans (reduce & 
reuse) 

Dollars per gallons 

Building size The actual size of the 
hospital facility Square foot 

Cost of services and 
resources 

Covers part of the cost of 
services and resources 
offered to patients and part 
of the water cost in the 
hospital 

Dollars per day 

Cost of services and 
resources level 

Represents the cost of 
services and resources 
level in the hospital (Likert 
scale)  

Level (Between 1&5) 

Cost to patients 

Covers the total cost of 
services and resources 
offered to patients in 
hospitals during their stay. 
This includes cost of 
trained staff and resources 
including medication, 
equipment, and hospital 
fees and bills including 
water bills 

Dollars per patient per day 

discharge rate  
This value represents the 
percentage of patients 
being discharged  

% 
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discharging wastewater 
rate 

This is the nominal ratio 
value of managed 
wastewater over water 
footprint 

Number 

DO stored treated 
wastewater 

Represents the constant 
and initial amount of 
dissolved oxygen that is 
recorded in the stored 
treated wastewater 

Mg/L per day 

DO stored untreated 
wastewater 

Represents the constant 
and initial amount of 
dissolved oxygen that is 
recorded in the stored 
untreated wastewater 

Mg/L per day 

DO treated wastewater 

Represents the constant 
and initial amount of 
dissolved oxygen that is 
recorded in the treated 
wastewater 

Mg/L per day 

DO untreated wastewater 

Represents the constant 
and initial amount of 
dissolved oxygen that is 
recorded in the untreated 
wastewater 

Mg/L per day 

DO level stored treated 
wastewater 

Average amount of 
dissolved oxygen in stored 
treated wastewater 

Mg/L per day 

DO level stored untreated 
wastewater 

Average amount of 
dissolved oxygen in stored 
untreated wastewater 

Mg/L per day 

DO level treated 
wastewater 

Average amount of 
dissolved oxygen in 
treated wastewater 

Mg/L per day 

DO level untreated 
wastewater 

Average amount of 
dissolved oxygen in 
untreated wastewater 

Mg/L per day 

Ecological footprint 

Represents the amount of 
land and water area 
required for nature to 
regenerate the resources 
used by humans 

Global hectares 

Energy consumption 
amount related to water 
use 

Represents the amount of 
energy consumed related 
to water use (i.e. pumping) 

Kilowatt Hour per gallons 
per day 

Energy consumption to 
obtain water 

Defines the total amount of 
energy needed to obtain 
water in a day 

Kilowatt Hour per gallons 
per day 
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Energy cost to obtain 
water 

The cost of energy that is 
used to obtain water from 
available resources 

Dollars per day 

Energy cost related to 
water use in hospital 

The total cost of energy 
related to water use in 
hospital 

Dollars per gallons day 

External fresh water quality 

Defines the level of quality 
of the external fresh water 
that is/will be used later 
again in the hospital 

Parts per million (ppm) 

Greenhouse gas emission 
amount 

The amount of greenhouse 
gas, in particular, carbon 
dioxide, that is produced 
by using the energy. This 
accounts for a part of the 
ecological footprint 

Tons per day 

Hospital bed capacity  Total number of beds in 
hospital (bed capacity) Number of beds 

Hospital ecological 
footprint 

Represents the amount of 
land and water area 
required for nature to 
regenerate the resources 
used by the hospital 

Global hectares 

Hospital greenhouse gas 
emission amount 

The amount of greenhouse 
gas, in particular, carbon 
dioxide, that is produced 
by using energy in 
hospital. This accounts for 
a part of the ecological 
footprint 

Tons per day 
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Level of accessibility to 
services and resources 

Provides a meas ure to 
ensure all the patients 
have equal access to the 
services and resources 
offered in hospital. Equity 
of access may be 
measured in terms of the 
availability, utilization or 
outcomes of services 
(Gulliford et al. 2002). This 
factor is also used to 
measure patient 
satisfaction as one of the 
subsets of the RAND PSQ-
18 (Rand Health, 2011). 
This factor measures the 
‘Accessibility and 
convenience’ aspect of the 
RAND PSQ-18 
questionnaire which 
represents having access 
to medical facilities, access 
to emergency and non-
emergency facilities, and 
getting medical care 
wherever needed and is 
measured in terms of 
accessibility to water 
resources, service rate, 
and cost 

Level (Likert scale, 
between 1&5) 

Level of demand for 
services and resources for 
patients 

The level of demand for 
water resources for 
patients in hospital 

Gallons per day 

Level of demand for 
services and resources for 
staff 

The level of demand for 
water resources for staff in 
hospital 

Gallons per day 

Level of demand for 
services and resources for 
vendors 

The level of demand for 
water resources for 
vendors in hospital 

Gallons per day 

Level of demand for 
services and resources for 
visitors 

The level of demand for 
water resources for visitors 
in hospital 

Gallons per day 
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Level of patient complaints 

The level of patient 
complaints indicates the 
level of patients that are 
not satisfied with the 
services and resources 
offered at the hospital and 
will not return to receive 
services and resources 

% 

Level of patient wellbeing 

Defines the level of proper 
health, security, safety, 
and happiness of the 
patient (using the SF-36 
Health Survey (Ware et 
al.1993)) 

Level (Likert scale, 
between 1&5) 

Level of overall population 
wellbeing 

Defines the level health of 
the overall population (the 
percentage of population 
that become sick) 

% 

Natural habitats life span 

Represents the duration of 
the life of the species in 
the external water 
environment (Level of 
wellbeing of species, 5 is 
excellent, 1 is poor)) 

Level (Likert scale, 
between 1&5) 

needing water rate  
This value represents a 
percentage for the rate of 
needing water 

% 

Normal temperature 

Represents the normal 
temperature that the 
hospital sets inside the 
facility (fixed temperature) 

Degrees Fahrenheit 

Other water resources 
outside hospital 

Represents the total 
amount of other water 
resources accessible to 
the hospital for use 

Gallons per day 

Overall population 
The overall number of the 
population in DFW 
Metroplex 

Number of people 

Patients waste 
Defines the total amount of 
waste that is produced by 
patients in hospital 

Tons per day 

Price of water 

Represents the actual 
value of water that is 
determined by the water 
usage  

Dollars per gallons 

Price of energy to obtain 
water 

Represents the actual 
value of energy that is 
required to obtain water  

Dollars per Kwh 
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Price of energy related to 
water use 

Represents the actual 
value of energy that is 
required related to water 
use 

Dollars per gallons 

pt show up rate 
Represents the percentage 
of patients that show up at 
that hospital  

% 

Quality level of managed 
wastewater 

Refers to the quality level 
of managed wastewater 
identified by the dissolved 
oxygen level 

Mg/L per day 

rate of conserving water 

Refers to the total volume 
of water conserved by 
water conservation 
techniques & fixtures and 
reducing the usage of 
water in the hospital 
through different practices  

Gallons per day 

Rate of needing water Represents the rate of 
needing water in hospital Gallons per day 

Rate of staff needed The rate that staff are 
needed in a hospital facility 

Number of staff per 
patients per day 

rate of reducing water use 

The rate at which water 
use is reduced from 
collected water and 
available water resources 

Gallons per day 

rate of reduction 

Average amount that 
hospitals can reduce water 
use per day (based on 
incentives) 

Gallons per day 

rate of reuse 

Average amount that 
hospitals can reuse water 
per day (based on 
incentives) 

Gallons per day 

rate of reusing wastewater 

The rate at which treated 
wastewater and stored 
treated wastewater is 
reused 

Gallons per day 

rate of water need for 
patients 

Defines the average 
amount of water needed 
for patients in a hospital 
per day 

Gallons per day 

rate of water need for staff 

Defines the average 
amount of water needed 
for staff in a hospital per 
day 

Gallons per day 

Table E.3—Continued       



 

184 
 

rate of water need for 
vendors 

Defines the average 
amount of water needed 
for vendors in a hospital 
per day 

Gallons per day 

rate of water need for 
visitors 

Defines the average 
amount of water needed 
for visitors in a hospital per 
day 

Gallons per day 

rate of water use 
Defines the rate of water 
that is used in a hospital 
per day 

Gallons per day 

Staff 
Average number of staff 
that work in the hospital. 
Full Time Employee (FTE) 

Number of staff per day 

stay days 

Average time patients 
spend in hospital to 
receive services and 
resources 

Time period (days) 

Staff water cost Defines the water cost per 
staff in the hospital per day Dollars per staff per day 

Staff waste 
Defines the total amount of 
waste that is produced by 
staff in hospital 

Tons per day 

Treated wastewater reuse 

The amount of treated 
wastewater that is reused 
per day (based on 
incentives) 

Gallons per day 

treated wastewater rate 

This is the nominal ratio 
value of treated 
wastewater over water 
footprint 

% 

untreated wastewater rate 

This is the nominal ratio 
value of managed 
wastewater over water 
footprint 

% 

Vendors 

Average number of 
vendors of the hospital 
facility per day. (Vendors 
can include food retailers) 

Number of vendors per 
day 

Vendors water cost 
Defines the water cost per 
vendors in the hospital per 
day 

Dollars per vendors per 
day 

Vendors waste 
Defines the total amount of 
waste that is produced by 
vendors in hospital 

Tons per day 

Visitors per patient Average number of visitors 
per patient 

Number of visitors per 
patient per day 
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Visitors waste 
Defines the total amount of 
waste that is produced by 
visitors in hospital 

Tons per day 

Visitors water cost 
Defines the water cost per 
visitors in the hospital per 
day 

Dollars per visitors per day 

Water cost in hospital 

The total cost of water 
used in the hospital (Water 
bill=Amount of water 
used*Price of water) 

Dollars per day 

water use reduction 
The amount of water use 
that is reduced per day 
(based on incentives) 

Gallons per day) 
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Appendix F  

iThink Model Listing 
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As stated in Chapter 4 of the dissertation, the simulator variables are embedded 

with equations that represent the nature of the system dynamics model and enable the 

model to be implemented properly. The following are the list of the equations related to 

the variables in the simulator and is extracted from the equation layer in the simulator for 

hospital 1: 

Available_water_resources_outside_hospital(t) = 

Available_water_resources_outside_hospital(t - dt) + 

(rate_of_obtaining_water_from_other_resources + rate_of_managing_wastewater - 

rate_of_using_availale_water_resources_outside_hospital) * dt 

INIT Available_water_resources_outside_hospital = 900000000 

INFLOWS: 

rate_of_obtaining_water_from_other_resources = 

INT(Other_water_resources_outside_hospital/DT) 

rate_of_managing_wastewater = INT(Managed_wastewater/DT) 

OUTFLOWS: 

rate_of_using_availale_water_resources_outside_hospital = 

INT((rate_of_needing_water-rate_of_conserving_water)/DT) 

Collected_hospital_water(t) = Collected_hospital_water(t - dt) + 

(rate_of_water_collection - rate_of_using__collected_water) * dt 

INIT Collected_hospital_water = 0 

INFLOWS: 

rate_of_water_collection = Alternative_water_resources/DT 

OUTFLOWS: 

rate_of_using__collected_water = (rate_of_needing_water-

rate_of_conserving_water)/DT 
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Discharged_patients(t) = Discharged_patients(t - dt) + (pt_discharge_rate) * dt 

INIT Discharged_patients = 130 

INFLOWS: 

pt_discharge_rate = INT((Patients_serviced-Patients_admitted)*(100-(5-

Level_of_patient_wellbeing)*5)/100*discharge_rate)/DT 

Managed_wastewater(t) = Managed_wastewater(t - dt) + 

(rate_of_discharging_stored_treated_wastewater_in_sewer + 

rate_of_discharging_treated_wastewater_in_sewer + 

rate_of_discharging_stored_untreated_wastewater_in_sewer + 

rate_of_discharging_untreated_wastewater_in_sewer - rate_of_managing_wastewater) * 

dt 

INIT Managed_wastewater = 389492 

INFLOWS: 

rate_of_discharging_stored_treated_wastewater_in_sewer = 

INT(Stored_treated__wastewater/DT) 

rate_of_discharging_treated_wastewater_in_sewer = 

INT(Treated_wastewater/DT) 

rate_of_discharging_stored_untreated_wastewater_in_sewer = 

INT(Stored_untreated_wastewater/DT) 

rate_of_discharging_untreated_wastewater_in_sewer = 

INT((Water_footprint*untreated_wastewater__rate)/DT) 

OUTFLOWS: 

rate_of_managing_wastewater = INT(Managed_wastewater/DT) 

Patients_admitted(t) = Patients_admitted(t - dt) + (pt_admittance_rate - 

patient_service_rate) * dt 
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INIT Patients_admitted = 130 

INFLOWS: 

pt_admittance_rate = IF Available_beds>=Patients_admitted 

THEN 

ROUND(Overall_population*pt_show_up_rate*Level_of_overall_population_well

being*Level_of_patient__complaints)/DT 

ELSE 0 

OUTFLOWS: 

patient_service_rate = INT(Patients_admitted/DT) 

Patients_serviced(t) = Patients_serviced(t - dt) + (patient_service_rate - 

pt_discharge_rate) * dt 

INIT Patients_serviced = 637 

INFLOWS: 

patient_service_rate = INT(Patients_admitted/DT) 

OUTFLOWS: 

pt_discharge_rate = INT((Patients_serviced-Patients_admitted)*(100-(5-

Level_of_patient_wellbeing)*5)/100*discharge_rate)/DT 

Stored_treated__wastewater(t) = Stored_treated__wastewater(t - dt) + 

(rate_of_storing_treated_wastewater - 

rate_of_discharging_stored_treated_wastewater_in_sewer - 

rate_of_reusing_stored_treated_wastewater) * dt 

INIT Stored_treated__wastewater = 0 

INFLOWS: 

rate_of_storing_treated_wastewater = INT(Treated_wastewater/DT) 

OUTFLOWS: 
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rate_of_discharging_stored_treated_wastewater_in_sewer = 

INT(Stored_treated__wastewater/DT) 

rate_of_reusing_stored_treated_wastewater = 

INT(Stored_treated__wastewater/DT) 

Stored_untreated_wastewater(t) = Stored_untreated_wastewater(t - dt) + 

(rate_of_storing_untreated_wastewater - rate_of_treating_stored_untreated_wastewater 

- rate_of_discharging_stored_untreated_wastewater_in_sewer) * dt 

INIT Stored_untreated_wastewater = 0 

INFLOWS: 

rate_of_storing_untreated_wastewater = INT(Stored_untreated_wastewater/DT) 

OUTFLOWS: 

rate_of_treating_stored_untreated_wastewater = 

INT(Stored_untreated_wastewater/DT) 

rate_of_discharging_stored_untreated_wastewater_in_sewer = 

INT(Stored_untreated_wastewater/DT) 

Treated_wastewater(t) = Treated_wastewater(t - dt) + 

(rate_of_treating_stored_untreated_wastewater + 

rate_of_treating_untreated_wastewater - rate_of_storing_treated_wastewater - 

rate_of_discharging_treated_wastewater_in_sewer - 

rate_of_reusing_treated_wastewater) * dt 

INIT Treated_wastewater = 36326 

INFLOWS: 

rate_of_treating_stored_untreated_wastewater = 

INT(Stored_untreated_wastewater/DT) 
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rate_of_treating_untreated_wastewater = 

INT((Water_footprint*treated_wastewater_rate)/DT) 

OUTFLOWS: 

rate_of_storing_treated_wastewater = INT(Treated_wastewater/DT) 

rate_of_discharging_treated_wastewater_in_sewer = 

INT(Treated_wastewater/DT) 

rate_of_reusing_treated_wastewater = INT(Treated_wastewater/DT) 

Visitors(t) = Visitors(t - dt) + (rate_of_visitors__entering - 

rate_of_visitors__leaving) * dt 

INIT Visitors = 1274 

INFLOWS: 

rate_of_visitors__entering = (Patients_serviced*Visitors_per_patient)/DT 

OUTFLOWS: 

rate_of_visitors__leaving = Visitors/DT 

Water_footprint(t) = Water_footprint(t - dt) + (rate_of_using__collected_water + 

rate_of_reusing_treated_wastewater + rate_of_reusing_stored_treated_wastewater + 

rate_of_using_availale_water_resources_outside_hospital - 

rate_of_storing_untreated_wastewater - rate_of_treating_untreated_wastewater - 

rate_of_discharging_untreated_wastewater_in_sewer) * dt 

INIT Water_footprint = 425818 

INFLOWS: 

rate_of_using__collected_water = (rate_of_needing_water-

rate_of_conserving_water)/DT 

rate_of_reusing_treated_wastewater = INT(Treated_wastewater/DT) 
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rate_of_reusing_stored_treated_wastewater = 

INT(Stored_treated__wastewater/DT) 

rate_of_using_availale_water_resources_outside_hospital = 

INT((rate_of_needing_water-rate_of_conserving_water)/DT) 

OUTFLOWS: 

rate_of_storing_untreated_wastewater = INT(Stored_untreated_wastewater/DT) 

rate_of_treating_untreated_wastewater = 

INT((Water_footprint*treated_wastewater_rate)/DT) 

rate_of_discharging_untreated_wastewater_in_sewer = 

INT((Water_footprint*untreated_wastewater__rate)/DT) 

Acquired_incentives_for_hospitals = 1000 

Alternative_water_resources = 0 

Amount_of_biohazardous_waste_per_patient = 0.000283 

Amount_of_hazardous_waste_per_patient = 0.00044 

Amount_of_hospital_waste_products = 

Patients_waste+Staff_waste+Vendors_waste+Visitors_waste 

Amount_of_municipal_solid_waste_per_staff = 0.000300 

Amount_of_municipal_solid_waste__per_patient = 0.000296 

Amount_of_municipal_solid_waste__per_vendors = 0.000150 

Amount_of_municipal_waste__per_visitors = 0.000150 

Available_beds = Hospital_bed_capacity-Patients_serviced 

Available_water_resources_outside_hospital_level = IF 

Available_water_resources_outside_hospital>=900000000 THEN 5 

ELSE 

Available_water_resources_outside_hospital*(1/225000000)+1 
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Average_length__of_stay = stay_days/Level_of_patient_wellbeing 

avg_energy_consumption_amount_related_to_water_use = 2557 

avg_energy_consumption_to_obtain_water = 4 

Building_size = 1276336 

Cost_of_services_and_resources_level = IF 

Cost_of_services__and_resources<=500 THEN 5 

ELSE IF Cost_of_services__and_resources>2500 THEN 1  

ELSE  Cost_of_services__and_resources*(-1/500)+6 

Cost_of_services__and_resources = 

((Cost_to_patients+(Water_cost_in_hospital-Staff_water_cost-Vendors_water_cost-

Visitors_water_cost)))/(Patients_admitted+Patients_serviced) 

Cost_to_patients = 2001 

discharge_rate = .278168 

DO_level_stored_treated_watewater = 

DO_stored_treated__wastewater*(rate_of_storing_treated_wastewater+rate_of_reusing_

stored_treated_wastewater/1000000) 

DO_level_stored_untreated_wastewater = 

DO_stored_untreated__wastewater*(rate_of_storing_untreated_wastewater/1000000) 

DO_level_treated_wastewater = 

DO_treated_wastewater*((rate_of_treating_untreated_wastewater)/1000000) 

DO_level_untreated_wastewater = 

DO_untreated__wastewater*((rate_of_discharging_untreated_wastewater_in_sewer)/100

0000) 

DO_stored_treated__wastewater = 0 

DO_stored_untreated__wastewater = 0 
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DO_treated_wastewater = 9.78 

DO_untreated__wastewater = 3.26 

Ecological_footprint = Hospital_ecological_footprint + 

(Greenhouse_gas__emission_amount*0.0001365)  

Energy_consumption_amount_related_to_water_use = 

Water_footprint*0.0007655*avg_energy_consumption_amount_related_to_water_use 

Energy_consumption_to_obtain_water = 

avg_energy_consumption_to_obtain_water*rate_of_needing_water 

Energy_cost_related_to_water_use_in_hospital = 

Energy_consumption_amount_related_to_water_use*Price_of_energy_related_to_water

_use_in_hospital 

Energy_cost_to__obtain_water = 

Energy_consumption_to_obtain_water*Price_of_energy_to__obtain_water 

External_fresh__water_quality = Quality_level_of_managed_wastewater-

(Amount_of_hospital_waste_products/10^9) 

Greenhouse_gas__emission_amount = 

Hospital_greenhouse_gas_emission_amount+ 

(Energy_consumption_to_obtain_water*0.0007655) 

Hospital_bed_capacity = 968 

Hospital_ecological_footprint = 

(Hospital_greenhouse_gas_emission_amount*0.0001365) + 

(Amount_of_hospital_waste_products*0.001905*0.45359) + (Water_footprint*0.0000003) 

Hospital_greenhouse_gas_emission_amount = 

Energy_consumption_amount_related_to_water_use*0.0001365 
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Level_of_accessibility_to_services_and_resources = 

(Cost_of_services_and_resources_level+Available_water_resources_outside_hospital_le

vel)*1/2 

Level_of_demand_for_services_and_resources_for_patients = 

Patients_serviced*rate_of_water_need__for_patients 

Level_of_demand_for_services_and_resources_for_staff = 

rate_of_water_need_for_staff*Staff 

Level_of_demand_for_services_and_resources_for_vendors = 

rate_of_water_need_for_vendors*Vendors 

Level_of_demand_for_services_and_resources_for_visitors = 

Visitors*rate_of_water_need__for_visitors 

Level_of_overall_population_wellbeing = IF 

External_fresh__water_quality<=0.007 THEN (1.21/100) 

ELSE IF External_fresh__water_quality>(1.9999+0.6643) THEN (1.13/100) 

ELSE  

(External_fresh__water_quality*(-

0.0002)/0.6643)+0.0121+(0.0002*0.007/0.6643) 

Level_of_patient_wellbeing = IF External_fresh__water_quality<=0.007 THEN 1 

ELSE IF External_fresh__water_quality >(1.9999+.6643) THEN 5 

ELSE (1/.6643)*External_fresh__water_quality+(.6573/.6643) 

Level_of_patient__complaints = (100-(5-

Level_of_accessibility_to_services_and_resources)*5)/100 

Natural_habitats_life_span = IF External_fresh__water_quality<=3.0 THEN 1 

ELSE IF External_fresh__water_quality>=11 THEN 5 

ELSE 0.5*External_fresh__water_quality-0.5 



 

196 
 

needing_water_rate = .226601 

Normal_temperature = 72 

Other_water_resources_outside_hospital = 900000000 

Overall_population = 6700991 

Patients_waste = 

Patients_serviced*(Amount_of_biohazardous_waste_per_patient+Amount_of_hazardous

_waste_per_patient+Amount_of_municipal_solid_waste__per_patient) 

Price_of_energy_related_to_water_use_in_hospital = 9 

Price_of_energy_to__obtain_water = 0.3 

Price_of_water = If Water_footprint<10000 Then 2.70 

Else 

If Water_footprint>= 10000 Then 3.30 

Else 

0 

pt_show_up_rate = .00178998 

Quality_level_of_managed_wastewater = 

DO_level_treated_wastewater+DO_level_untreated_wastewater+DO_level_stored_treat

ed_watewater+DO_level_stored_untreated_wastewater 

rate_of_conserving_water = 

INT(rate_of_reusing_wastewater+rate_of__reducing_water_use) 

rate_of_needing_water = IF (Building_size<=950000 AND 

Normal_temperature<=75) 

THEN 

INT 

((Level_of_demand_for_services_and_resources_for_patients+Level_of_demand_for_se
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rvices_and_resources_for_staff+Level_of_demand_for_services_and_resources_for_ven

dors+Level_of_demand_for_services_and_resources_for_visitors)*needing_water_rate) 

ELSE IF (Building_size>950000 AND Normal_temperature<=75) 

THEN 

INT 

((Level_of_demand_for_services_and_resources_for_patients+Level_of_demand_for_se

rvices_and_resources_for_staff+Level_of_demand_for_services_and_resources_for_ven

dors+Level_of_demand_for_services_and_resources_for_visitors)*1.05*needing_water_r

ate) 

ELSE IF (Building_size<=950000 AND Normal_temperature>75) 

THEN 

INT 

((Level_of_demand_for_services_and_resources_for_patients+Level_of_demand_for_se

rvices_and_resources_for_staff+Level_of_demand_for_services_and_resources_for_ven

dors+Level_of_demand_for_services_and_resources_for_visitors)*1.2*needing_water_ra

te) 

ELSE INT 

((Level_of_demand_for_services_and_resources_for_patients+Level_of_demand_for_se

rvices_and_resources_for_staff+Level_of_demand_for_services_and_resources_for_ven

dors+Level_of_demand_for_services_and_resources_for_visitors)*1.25*needing_water_r

ate) 

rate_of_reuse = 0 

rate_of_reusing_wastewater = 

INT(rate_of_reusing_stored_treated_wastewater+rate_of_reusing_treated_wastewater+tr

eated_wastewater_reuse) 
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rate_of_staff_needed = 32.5 

rate_of_water_need_for_staff = 79 

rate_of_water_need_for_vendors = 16 

rate_of_water_need__for_patients = 205 

rate_of_water_need__for_visitors = 16 

rate_of__reducing_water_use = 

Acquired_incentives_for_hospitals*rate_of__reduction 

rate_of__reduction = 0 

Staff = Patients_serviced*rate_of_staff_needed 

Staff_waste = Amount_of_municipal_solid_waste_per_staff*Staff 

Staff_water_cost = 

(Level_of_demand_for_services_and_resources_for_staff*Price_of_water)/Staff 

stay_days = 4.9 

treated_wastewater_rate = .0853088 

treated_wastewater_reuse = Acquired_incentives_for_hospitals*rate_of_reuse 

untreated_wastewater__rate = .914691 

Vendors = 200 

Vendors_waste = Amount_of_municipal_solid_waste__per_vendors*Vendors 

Vendors_water_cost = 

(Level_of_demand_for_services_and_resources_for_vendors*Price_of_water)/Vendors 

Visitors_per_patient = 2 

Visitors_waste = Visitors*Amount_of_municipal_waste__per_visitors 

Visitors_water_cost = 

(Level_of_demand_for_services_and_resources_for_visitors*Price_of_water)/Visitors 

Water_cost_in_hospital = INT(Water_footprint*Price_of_water) 
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Appendix G  

Simulator Architecture Validation Package 
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The simulator architecture is presented in Chapter 4. The validation package 

provided to the four subject matter experts is presented here. The package included 

references that is provided with all the other references in the Reference section. The 

validation package includes the stocks, flows, and auxiliary variables in the simulator. 

This package includes the initial simulator architecture and sets of stocks, rates, and 

auxiliary variables. 

The following section provides the simulator architecture validation package: 

Simulator Architecture Validation Purpose 

The purpose of the validation process is to ensure the architecture of the 

simulator is valid and the model is a reasonable representation of the system. This 

validation process should require approximately two hours of your time. 

Simulator Purpose 

A hospital water sustainability simulator can help users to explore risks and 

evaluate the dynamic consequences of various decisions without having to interrupt or 

affect the existing hospital water system. The simulator helps to perform what-if analysis 

to assess alternative decisions. The hospital water sustainability simulator models the 

factors that relate to water sustainability while considering the three pillars of 

sustainability (social, economic, and environmental). Individuals who influence healthcare 

systems and hospitals can use such a simulator to understand the system dynamics 

associated to hospitals and use this knowledge to make informed decisions, leading to a 

more proactive paradigm. 
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Simulator Scope 

The scope of the simulator encompasses the validated hospital water 

sustainability causal model. 

Simulator Architecture Introduction 

Hospitals are a large component of the healthcare system and a major consumer 

of water resources. Water sustainability is an important challenge in healthcare systems. 

A goal of water sustainability in hospitals is to manage the use of water without causing 

unacceptable social, economic, or environmental consequences. Multiple factors 

contribute to water sustainability in hospitals.  

Simulation is defined as the process of designing a model and performing 

experimentation with this model of a real system (Pritsker and O’Reily, 1999). Simulation 

modeling can be used to help decision support. Simulation can be used to assess results 

and evaluate the implications of various decisions at no risk or no impact. Simulation 

provides ‘what-if’ analysis to consider alternative options. Architecture is defined as “the 

organizational structure of a system or component” (IEEE, 1990).  Architecture provides a 

framework of how components are put together. A simulator architecture includes a set of 

stocks, flows, and auxiliary variables along with feedback. Stocks represent state of the 

model or system. They are accumulations. Stocks are denoted with rectangles. Flows 

represent changes in the state of the model or system. Inflows are represented by an 

arrow pointing to (adding to) a stock and outflows are represented by an arrow pointing 

out (subtracting from) of a stock. Rates control the flows. Flows are represented with 

valves. Auxiliary variables are combinations of information inputs. They can modify the 

flows. Auxiliary variables are shown with circles. Clouds represent the sources and sinks 

for the flows. A source represents the stock from which a flow originates from outside the 
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model scope. A sink represents the stock into which flows leaving the model scope drain. 

Sources and sinks are assumed to have infinite capacity and can never constrain the flow 

they support. Arrows represent causal dependencies in the model.  

The simulator architecture is developed using the iThink simulation software. The 

simulator architecture validation process is performed using guidelines from the 

Richardson and Pugh (1981) framework that builds confidence in the model. Since at this 

stage, there are is no data included in the simulator architecture, only one criterion is 

checked from the Richardson and Pugh framework. The criterion checked is identified as 

“Face validity”. Face validity checks the model’s structure to verify it looks like the real 

system and represents the essential characteristics of the actual system. 

Simulator Architecture Stocks, Flows, and Auxiliary Variables 

The simulator architecture is based on the validated hospital water sustainability 

causal model. In order to better understand the simulator architecture, the latest hospital 

water sustainability causal model is presented. The hospital water sustainability causal 

model and the factors are only provided as a reference. Figure G.1 presents the overall 

causal model related to water sustainability in hospitals. Table G.1 represents the 

definition of each of the factors in the causal model. The overall simulator architecture 

that was an initial version of the simulator architecture is presented in Figure G.2. The 

simulator architecture presents the causal model in form of system dynamics simulator 

notations. The stocks, flows, and auxiliary variables of the simulator architecture are 

listed in Tables G.2, G.3 and G.4 respectively. 
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Figure G.1 Causal Model Related to Water Sustainability in Hospitals (Presented in the 

Simulator Architecture Validation Package) 
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Table G.1 Causal Model Factor Definitions and Units (Presented in the Simulator 

Architecture Validation Package) 

Factors Definition Unit 

Amount of incentives 
for implementing water 
sustainability methods 

Provides encouragement in terms of 
funds and recognition to businesses 
and industries or individuals that 
implement water sustainability methods. 
This research focuses on the funds 
provided for these methods 

Dollars 

Amount of hospital 
waste products 

The waste that is produced by the 
hospital food, supplies, equipment or 
patients 

Tons 

Actual volume of water 
needed 

Defines the total amount of water that is 
needed for use in the hospital for 
patients personal needs 

Gallons 

Acquired incentives for 
hospitals 

Defines the amount of incentives that 
the hospitals have acquired and is 
ready to be used for sustainability 
purposes 

Dollars 

Building size The actual size of the hospital facility Sq/ft 
 

Cost of services and 
resources 

Covers the total cost of services and 
resources offered to patients in 
hospitals during their stay. This includes 
cost of trained staff and resources 
including medication, equipment, and 
hospital fees and bills 

Dollars 

Ecological footprint 

Represents the amount of land and 
water area required for nature to 
regenerate the resources used by 
humans 

Global hectares 

Energy consumption 
to obtain water 

Defines the total amount of energy 
needed to extract, obtain, and deliver 
water from available resources 

Kilowatt Hour 

Energy consumption 
amount related to 
water use 

Represents the total amount of energy 
needed to perform water related efforts 
(i.e. pumping water) 

Kilowatt Hour 

Energy cost to obtain 
water 

The cost of energy that is used to obtain 
water from available resources Dollars 

Energy cost related to 
water use in hospital 

The total cost of energy related to water 
use in hospital Dollars 

Greenhouse gas 
emission amount 

The amount of greenhouse gas, in 
particular, carbon dioxide, that is 
produced by using the energy. This 
accounts for a part of the ecological 
footprint 

Tons 



 

205 
 

Hospital ecological 
footprint 

Represents the amount of land and 
water area required for nature to 
regenerate the resources used by the 
hospital 

Global hectares 

Hospital greenhouse 
gas emission amount 

The amount of greenhouse gas, in 
particular, carbon dioxide, that is 
produced by using energy in hospital. 
This accounts for a part of the 
ecological footprint 

Tons 

Level of accessibility 
to services and 
resources 

Provides a measure to ensure all the 
patients have equal access to the 
services and resources offered in 
hospital. Equity of access may be 
measured in terms of the availability, 
utilization or outcomes of services 
(Gulliford et al. 2002). This factor is also 
used to measure patient satisfaction as 
one of the subsets of the RAND PSQ-
18 (Rand Health, 2011)  

Level 

Level of external fresh 
water quality 

Defines the level of quality of the water 
that is/will be used in hospital Level 

Level of demand for 
services and 
resources for patients 

The need for hospital resources 
including medication, healthcare 
facilities, and equipment identified by 
the number of patients who need 
services 

Volume 

Level of demand for 
services and 
resources for staff 

The need for hospital resources 
including medication, healthcare 
facilities, and equipment identified by 
the number of patients who need 
services 

Level 

Level of demand for 
services and 
resources for vendors 

The need for hospital resources 
including medication, healthcare 
facilities, and equipment 

Level 

Level of demand for 
services and 
resources for visitors 

The need for hospital resources 
including medication, healthcare 
facilities, and equipment identified by 
the number of patients who are being 
serviced 

Level 

Level of hospital 
interest in getting 
incentives 

Defines the level the hospitals are 
interested in getting the actual 
incentives for sustainability efforts 

Level 

Level of interest of 
hospital for being 
recognized in their 
communities for 
sustainability 
achievements 

Represents the hospitals interest level 
in being the leading organization for 
carrying sustainability accomplishments 

Level 

Table G.1—Continued       
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Level of patient 
wellbeing 

Defines the level of proper health, 
security, safety, and happiness of the 
patient (using the SF-36 Health Survey 
(Ware et al.1993)) 

Level 

Level of societal 
outcry related to 
sustainability 

An indicator that provides the society’s 
level of approval with the current 
circumstances related to sustainability 

Level 

Level of stringency of 
government 
regulations and 
considerations related 
to water sustainability 

Indicates the severity of government 
regulations, standards, and policies 
related to water sustainability efforts 

Level 

Natural habitats life 
span 

Represents the duration of the life of the 
species in the external water 
environment (e.g. life of particular fish 
species) 

Time (days) 

Number of patients 
complaints 

The number of patient complaints 
indicates the number of patients that 
are not satisfied with the services and 
resources offered at the hospital and 
will not return to receive services and 
resources 

Number of 
patients 

Overall population The overall number of the population 
that currently live Number of people 

Price of water 

Represents the actual value of water 
that is determined by the available 
water resources and cost to extract 
water 

Dollars 

Probability of getting 
incentives 

Presents the possibility of the hospitals 
getting the incentives.  Percentage 

Level of overall 
population wellbeing 

Defines the level of overall population 
that become sick Level 

Quantity of patients The number of patients entering the 
healthcare system 

Number of 
patients 

Quantity of staff The total quantity of staff that work in 
the hospital. Full Time Employee (FTE)  Number of staff 

Quantity of vendors The total quantity of vendors that enter 
the hospital facility 

Number of 
vendors 

Quantity of visitors The total quantity of visitors that enter 
the hospital facility Number of visitors 

Temperature 
The temperature of the hospital facility. 
Temperature measures the hotness and 
coolness of the facility 

Level 

Volume of available 
water resources 

Represents the total amount of 
available water resources accessible to 
the hospital 

Gallons 
 

Table G.1—Continued       
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Volume of untreated 
wastewater 

The total amount of water that has been 
negatively affected in quality by patients 
or equipment used in hospital which 
include contaminates and drugs that 
negatively impacts the environment and 
is not treated 

Gallons 

Volume of water 
conserved 

Refers to the total volume of water 
conserved by water conservation 
techniques & fixtures and reducing the 
usage of water in the hospital through 
different practices Reduce, reuse, and 
recycle are referred as the three R’s of 
conservation (Ministry of Environment, 
2005) 

Gallons 

Volume of water 
recycled 

Refers to the total volume of 
wastewater treated for further use such 
as landscape irrigation, toilet flushing 
and other purposes. The goal of this 
process is to ensure that the waste 
water is not reused in healthcare or 
released in the environment without 
treatment (Wastewater with treatment) 
 

Gallons 

Volume of water 
reduced 

Refers to the total volume of water 
reduced by either using less water or 
reducing water use by implementing 
techniques & fixtures in the hospital 

Gallons 

Volume of water 
reused 

Refers to the water that is reused in the 
hospital after being treated (i.e. 
purposes such as the cooling system 
and landscaping)  

Gallons 

Water footprint 

The total amount of water that is used 
by the hospital. The water footprint, in 
general, is the total volume of 
freshwater used to produce the goods 
and services consumed by individual or 
industry. In this research the water is 
the main purpose of the water footprint 

Gallons 

Water cost in hospital 
The total cost of water used in the 
hospital (Water bill=Amount of water 
used*Price of water) 

Dollars 

Table G.1—Continued       
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Figure G.2 Simulator Architecture (Initial)
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Table G.2 represents the definition of each of the stocks in the simulator 

architecture along with a unit of measurement. 

Table G.2 Stock Definitions and Units (for Initial Simulator Architecture) 

Stocks Definition Unit 

Patients admitted The number of patients admitted 
to the hospital who need services.  Number of patients 

Patients serviced 

Represents the number of 
patients that are being serviced 
and receiving necessary 
resources. This stock represents 
the level of demand for services 
and resources for patients in the 
causal model 

Number of people 

Discharged patients 

The number of patients that have 
been discharged from hospital 
and no longer are using services 
and resources 

Number of people 

Visitors The total quantity of visitors that 
enter the hospital facility Number of visitors 

 
Collected hospital water 
 

Represents the water that is 
collected from other resources 
such as rain for use in hospital 

Gallons 

Available water 
resources outside 
hospital 

Represents the total amount of 
available water resources 
accessible to the hospital for use 

Gallons 

Water footprint The total amount of water that is 
used by the hospital Gallons 

Stored untreated 
wastewater 

Defines the total amount of 
untreated wastewater that is 
stored in hospital 

Gallons 

Treated wastewater 

Refers to the total volume of 
wastewater treated for further use 
such as landscape irrigation, toilet 
flushing and other purposes 

Gallons 

Stored treated 
wastewater 

Defines the total amount of 
treated wastewater that is stored  Gallons 

Managed wastewater 

Represents the total volume of 
water that is managed outside 
hospital (includes treated 
wastewater, stored treated 
wastewater, and stored untreated 
wastewater) 

 
Gallons 
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Volume of water reused 

Refers to the water that is reused 
in the hospital after being treated 
(i.e. purposes such as the cooling 
system and landscaping). The 
water is reused from treated 
wastewater and stored treated 
wastewater 

Gallons 

Volume of water 
reduced 

Refers to the total volume of 
water reduced by either using 
less water or reducing water use 
by implementing reduction 
techniques in the hospital 

Gallons 

Volume of water 
conserved 

Refers to the total volume of 
water conserved by water 
conservation techniques & 
fixtures and reducing the usage of 
water in the hospital through 
different practices  

Gallons 

 

Table G.3 represents the rates in the simulator architecture along with a unit of 

measurement for each. 

Table G.3 Rate Definitions and Units (for Initial Simulator Architecture) 

Rates Definition Unit 

pt admittance rate 
Represents the rate at which 
patients are admitted to the 
hospital facility 

Number of patients per 
time period (day) 

patient service rate 
Represents the rate at which 
patients are waiting to be serviced 
in the hospital 

Number of patients per 
day 
 

pt discharge rate 

Represents the rate at which 
patients received services from 
the hospital facility and are 
discharged 

Number of patients per 
day 
 

rate of visitors entering  Represents the rate that visitors 
enter the hospital facility  

Number of visitors per 
day 

rate of visitors leaving Represents the rate that visitors 
leave the hospital facility 

Number of visitors per 
day 

rate of obtaining water 
from other resources 

Represents the rate that water is 
obtained from other resources 
outside hospital for use 

Gallons per time period 
(day) 

rate of water collection 
The rate at which water is 
collected from other resources for 
hospital use (e.g. rain) 

Gallons per day 

Table G.2—Continued       



 

211 
 

rate of using available 
water resources outside 
hospital 

The rate at which water is used 
from outside hospital water 
resources 

Gallons per day 

rate of storing untreated 
wastewater 

Represents the rate at which 
untreated wastewater is stored in 
hospital 

Gallons per day 

rate of treating 
untreated wastewater 

Represents the rate at which 
wastewater is treated in hospital 

Gallons per day 

rate of discharging 
untreated wastewater in 
sewer 

Represents the rate at which 
untreated wastewater is 
discharged in sewer 

Gallons per day 

rate of discharging 
treated wastewater in 
sewer 

Represents the rate at which 
treated wastewater is discharged 
in sewer 

Gallons per day 

rate of storing treated 
wastewater 

Represents the rate at which 
treated wastewater is stored in 
hospital 

Gallons per day 

rate of discharging 
stored treated 
wastewater in sewer 

Represents the rate at which 
treated wastewater is discharged 
in sewer 

Gallons per day 

rate of reusing treated 
wastewater 

Represents the rate at which 
treated wastewater is reused 

Gallons per day 

rate of reusing stored 
treated wastewater 

Represents the rate at which 
stored treated wastewater is 
reused 

Gallons per day 

rate of reusing treated 
wastewater and stored 
treated wastewater 

Defines the rate at which treated 
wastewater and stored treated 
wastewater is reused in hospital 

Gallons per day 

rate of reducing water 
use 

Represents the rate at which 
water use is reduced in hospital 

Gallons per day 

rate of conserving 
water 

Represents the rate at which 
water is conserved in hospital 

Gallons per day 

rate of using conserved 
water 

Represents the rate at which 
conserved water is reused 

Gallons per day 

rate of managing 
wastewater 

Represents the rate at which 
wastewater is managed outside 
hospital 

Gallons per day 

 

Table G.4 represents the auxiliary variables in the simulator architecture along 

with a unit of measurement for each. 

Table G.4 Auxiliary Variable Definitions & Units (for Initial Simulator Architecture) 

Auxiliary Variables Definition Unit 

Amount of hospital 
waste products 

The waste that is produced by the 
hospital food, supplies, 
equipment or patients 

Tons per day 

Table G.3—Continued       
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Amount of hospital 
waste per gallons 

The amount of hospital waste that 
exists in water Tons per gallons 

Amount of water 
consisting hospital 
waste products 

Represents the amount of water 
that consists hospital waste 
products discharged into it 

Gallons per day 

Acquired incentives for 
hospitals 

Defines the amount of incentives 
that the hospitals have acquired 
and is ready to be used for 
sustainability purposes 

Dollars 

Available beds Represents the average number 
of available beds in a day 

Beds per day 
 

Avg duration of staff 
working hours 

Represents the average time that 
the staff works at the hospital 
facility in a day 

Hours per day 

Avg duration of visitor’s 
visit 

 
Represents the average time the 
visitor spends when visiting 
patients at hospital 
 
 

Hours per day 

Avg duration of 
vendor’s visit 

Represents the average time the 
vendor spends when visiting 
hospital facility 

Hours per day 

Avg energy 
consumption for 
obtaining water 

Represents the average energy 
that is consumed to obtained 
water 

Kwh per day 

Building size The actual size of the hospital 
facility 

Sq/ft 
 

Cost of services and 
resources 

Covers the total cost of services 
and resources offered to patients 
in hospitals during their stay. This 
includes cost of trained staff and 
resources including medication, 
equipment, and hospital fees and 
bills 

Dollars per patient per 
day 

Ecological footprint 

Represents the amount of land 
and water area required for 
nature to regenerate the 
resources used by humans 

Global hectares 

Energy consumption to 
obtain water 

Defines the total amount of 
energy needed to extract, obtain, 
and deliver water from available 
resources 

Kilowatt Hour per day 

Energy consumption 
amount related to water 
use 

Represents the total amount of 
energy needed to perform water 
related efforts (i.e. pumping 
water) 

Kilowatt Hour per day 

Table G.4—Continued       
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Energy cost to obtain 
water 

The cost of energy that is used to 
obtain water from available 
resources 

Dollars per day 

Energy cost related to 
water use in hospital 

The total cost of energy related to 
water use in hospital Dollars per day 

 
Greenhouse gas 
emission amount 

The amount of greenhouse gas, 
in particular, carbon dioxide, that 
is produced by using the energy. 
This accounts for a part of the 
ecological footprint 

Tons 

Hospital ecological 
footprint 

Represents the amount of land 
and water area required for 
nature to regenerate the 
resources used by the hospital 

Global hectares 

Hospital greenhouse 
gas emission amount 

The amount of greenhouse gas, 
in particular, carbon dioxide, that 
is produced by using energy in 
hospital. This accounts for a part 
of the ecological footprint 

Tons 

Hospital sustainability 
achievement levels 

Represents hospital’s 
sustainability achievement levels  Level 

Length of stay  
Length of time required for 
patients to stay in hospital to 
receive services and resources 

Time period (days) 
 
 

Level of accessibility to 
services and resources 

Provides a measure to ensure all 
the patients have equal access to 
the services and resources 
offered in hospital. Equity of 
access may be measured in 
terms of the availability, utilization 
or outcomes of services (Gulliford 
et al. 2002). This factor is also 
used to measure patient 
satisfaction as one of the subsets 
of the RAND PSQ-18 (Rand 
Health, 2011). 
This factor measures the 
‘Accessibility and convenience’ 
aspect of the RAND PSQ-18 
questionnaire which represents 
having access to medical 
facilities, access to emergency 
and non-emergency facilities, and 
getting medical care wherever 
needed 

Level 

Level of external fresh 
water quality 

Defines the level of quality of the 
water that is/will be used in 
hospital 

Level 
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Level of demand for 
services and resources 
for staff 

The need for water resources 
consumed by staff in hospital 

Gallons of water per 
staff per day 

Level of demand for 
services and resources 
for vendors 

The need for water resources 
consumed by vendors in hospital 

Gallons of water per 
vendors per day 

Level of demand for 
services and resources 
for visitors 

The need for water resources 
consumed by visitors in hospital 

Gallons of water per 
visitors per day 

Level of patient 
complaints 

The level of patient complaints 
indicates the percentage of 
patients that are not satisfied with 
the services and resources 
offered at the hospital and will not 
return to receive services and 
resources 

% 

Level of patient 
wellbeing 

Defines the level of proper health, 
security, safety, and happiness of 
the patient (using the SF-36 
Health Survey (Ware et al.1993)) 
 

Level 

Level of overall 
population wellbeing 

Defines the percentage of overall 
population that become sick % 

Level of societal outcry 
related to sustainability 

An indicator that provides the 
society’s level of approval with the 
current circumstances related to 
sustainability 

Level 

Natural habitats life 
span 

Represents the duration of the life 
of the species in the external 
water environment (e.g. life of 
particular fish species) 

Time (days) 

Overall population The overall number of the 
population that currently live Number of people 

Price of water 

Represents the actual value of 
water that is determined by the 
available water resources and 
cost to extract water 

Dollars 

Price of energy to 
obtain water 

Represents the actual value of 
energy that is required to obtain 
water  

Dollars 

Price of energy related 
to water use 

Represents the actual value of 
energy that is required related to 
water use 

Dollars 

Probability of getting 
incentives 

Presents the possibility of the 
hospitals getting the incentives Percentage 

Rate of needing water Represents the rate of needing 
water in hospital Gallons per day 

Rate of staff needed The rate that staff are needed in a 
hospital facility Number of staff per sqft 
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Staff 
The total quantity of staff that 
work in the hospital. Full Time 
Employee (FTE) 

Number of staff 

Temperature Represents the current 
temperature in hospital Degrees of Fahrenheit 

Vendors The total quantity of vendors that 
enter the hospital facility Number of vendors 

Water cost in hospital 
The total cost of water used in the 
hospital (Water bill=Amount of 
water used*Price of water) 

Dollars 

 

Contact Information 

The following contact information will only be used for authenticating an 

individual response to the validation exercise. All individual contact information and 

validation results will be kept confidential.  

Name  

Role (Position)  

Experience (Years)  

Hospital  

Location  

 

Validation Information 

In general, when performing the face validity test, the following questions need to 

be answered. Please use space below each section to answer the question: 

1. Does the structure of the simulator architecture represent the real system? 

2. Are the essential characteristics of the real system represented in the 

simulator architecture? 

Please review the set of stocks, rates, auxiliary variables, and how they are 

structured in the simulator architecture.  

a. Stocks 
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For each stock in Table G.2, please answer these questions. Space is allocated 

in Table G.5 for your inputs related to the stocks. Please enter “OK” or enter a checkmark 

in the spaces for the following questions if you are satisfied with an area and have no 

other comments about it. Please answer the following questions:  

• Is the stock valid and reasonable?  

• Is the definition of the stock reasonable? 

• Is the unit for this stock reasonable? 

Table G.5 Stocks & Units (Please Provide Your Comments Here) 

Stocks Comment 

Patients admitted 
 
 
 

Patients serviced 
 
 
 

Discharged patients 

 
 
 
 

Visitors 

 
 
 
 

 
Collected hospital water 
 

 
 
 

Available water 
resources outside 
hospital 

 
 
 

Water footprint 
 
 
 

Stored untreated 
wastewater 

 
 
 

Treated wastewater 
 
 
 

Stored treated 
wastewater 
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Managed wastewater 
 
 
 

Volume of water reused 
 
 
 

Volume of water 
reduced 

 
 
 

Volume of water 
conserved 

 
 
 

b. Flows 

For each rate in Table G.3, please answer these questions. Space is allocated in 

Table G.6 for your inputs related to the flows. Please answer the following questions:  

• Is the rate valid and reasonable?  

• Is the definition of the rate reasonable? 

• Is the unit for this rate reasonable? 

Table G.6 Rates & Units (Please Provide Your Comments Here) 

Rates Comment 

pt admittance rate 
 
 
 

patient service rate 
 
 
 

pt discharge rate 
 
 
 

rate of visitors entering  
 
 
 

rate of visitors leaving 
 
 
 

rate of obtaining water 
from other resources 

 
 
 

rate of water collection 
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rate of using available 
water resources outside 
hospital 

 
 
 

rate of storing untreated 
wastewater 

 
 
 

rate of treating 
untreated wastewater 

 
 
 

rate of discharging 
untreated wastewater in 
sewer 

 
 
 

rate of discharging 
treated wastewater in 
sewer 

 
 
 

rate of storing treated 
wastewater 

 
 
 

rate of discharging 
stored treated 
wastewater in sewer 

 
 
 

rate of reusing treated 
wastewater 

 
 
 

rate of reusing stored 
treated wastewater 

 
 
 

rate of reusing treated 
wastewater and stored 
treated wastewater 

 
 
 

rate of reducing water 
use 

 
 
 

rate of conserving 
water 

 
 
 

rate of using conserved 
water 

 
 
 

rate of managing 
wastewater 

 
 
 

c. Auxiliary Variables 

For each auxiliary variable in Table G.4, please answer these questions. Space 

is allocated in Table G.7 for your inputs related to the flows. Please answer the following 

questions:  
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• Is the auxiliary variable valid and reasonable?  

• Is the definition of the auxiliary variable reasonable? 

• Is the unit for this auxiliary variable reasonable? 

Table G.7 Auxiliary Variables & Units (Please Provide Your Comments Here) 

Auxiliary Variables Comment 

Amount of hospital 
waste products 

 
 
 

Amount of hospital 
waste per patient 

 
 
 

Amount of water 
consisting hospital 
waste products 

 
 
 

Acquired incentives for 
hospitals 

 
 
 

Available beds 

 
 
 
 

Avg duration of staff 
working hours 

 
 
 

Avg duration of visitor’s 
visit 

 
 
 

Avg duration of 
vendor’s visit 

 
 
 
 

Avg energy 
consumption for 
obtaining water 

 
 
 

Building size 
 
 
 

Cost of services and 
resources 

 
 
 
 

Ecological footprint 
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Energy consumption to 
obtain water 

 
 
 
 

Energy consumption 
amount related to water 
use 

 
 
 
 

Energy cost to obtain 
water 

 
 
 

Energy cost related to 
water use in hospital 

 
 
 
 

Greenhouse gas 
emission amount 

 
 
 
 

Hospital ecological 
footprint 

 
 
 
 

Hospital greenhouse 
gas emission amount 

 
 
 
 

Hospital sustainability 
achievement levels 

 
 
 

Length of stay  

 
 
 
 

Level of accessibility to 
services and resources 

 
 
 

Level of external fresh 
water quality 

 
 
 

Level of demand for 
services and resources 
for staff 

 
 
 

Level of demand for 
services and resources 
for vendors 
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Level of demand for 
services and resources 
for visitors 

 
 
 
 

Level of patient 
wellbeing 

 
 
 
 

Level of overall 
population wellbeing 

 
 
 
 

Level of societal outcry 
related to sustainability 

 
 
 
 

Natural habitats life 
span 

 
 
 

Level of patient 
complaints 

 
 
 
 

Overall population 

 
 
 
 

Price of water 

 
 
 
 

Price of energy to 
obtain water 

 
 
 
 

Price of energy related 
to water use 

 
 
 
 

Probability of getting 
incentives 

 
 
 

Rate of needing water 
 
 
 

Rate of staff needed 
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Staff 
 
 
 

Temperature 
 
 
 

Vendors 
 
 
 

Water cost in hospital 
 
 
 

 

d. Relationships 

Please answer the following question:  

• Are the relationships between the stocks, rates, and auxiliary variables in 

the model reasonable? 

Additional comments and insights are encouraged. Feel free to mark up the 

simulator architecture. Please use the notes section below to provide additional 

information on your recommendations including any suggestions for changes with: 

• Missing stocks, rates, and auxiliary variables, or incorrect stocks, rates, 

and auxiliary variables 

• Missing or unidentified relationships between stocks, rates, and auxiliary 

variables  

• Stock, rate, and auxiliary variable definitions and associated units 

Notes 

Additional recommendations and notes may be provided here. 
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Appendix H  

Simulator Architecture Validation Feedback and Assessment 
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The validation package was presented to four subject matter experts and the 

results are shown in six sets of tables along with assessment of the inputs. Table H.1 

presents results from the face validity test. Table H.2 presents validation results for the 

stock definitions and units of measurement. Table H.3 presents validation results for the 

flows definitions and units of measurement. Table H.4 presents validation results for the 

auxiliary variables definitions and units of measurement. Table H.5 presents the 

validation results for the relationships between variables. Table H.6 presents additional 

notes and comments provided by validators. Each of the tables provides an assessment 

based on the validator comments.  
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Table H.1 Face Validity (Does the Structure of the Simulator Architecture Represent the Real System?) 

Validator 1  Validator 2  Validator 3  Validator 4  Assessment 
Yes. All inputs 
reviewed are 
relevant to the 
real healthcare 
operating 
environment. 

Yes, structure 
represents the 
real system.  
Very thorough! 

Looks good. 
 

I can only answer this 
from a sustainability 
standpoint since I am 
not an engineer. It 
appears to represent 
real system analysis. 

No further action required. The face validity 
test is satisfied based on validator comments. 

 

Table H.2 Stocks; Definitions and Units of Measurement (Validator Feedback and Assessment) 

Stocks Validator 1 Validator 2  Validator 3  Validator 4  Assessment 

Patients 
admitted Relevant measure. Yes  

Yes – Unit should be 
number of people, not 
patients, so that all the 
visitors, patients, staff, and 
vendors have the same 
unit. This is important 
if/when you are trying to 
do a calculation that 
involves more than one of 
these groups.  

Yes 
Based on validator comments, this stock will remain the same in 
the model. The unit of measurement is updated to number of 
people. 

Patients 
serviced 

 
Similar to ‘Patients 
Admitted’. Expect 
little difference in 
these numbers.  
 

 
yes 
 

Yes – Unit should be 
number of people, not 
patients, so that all the 
visitors, patients, staff, and 
vendors have the same 
unit. This is important 
if/when you are trying to 
do a calculation that 
involves more than one of 
these groups. 

Yes 
Based on validator comments, this stock will remain the same in 
the model. The unit of measurement is updated to number of 
people. 
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Discharged 
patients 

 
Strong correlation to 
first two. Are all 
three measures 
needed? However, 
any one of these 
would be relevant. 
 

yes 
 

Yes – Unit should be 
number of people, not 
patients, so that all the 
visitors, patients, staff, and 
vendors have the same 
unit. This is important 
if/when you are trying to 
do a calculation that 
involves more than one of 
these groups. 

Yes 
Since these stocks are needed in the model and affect other 
variables, this stock will remain the same in the model. The unit of 
measurement is updated to number of people. 

Visitors 

 
Relevant measure. 
Expect less impact 
to water usage than 
patient metrics.  
 

yes 
 

Yes – Unit should be 
number of people, not 
patients, so that all the 
visitors, patients, staff, and 
vendors have the same 
unit. This is important 
if/when you are trying to 
do a calculation that 
involves more than one of 
these groups. 

Yes 
Based on validator comments, this stock will remain the same in 
the model.  The unit of measurement is updated to number of 
people. 

 
Collected 
hospital water 
 

 
Relevant but need to 
define boundaries of 
water use. Will 
reduce outside water 
resources but may 
increase total water 
consumption 
because water is 
“free” when 
collected. 
 

Yes  (none in 
Baylor) 
 

Yes Yes 

Validator 1 comments are valid, but the model presents a higher 
level consideration on water sustainability in hospitals. This will be 
considered in future research where the effect of collected 
hospital water on price will be presented. On the other hand, there 
is a cost associated with collecting water from sources such as 
rain in hospitals. Therefore, it will not be considered free water in 
general. This factor and its relationships can be further explored in 
future research. The stock will remain the same in the model.  
 

Available water 
resources 
outside 
hospital 

 
Relevant. Highly 
correlated to price. 
 

 
yes 
 

Yes Yes The stock will remain the same in the model.  

Water footprint 
 
Relevant measure. 
 

 
yes 
 

Yes Yes The stock will remain the same in the model. 
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Stored 
untreated 
wastewater 

 
Seems very similar 
to collected hospital 
water. Some 
systems may store 
very little water since 
water is consumed 
at nearly the same 
rate as it is collected 
(i.e. condensate 
water used for 
cooling tower 
makeup) 

 
Yes (none in 
Baylor) 
  

Yes Yes 
Collected water is not used water. Stored untreated wastewater is 
stored water that is already used in hospital. The stock will remain 
the same in the model.  

Treated 
wastewater 

 
Relevant but doesn’t 
capture all collected 
hospital water (i.e. 
collected 
condensate from Air 
Handler Units that 
doesn’t need to be 
treated) 
 

 
Yes (none in 
Baylor) 
 

Yes Yes 

The model presents a higher level consideration on treated 
wastewater. It does not provide the level of granularity for all 
treatment considerations. Particular areas for treatment such as 
the area validator 1 has noted will be used for future research. 
The stock will remain the same in the model.  

Stored treated 
wastewater 

 
Same comment as 
untreated 
wastewater 
 

 
Yes (none in 
Baylor) 
 

Stored where? Yes 

Stored treated wastewater is water that is used in hospital, 
treated, and then stored. It’s not the same as collected water. 
Validator 3 raises a question that where is this stored? There can 
be situations where treated wastewater is directly reused in 
hospital or discharged in sewer without being stored. The stock is 
presented to show all possible scenarios. The stock will remain 
the same in the model.  

Managed 
wastewater 

 
Relevant measure. 
 

 
Yes (none in 
Baylor) 
 

Yes Yes The stock will remain the same in the model. 

Volume of 
water reused 

 
Relevant. Same 
comment as 
‘Collected Hospital 
Water’ 
 

 
Yes (none in 
Baylor) 
 
 
 

Yes Yes 

Volume of water reused is the water that is treated in hospital 
after it is used. This stock is different from collected hospital water 
that is water collected from rain and other resources. The 
relationships are already reflected in the model. The stock will 
remain the same in the model. 

Volume of 
water reduced 

 
Need to define 
baseline to measure 
reduction. Building 
code, previous 
condition, industry 
standard, etc. 
 

yes 
 Yes Yes 

Validator 1 comments are valid. This model purposes a higher 
level of water sustainability in hospitals. Validator 1 comments will 
be considered for future research. For the purpose of this 
research, the stock will remain the same in the model.  
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Volume of 
water 
conserved 

 
Seems to be the 
same as above? 
Same comment 
applies regarding 
baseline. 
 

 
yes 
 

Yes Yes Volume of water conserved includes both reuse and reduce 
factors. Therefore, the stock will remain the same in the model. 

 

Table H.3 Rates (Flows); Definitions and Units of Measurement (Validator Feedback and Assessment) 

Rates Validator  Validator 2  Validator 3  Validator 4  Assessment 

pt admittance 
rate 

 
All valid and 
reasonable. 
 

 
Yes  

Unit – Leave off time 
period and just have ‘day’, 
patients->people 

Yes Based on validator 3 comments, the unit is modified to ‘people per 
day’.  The rate will remain in the model.  

patient service 
rate 

 
All valid and 
reasonable. 
 

 
yes 
 

Unit – Patientspeople Yes Based on validator 3 comments, the unit is modified to ‘people per 
day’.  The rate will remain in the model. 

pt discharge 
rate 

 
All valid and 
reasonable. 
 

yes 
 Unit – Patients people Yes Based on validator 3 comments, the unit is modified to ‘people per 

day’.  The rate will remain in the model. 

rate of visitors 
entering  

 
All valid and 
reasonable. 
 

yes 
 Unit – Visitors people Yes Based on validator 3 comments, the unit is modified to ‘people per 

day’.  The rate will remain in the model. 

rate of visitors 
leaving 

 
All valid and 
reasonable. 
 

yes Unit – Visitors people Yes Based on validator 3 comments, the unit is modified to ‘people per 
day’.  The rate will remain in the model. 

rate of 
obtaining water 
from other 
resources 

 
All valid and 
reasonable. 
 

 
yes 
 

Leave off time period and 
just have ’day’ Yes Based on validator 3 comments, the unit is modified to ‘gallons 

per day.  The rate will remain in the model. 

rate of water 
collection 

 
All valid and 
reasonable. 
 

 
yes 
 

Yes Yes The rate will remain the same in the model. No further action 
based on validator comments is taken.  

rate of using 
available water 
resources 
outside 
hospital 

 
All valid and 
reasonable. 
 

 
yes 
 

Yes Yes The rate will remain the same in the model. No further action 
based on validator comments is taken. 
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rate of storing 
untreated 
wastewater 

 
All valid and 
reasonable. 
 

 
Yes  Yes Yes The rate will remain the same in the model. No further action 

based on validator comments is taken.  

rate of treating 
untreated 
wastewater 

 
All valid and 
reasonable. 
 

 
Yes (none in 
Baylor) 
 

Yes Yes The rate will remain the same in the model. No further action 
based on validator comments is taken. 

rate of 
discharging 
untreated 
wastewater in 
sewer 

 
All valid and 
reasonable. 
 

yes 
 Yes Yes The rate will remain the same in the model. No further action 

based on validator comments is taken. 

rate of 
discharging 
treated 
wastewater in 
sewer 

 
Why would treated 
wastewater be 
discharged to the 
sewer? Not sure this 
one makes sense. 
 

yes 
 Yes Yes 

Some amount of Treated wastewater may be discharged into 
sewer. This will typically occur when the amount of treated 
wastewater is more than the amount needed for reuse. The rate 
will remain the same in the model.  

rate of storing 
treated 
wastewater 

 
All valid and 
reasonable. 
 

Yes (none in 
Baylor) 
 

Yes Yes The rate will remain the same in the model. No further action 
based on validator comments is taken. 

rate of 
discharging 
stored treated 
wastewater in 
sewer 

 
Why would treated 
wastewater be 
discharged to the 
sewer? Not sure this 
one makes sense. 
 

 
Yes (none in 
Baylor) 
 

Yes Yes 

Some amount of Stored Treated wastewater may be discharged 
into sewer. This will typically occur when the amount of treated 
wastewater is more than the amount needed for reuse. The rate 
will remain the same in the model. 

rate of reusing 
treated 
wastewater 

 
All valid and 
reasonable. 
 

 
Yes (none in 
Baylor) 
 
 

Yes Yes The rate will remain the same in the model. No further action 
based on validator comments is taken. 

rate of reusing 
stored treated 
wastewater 

 
All valid and 
reasonable. 
 

 
Yes (none in 
Baylor) 
 

Yes Yes The rate will remain the same in the model. No further action 
based on validator comments is taken. 

rate of reusing 
treated 
wastewater 
and stored 
treated 
wastewater 

 
All valid and 
reasonable. 
 

 
Yes (none in 
Baylor) 
 

Yes Yes The rate will remain the same in the model. No further action 
based on validator comments is taken. 
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rate of 
reducing water 
use 

 
All valid and 
reasonable. 
 

 
yes 
 

Yes Yes The rate will remain the same in the model. No further action 
based on validator comments is taken. 

rate of 
conserving 
water 

 
All valid and 
reasonable. Again, 
not sure how this is 
different than 
reducing water 
usage. 
 

yes 
 Yes Yes Conserving water includes both reusing and reducing water. The 

rate will remain the same in the model.  

rate of using 
conserved 
water 

 
How is conserved 
water used? Isn’t 
conserved water by 
definition not used? 
 

yes 
 Yes Yes 

Conserving water includes both reusing and reducing water. 
Conserved water can be used from the amount of water reduced 
and reused. The rate will remain the same in the model. 

rate of 
managing 
wastewater 

 
All valid and 
reasonable. 
 

Yes (none in 
Baylor) 
 

Yes Yes The rate will remain the same in the model. No further action 
based on validator comments is taken. 

 

 

Table H.4 Auxiliary Variables; Definitions and Units of Measurement (Validator Feedback and Assessment) 

Auxiliary 
Variables 

Validator 1  Validator 2  Validator 3  Validator 4  Assessment 

Amount of 
hospital waste 
products 

 
All valid and 
reasonable. 
 

 
Yes  

This should include all 
people (patients, visitors, 
staff, and vendors). Also, 
we cannot calculate 
patient waste only. I don’t 
think the amount of waste 
we produce will help with 
your water model  

Yes 

Based on validator 3 comments, there should be a connection 
from visitors, vendors, and staff to the amount of hospital waste 
product. The relationship is through staff waste, patients waste, 
visitors waste, and vendors waste. These variables are added to 
the model along with the amount of waste per staff, amount of 
waste per patient, amount of waste per visitors, and amount of 
waste per vendors. This relation will be updated in the causal 
model as well as the simulator. 

Amount of 
hospital waste 
per patient 

 
All valid and 
reasonable. 
 

 
yes 
 

This should include all 
people (patients, visitors, 
staff, and vendors). Also, 
we cannot calculate 
patient waste only. I don’t 
think the amount of waste 
we produce will help with 
your water model 

Yes 

Based on validator 3 comments, this variable has been updated to 
reflect the waste from visitors, staff, and vendors. This variable 
includes 4 variables which are added to the model as ‘amount of 
waste per patient ’, ‘amount of waste per staff’, ‘amount of waste 
per visitors’, and ‘amount of waste per vendors’. The unit will be 
updated to tons (of waste) per people. The amount of hospital 
waste products includes waste from all these 4 variables. 

Table H.3—Continued       



 

 
 

231 

Amount of 
water 
consisting 
hospital waste 
products 

 
Didn’t clearly 
understand 
definition. I believe 
the metric is 
reasonable…just 
need to reword 
definition. 

yes 
 

See attached. This really 
doesn’t make sense to me. Yes 

Based on validator comments, this factor is deleted from the 
model. The average amount of waste in hospital considers waste 
in water.  

Acquired 
incentives for 
hospitals 

 
All valid and 
reasonable. 
 

yes 
 Yes Yes The auxiliary variable will remain the same in the model. 

Available beds 

 
All valid and 
reasonable. 
 
 

yes Yes Yes The auxiliary variable will remain the same in the model. 

Avg duration of 
staff working 
hours 

 
Should be captured 
in employee count 
since it is already 
being measured in 
FTE (1 FTE = 
40hrs/wk) 
 

 
yes 
 

Yes Yes 

Based on validator 1 inputs, this variable is already being 
measured in the FTE (staff); therefore this variable will be deleted 
from the model. There will be a connection from the ‘patients 
admitted’ stock to the ‘staff’ variable and another connection from 
‘rate of staff needed’ variable to the ‘staff’ variable in the model. 

Avg duration of 
visitor’s visit 

 
All valid and 
reasonable. 
 

 
yes 
 

Yes Yes The auxiliary variable will remain the same in the model. 
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Avg duration of 
vendor’s visit 

 
All valid and 
reasonable. Vendors 
are unlikely to have 
a measurable effect 
on water 
consumption. 
 
 

 
yes 
 

Yes 

Not really sure of 
the venders impact 
on the water supply 
at the hospital. 
Venders normally 
come in for an hour 
or less for meetings 
and then leave the 
campus. Some 
may use the 
restroom or get a 
drink of water 
however I can you 
tell the significance 
of those that due 
and don’t and 
where would you 
get the count of the 
number of venders 
who enter the 
hospital campus. 

Based on validator 1 and validator 4 comments, the vendors will 
have little impact on the water use in hospitals. For the purpose of 
completeness and consistency, the vendors and their 
relationships will remain in the model.  

Avg energy 
consumption 
for obtaining 
water 

 
Valid and 
reasonable but don’t 
forget to include 
overall building 
energy consumption. 
In hospitals, water 
use is highly 
correlated to energy 
use because of the 
amount of water 
required to air 
condition a space 
with water cooled 
chillers. This will be 
more of a factor than 
just the energy used 
to pump or treat the 
water. 
 

yes 
Obtained  Obtain 
Unit: Spell out Kwh to be 
consistent  

Yes 

Validator 1 comments are valid; however the model focuses on a 
higher view of water sustainability in hospitals. This point can be 
considered in future research. Based on validator 3 comments, for 
consistency purposes, this factor is renamed to ‘Avg energy 
consumption to obtain water’. The unit is specified as Kilowatt 
Hours per day. 

Building size 

 
All valid and 
reasonable. 
 

 
yes 
 

Sq/ft sq. ft. 
You mayt want to consider 
changing this to  square 
meters since almost all 
scientific research uses 
the metric system 
exclusively. 

Yes 

The auxiliary variable will remain in the model. The unit is 
modified to sq. ft.  
Validator 3 suggests to use squared meters but it’s recommended 
to keep the same unit since all other variables use the U.S. 
system.  
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Cost of 
services and 
resources 

 
 
All valid and 
reasonable. 
 

 
yes 
 

In your model, this is only 
based on #patients and 
the water cost for the 
hospital. I suggest 
changing your definition to 
only include the water 
cost. 

Yes 
Based on validator 3 comments, the cost of services and 
resources will remain the same in the model. There will be a 
connection from ‘water cost’ to this factor. 

Ecological 
footprint 

 
All valid and 
reasonable. 
 

 
yes 
 

Your model only accounts 
for EF as it related to 
water consumption. You 
need to point this out in 
your definition. 

Yes 

Based on validator 3 comments, the definition of ecological 
footprint is updated to: Represents the amount of land and water 
area required for nature to regenerate the resources used by 
humans and to assimilate associated waste. For the purpose of 
this model, water related concerns and the waste associated to it 
are considered. The auxiliary variable will remain in the model. 

Energy 
consumption to 
obtain water 

 
 
Same as Avg. 
energy consumption 
for obtaining water 
metric. 
 

yes Yes Yes 

Validator 1 comments are valid; however the model focuses on a 
higher view on water sustainability in hospitals. This point can be 
considered in future research. The auxiliary variable will remain 
the same in the model. 

Energy 
consumption 
amount related 
to water use 

 
Same as Avg. 
energy consumption 
for obtaining water 
metric. 
 
 

 
yes 
 

Other examples might 
include heating and 
cooling 

Yes 

Based on validator 1 comments, the total building energy 
consumption should also be considered. A recommended action 
is to add another variable called ‘hospital energy consumption’ 
that is related to this variable. 
* If data cannot be collected on energy consumption related to 
water use, hospital energy consumption will be used since it 
includes energy consumption amount related to water use. This 
variable can be further researched in future work. 

Energy cost to 
obtain water 

 
All valid and 
reasonable. 
 

 
yes 
 

Yes Yes The auxiliary variable will remain the same in the model. 

Energy cost 
related to 
water use in 
hospital 

 
Same as Avg. 
energy consumption 
for obtaining water 
metric. 
 
 
 

 
yes 
 

Yes Yes 

Based on validator 1 comments, the energy cost of the building 
(hospital) should also be considered. A recommended action is to 
add another variable called ‘energy cost in hospital’ that is related 
to this variable.  
* If data cannot be collected on energy cost related to water use in 
hospital, energy cost in hospital will be used since it includes 
energy cost related to water use in hospital. 
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Greenhouse 
gas emission 
amount 

 
Good metric. Most 
closely tied to the 
overall energy 
consumption in the 
hospital, which is 
highly correlated to 
water use. 
 
 

yes Yes Yes 

Based on validator 1 comments, there will be a connection from 
hospital energy consumption to greenhouse gas emission 
amount. If this variable is added to the model, there will be a 
relationship to hospital greenhouse gas emission amount. The 
relationship to the greenhouse gas emission amount will be 
through hospital greenhouse gas emission amount. The auxiliary 
variable will remain in the model.  

Hospital 
ecological 
footprint 

 
All valid and 
reasonable. 
 

 
yes 
 

Same as ‘ecological 
footprint’. Only includes 
water. 

Yes 

Based on validator 3 comments, Hospital ecological footprint 
definition is updated to: Represents the amount of land and water 
area required for nature to regenerate the resources used by the 
hospital and to assimilate associated waste. For the purpose of 
this model, water related concerns and the waste associated to it 
are considered. The auxiliary variable will remain in the model. 

Hospital 
greenhouse 
gas emission 
amount 

 
 
Same as 
‘Greenhouse gas 
emission amount’? 
 

 
yes 
 

Yes Yes 

This variable is specific to hospital. The ‘Greenhouse gas 
emission amount’ is the total greenhouse gas emission amount. If 
the hospital energy consumption amount variable is added to the 
model, there will be a relationship to hospital greenhouse gas 
emission amount. The auxiliary variable will remain in the model.   

Hospital 
sustainability 
achievement 
levels 

 
Good Metric. Difficult 
to obtain 3rd party 
metric to measure 
level. Perhaps 
consider LEED 
Certification level (or 
lack thereof) or 
Energy Star score 
(Directly tied to 
energy consumption 
as compared on a 
source energy level 
with similar 
facilities). 
 

 
yes 
 

I don’t see this in the 
model. Yes 

This variable is removed from the model. It still remains in the 
causal model but for the purpose of this research it will not be 
presented in the simulator. This variable will be removed from list. 
For future research, validator 1 comments can be considered 
where this metric can be obtained by considering LEED 
Certification level or EnergyStar score that is directly tied to 
energy consumption. 

Length of stay  

 
 
All valid and 
reasonable. 
 

yes 
 
 
Time period  days 

Yes The unit is modified to ‘days’. The variable name is updated to 
‘average length of stay’. 
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Level of 
accessibility to 
services and 
resources 

 
All valid and 
reasonable. 
 

 
Yes - More 
specific 
metrics 
needed 
 

Yes Yes 

Based on validator 2 comments, more specific unit is needed. The 
unit is set as ‘level’. Since this variable is related to patient 
satisfaction, the ‘level’ is used to show the scale (between 1&5). 
Therefore, the auxiliary variable will remain the same in the 
model.  

Level of 
external fresh 
water quality 

 
All valid and 
reasonable. 
 

 
Yes - More 
specific 
metrics 
needed 
 

Yes Yes 
The level of external fresh water quality is defined as the amount 
of DO (dissolved Oxygen) in water. The unit is modified to parts 
per million (ppm). The auxiliary variable will remain in the model. 

Level of 
demand for 
services and 
resources for 
staff 

 
All valid and 
reasonable. 
 

 
Yes - More 
specific 
metrics 
needed 
 

Refer to notes section – 
Should probably have 
another auxiliary variable 
with gallons used 
/person/hr to make model 
more transparent 

Yes 

The unit is modified to gallons per people per day. Validator 3 
suggests adding another variable to the model. The variable is 
defined as the gallons of water per people per day which 
addresses validator 3 comments. This factor can be added in 
future research. For the purpose of this model, no other variables 
are added to the model. The auxiliary variable will remain in the 
model.  

Level of 
demand for 
services and 
resources for 
vendors 

 
All valid and 
reasonable. 
 
 

Yes - More 
specific 
metrics 
needed 

Refer to notes section – 
Should probably have 
another auxiliary variable 
with gallons used 
/person/hr to make model 
more transparent 

Same comment for 
avg duration of 
vendor’s visit 

Based on validator 1 and validator 4 comments, the vendors will 
have little impact on the water use in hospitals. For the purpose of 
completeness and consistency, this variable will remain in the 
model. The unit is modified to gallons per people per day. 
Validator 3 suggests adding another variable to the model. The 
variable is defined as the gallons of water per people per day 
which addresses validator 3 comments. 

Level of 
demand for 
services and 
resources for 
visitors 

 
All valid and 
reasonable. 
 
 

 
Yes - More 
specific 
metrics 
needed 
 

Refer to notes section – 
Should probably have 
another auxiliary variable 
with gallons used 
/person/hr to make model 
more transparent 

Yes 

The unit is modified to gallons per people per day. Validator 3 
suggests adding another variable to the model. The variable is 
defined as the gallons of water per people per day which 
addresses validator 3 comments. The auxiliary variable will 
remain in the model. 

Level of patient 
wellbeing 

 
All valid and 
reasonable. 
 
 

 
yes 
 

Refer to notes section – 
Deals with much more 
than water quality. I don’t 
see how you can calculate 
length of stay from this.  

Yes 

This variable relates to the general wellbeing of patients in 
hospital and how it will affect the length of stay. Based on 
validator 3 comments it deals with more than water quality, but for 
the purpose of this model the connection to water quality is only 
considered. Other factors can be discussed in future research. 
The auxiliary variable will remain in the model. 

Level of overall 
population 
wellbeing 

 
All valid and 
reasonable. 
 
 

 
yes 
 

Refer to notes section – 
Deals with much more 
than water quality. 

Yes 

This variable relates to the overall wellbeing of population. Level 
of external fresh water quality affects this variable in the long 
term. Based on validator 2 comments, it deals with more than 
water quality, but for the purpose of this model the connection to 
water quality is only considered. Other factors affect this variable 
that can be discussed in future research. The auxiliary variable 
will remain in the model.  
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Level of 
societal outcry 
related to 
sustainability 

 
All valid and 
reasonable. 
 
 

yes 
Do you have a scale for 
this? What does it 
compare to? 

Yes 

This variable is not measured in the model. It is presented for 
reference purposes. Other variables that impact this factor will be 
used for measurement and comparison (i.e. water cost in hospital, 
level of overall population wellbeing, ecological footprint). The 
auxiliary variable will remain the same in the model. 

Natural 
habitats life 
span 

 
All valid and 
reasonable. Good 
measure but difficult 
to measure. Has had 
an effect at Baylor 
since Baylor 
regularly ranks as 
one of the highest 
water users (by 
sheer volume) in 
Dallas. This is 
publicly available 
and an area of 
concern for 
executive 
leadership. 
 
 

 
yes 
 

Refer to notes section Yes 

Natural habitats life span is presented in the model for reference 
purposes and to reflect the effect of water quality in hospitals on 
the life of fish in external water. The auxiliary variable will remain 
the same in the model.   

Number of 
patient 
complaints 

 
All valid and 
reasonable. 
 

 
yes 
 

Unit: Patients  people Yes 
The unit of this variable is updated to percentage since it will 
factor in the number of patients that are admitted to the hospitals. 
The auxiliary variable will remain in the model. 

Overall 
population 

All valid and 
reasonable. 
 
 
 
 

 
yes 
 

Where? Dallas? Texas? 
U.S? The world? Yes 

Based on validator 3 comments, the overall population definition 
is modified to the population in Dallas Forth Worth (DFW) 
Metroplex. 

Price of water 

 
 
All valid and 
reasonable. Very 
important. Drives 
payback on 
conservation 
projects. 
 
 

yes Yes Yes The auxiliary variable will remain the same in the model. 
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Price of energy 
to obtain water 

 
All valid and 
reasonable. Likely 
already included in 
price of water. Very 
little pumping 
needed since water 
is delivered under 
pressure to the 
hospital. Majority of 
cost would be cost to 
install and maintain 
plumbing 
infrastructure. 
 
 

 
yes 
 

Yes Yes The auxiliary variable will remain the same in the model. 

Price of energy 
related to 
water use 

 
All valid and 
reasonable. 
Consider price of 
energy overall since 
it will be highly 
correlated to water 
consumption used in 
water cooled chiller 
plants. 
 
 

 
yes 
 

Yes Yes 

Based on validator 1 comments, price of overall energy in hospital 
needs to be considered. Recommended action is to add another 
variable called ‘price of energy in hospital’ that relates to this 
variable 
* If data cannot be collected on price of energy related to water 
use, price of energy in hospital will be used since it includes price 
of energy related to water use. 

Probability of 
getting 
incentives 

 
All valid and 
reasonable. Tied to 
price of water as it 
drives project 
paybacks (along with 
project cost, of 
course) 
 

 
yes 
 

I don’t see this in the 
model. Yes 

For the purpose of this research, this variable is only represent d 
in the causal model and will not be presented in the simulator. 
This variable is deleted from list. 

Rate of 
needing water 

 
All valid and 
reasonable. 
 

yes 

You may have some 
calculation issues with 
units since it is going into 
another rate 

Yes The unit is consistent with the next connected rate (Gallons per 
day). The auxiliary variable will remain the same in the model. 

Rate of staff 
needed 

 
All valid and 
reasonable. 
 

 
yes 
 

Yes Yes The auxiliary variable will remain the same in the model. 
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Staff 

 
All valid and 
reasonable. 
 

 
yes 
 

Yes Yes The auxiliary variable will remain the same in the model. 

Temperature 

 
All valid and 
reasonable. 
Consider outside 
temperature, inside 
temperature, or delta 
between the two. 
 

 
yes 
 

Use Celsius since this is a 
scientific research project. 
This should be average 
rather than current or you 
will have to do random 
variables between a 
certain temperature range 

Yes 

Based on validator 1 comments, outside temperature should also 
be considered. Outside temperature can be used for future work. 
Recommended action is to include the temperature and modify 
the definition to represent it as the average of the temperature in 
the hospital to address the validator’s comment. Validator 3 
suggested changing the unit to Celsius, but it is recommended to 
keep Fahrenheit since other units are in U.S .metrics. 

Vendors 

 
All valid and 
reasonable. 
 

yes 
 Vendors  people 

Same comment as 
avg duration of 
vendor’s visit. Not 
sure vendors need 
to be added 

Based on validator 1 and validator 4 comments, the vendors will 
have little impact on the water use in hospitals. For the purpose of 
completeness and consistency, the vendors will remain in the 
model. 

Water cost in 
hospital 

 
All valid and 
reasonable. 
 

yes 
 Yes Yes The auxiliary variable will remain the same in the model. 

 

Table H.5 Relationships (Validator Feedback and Assessment) 

Validator 1  Validator 2  Validator 3  Validator 4  Assessment 
Yes. In general, the relationships are reasonable. 
Specific comments have been included in the 
Tables above. Some seemed redundant. Make 
sure to include the overall energy consumption of 
the hospital as I believe this will be one of the 
primary drivers of energy consumption.  

Also need to consider whether or not irrigation 
water will be included. This is difficult since some 
data may include this and others may not. If 
included, other factors should be considered such 
as rainfall, water restrictions, irrigated area, etc. If 
excluded, data must be scrubbed to make sure it 
doesn’t include those meters. 

Yes, 
relationships 
are 
reasonable. 

I don’t think building 
size should be 
connected to available 
beds. The sqft part of 
your units show up in 
“rate of staff need” so 
that seems to be a 
better connection. 

Yes 

Validator 1 indicates valid comments about the overall energy 
consumption. This comment is addressed in the auxiliary 
variables section. This validator also discusses comments 
including irrigation water and other considerations in the model. 
The model focuses on a higher level view of water sustainability in 
hospitals and does not reflect upon specific methods and metrics. 
Irrigation water is not considered in this model. This comment can 
be considered in further research.  
Based on Based on validator 3 comments the building size 
relationship to available beds is deleted. The building size variable 
has a connection to the actual volume of water needed. 

 

The latest version of the simulator architecture is presented in Chapter 4. 
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Table H.6 Notes and Additional Comments (Validator Feedback and Assessment) 

Validator 1  Validator 2  Validator 3 Validator 4  Assessment 

Great 
project! 
Looking 
forward to 
seeing 
your 
results. 
Let me 
know if 
there’s 
anything 
else I can 
do to 
assist. 
Best of 
luck! 

Couldn’t 
think of any 
besides 
needing 
more 
specific 
metrics in 
some 
cases.  
Examples 
provided. 

Also, noted 
there is no 
collected or 
treated 
wastewater 
in Baylor.  
This is an 
area of 
potential 
opportunity. 

Why is there a feedback from ‘discharged patients’ to ‘pt discharge 
rate’? 
 
‘Level of demand’ will continue to add up. Need to make it a per 
time period unless the goal is to get a total. 
 
‘Patients serviced’ ghost should be calculated into ‘level of demand 
for patients’ before feeding into ‘rate of needing water’. 
 
‘Amount of hospital waste products’ should not feed into ‘Ecological 
footprint’ because redundant since it is calculated into ‘Hospital 
ecological footprint’. 
 
Shouldn’t ‘Building size’ ghost be calculated into ‘level of demands 
for patients, visitors, vendors, and staff’ before going into ‘rate of 
needing water’? It’s already included in ‘visitors level of demand’ 
. 
How does ‘Ecological footprint’ affect ‘rate of obtaining water from 
other resources’? *Ecological footprint and water footprint may be 
circular. 
 
Please explain ‘Amount of water consisting hospital waste 
products’. What products are being put to water and why does it 
deal with #patients? 
 
If ‘Volume of water reduced’ accumulates and ‘Volume of water 
reused’ does not, it doesn’t make sense when you put them both in 
the rate.  
 
‘Stored wastewater treatment’ is not explained. What is it? What 
are the units? Should involve $ or an equation to cancel out $. 
 
‘Water use reduction treatment’ is not explained. What is it? What 
are the units? Should involve $ or an equation to cancel out $. 
 
When the unit is ‘Level’, how is this going to be 
explained/calculated in other equations?  
 
It is difficult to determine if some of the connections are correct 
because there are no equations to assist with making sure the units 
are correct. 
 
Advice: Rebuild your model piece by piece and work out the bugs 
by running it each time you add a section to ensure you can figure 
out the issues early.  

No 
comments 
provided. 

Based on validator 3 comments, the connection from ‘discharged 
patients’ to ‘pt discharge rate’ is deleted.  
The level of demand for staff, visitors, and vendors are already 
defined as gallons per day. 
Based on validator 3 comments, ‘level of demand for services and 
resources for patients’ is added to the model and is connected to 
‘rate of needing water’. A connection is also added from ‘patients 
serviced’ to ‘level of demand for services and resources for 
patients’. 
Based on validator 3 comments, the connection from ‘Amount of 
hospital waste products’ to ‘Ecological footprint’ is deleted since 
the connection already exists through ‘Hospital ecological 
footprint’ and the relationship will become redundant. 
The building size relationship to available beds and rate of visitors 
entering is deleted; therefore the building size is only used at one 
location in the model where it is related to water need. The 
specific metrics are addressed in the auxiliary variable section.   
The ‘Ecological footprint’ will reduce the available water resources 
in long term. Therefore it can impact the rate of obtaining water 
from other resources. Ecological footprint and water footprint are 
related. As the water footprint increases the ecological footprint 
will increase. These variables would both affect the volume of 
available water resources. The impact of each variable is studied 
in this research; therefore the relationships will remain in the 
model. 
Amount of water consisting hospital waste products is deleted 
from the model. The amount of hospital waste products in this 
research considers waste in the water. Waste in water can consist 
of blood, medications, etc. The unit for amount of hospital waste 
products is tons (of waste) per gallons. The waste in hospital 
includes waste from patients, staff, visitors, and vendors. This 
comment is addressed in the auxiliary variable table.   
Validator 3 has a valid point about water reduction and water 
reuse. One of the outputs of the model is the volume of water 
conserved. This stock will be accumulated. The outflow rate of the 
volume of water conserved (rate of using conserving water) is 
deleted from the model. The volume of water reduced stock and 
the connecting rates and auxiliary variable are deleted from the 
model. The rate of reducing water use is broken into two rates: 
rate of reducing outside hospital water use and rate of reducing 
collected water use. These rates are connected to the water 
footprint and are outflows from the available water resources 
outside hospital and collected hospital water stocks. An auxiliary 
variable called rate of reducing water use is connected to the rate 
of conserving water. 
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“Staff” is affected by more than #patients and their working hours, 
this seems to only include nurses. 
You may look into doing a lag rather than the length of stay 
variable. I’m not sure which would make more sense. It could be 
based on an average length of stay. 
 
You probably need to know how many beds total are in the hospital 
to determine the initial value for ‘patients serviced’ stock. 

The rate of reusing treated wastewater is broken into two rates: 
rate of reusing treated wastewater and rate of reusing stored 
treated wastewater. The volume of water reused stock is deleted 
from the model. The rate of reusing treated wastewater and rate 
of reusing stored treated wastewater are outflows from the treated 
wastewater and stored treated wastewater stocks. These rates 
are connected to the water footprint stock. An auxiliary variable 
called rate of reusing treated wastewater is connected to the rate 
of conserving water.  
 
‘Stored wastewater treatment’ is renamed to ‘treated wastewater 
reuse’ and added to the list of auxiliary variables and is defined 
as: The amount of money that is used to for reuse of treated 
wastewater per gallons based on the incentives received. The unit 
is dollars per gallons. This variable is connected to rate of reusing 
treated wastewater and rate of reusing stored treated wastewater. 
Acquired incentives for hospitals is connected to treated 
wastewater reuse.  
 
‘Water use reduction’ is added to the list of auxiliary variables and 
is defined as: The amount of money that is used to for water 
reduction per gallons of water based on incentives received. The 
unit is dollars per gallons. This variable is connected to rate of 
reducing outside hospital water use and rate of reducing collected 
water use. Acquired incentives for hospitals is connected to water 
use reduction.  
 
There are various locations where ‘level’ is used. The metric is 
defined for each variable in the auxiliary variable table. 
 
The equations will be tested when the simulator is populated with 
data, 
 
Validator 3 has a valid point about the staff being affected by 
more than their working hours and number of patients. This model 
considers a higher level view of the hospital water sustainability 
system and staff includes all staff. 
  
Based on validator3 comments, ‘Length of stay’ will be updated to 
‘Average length of stay’. 
 
Based on validator 3 comments, the capacity of hospital or total 
number of beds need to be considered in the model, therefore an 
auxiliary variable called ‘Hospital bed capacity’ is added to the 
model that has a relationship to available beds. 
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Appendix I  

Data Collection Package 
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The data collection package that was provided to the two hospitals is provided 

below: 

Purpose:  

The purpose of this package is to obtain information and necessary data to 

populate the hospital water sustainability simulator and get results that will help hospitals 

with decision making and better understanding implications of water sustainability in 

hospitals. 

Contact Information: 

No individual respondent name or hospital will be tied to particular validation 

results. The contact information will only be used for authenticating an individual 

response to the data collection process. All individual contact information will be kept 

confidential.  

Name  

Role (Position)  

Experience (Years)  

Hospital  

Location  

 

Data collection: 

Please answer the following questions in the space given in the following table 

(Table I.1). Definitions for each factor are in Table I.2 (factor definitions). If you don’t have 

the items in the particular identified units of measure, please provide the data with the 

units you normally use. We will convert the data to the specific units. For data which do 
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not apply to your hospital please indicate ‘Does not apply’. If data is not available, please 

indicate ‘Not available or N/A’. 
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Table I.1 Questions from Hospitals 

Question Factor Unit of Measure Hospital Data 
What is the total number of beds in 
your hospital? 

Number of beds in hospital 
(Capacity) 

Number  
 

What is the average number of 
patients admitted per day? 

Number of patients admitted 
per day 

Number of people per 
day 

 
 

What is the average number of 
patients being serviced per day? 

Number of patients being 
serviced per day 

Number of people per 
day 

 
 

What is the average number of 
patients discharged per day? 

Number of patients 
discharged per day 

Number of people per 
day 

 
 

On average, how long will patients 
stay at the hospital? 

Stay days in hospital Days  
 

What is the average cost of services 
and resources offered to patients per 
day? 

Cost of services and medical 
resources per day 

Dollars per day  
 

What is the average amount of 
biohazardous waste per patient per 
day? 

Amount of biohazardous 
waste per patient per day 

Tons per people per 
day 

 
 

What is the average amount of 
hazardous waste per patient per 
day? 

Amount of hazardous waste 
per patient per day 

Tons per people per 
day 

 
 

What is the average amount of 
municipal solid waste per patient per 
day? 

Amount of municipal solid 
waste per patient per day 

Tons per people per 
day 

 
 
 

What is the average amount of 
municipal solid waste per staff per 
day? 

Amount of municipal solid 
waste per staff per day 

Tons per people per 
day 

 
 

What is the average amount of 
municipal solid waste per visitors per 
day? 

Amount of municipal solid 
waste per visitors per day 

Tons per people per 
day 
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What is the average amount of 
municipal waste per vendors per 
day? 

Amount of municipal solid 
waste per vendors per day 

Tons per people per 
day 

 
 

What is the total amount of waste in 
the hospital per day? 

Amount of hospital waste 
(total) per day 

Tons per day  
 

What is the average level of 
dissolved oxygen in your untreated 
wastewater per day?(or %) 

Dissolved Oxygen level of 
untreated wastewater per day 

Mg/L per day  
 
 

What is the average level of 
dissolved oxygen in your stored 
untreated wastewater per day?(or %) 

Dissolved Oxygen level of 
stored untreated wastewater 
per day 

Mg/L per day  
 
 

What is the average level of 
dissolved oxygen in your treated 
wastewater per day?(or %) 

Dissolved Oxygen level of 
treated wastewater per day 

Mg/L per day  
 
 

What is the average level of 
dissolved oxygen in your stored 
treated wastewater per day?(or %) 

Dissolved Oxygen level of 
stored treated wastewater per 
day 

Mg/L per day  
 
 

What is the daily water cost in your 
hospital? 

Water cost in hospital Dollars per day  
 

What is the average number of 
visitors per day? 

Number of visitors per day Number of people  
 

What is the average number of 
visitors per patient? (% visitors per 
patient) 

Average number of visitors 
per patient (% Visitors per 
patient) 

Number of visitors per 
people (or %) 

 
 

What is the average duration of 
visitors visit? 

Average duration of visitors 
visit 

Hours  
 

How many vendors on average visit 
per day? 

Number of vendors per day Number of vendors per 
day 

 
 

What is the size of the hospital 
facility? 

Building size Square foot  
 

What is the average amount of water 
collected in hospital per day? 

Collected water in hospital 
per day 

Gallons per day  
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How much water is used in hospital 
on average per day? 

Amount of water used in 
hospital per day (water 
footprint) 

Gallons per day  
 

How much untreated wastewater on 
average is stored per day in 
hospital? 

Amount of stored untreated 
wastewater per day 

Gallons per day  
 

How much wastewater on average is 
treated per day in hospital? 

Amount of treated wastewater 
per day 

Gallons per day  
 

How much stored untreated 
wastewater is treated per day in 
hospital 

Amount of stored untreated 
wastewater treated per day 

Gallons per day  
 

How much treated wastewater on 
average is stored per day in 
hospital? 

Amount of stored treated 
wastewater per day 

Gallons per day  
 

How much treated wastewater is 
reused on average per day in 
hospital? 

Amount of treated wastewater 
reused per day 

Gallons per day  
 

How much stored treated 
wastewater is reused on average per 
day in hospital? 

Amount of stored treated 
wastewater reused per day 

Gallons per day  
 

How much collected water is 
reduced on average per day in 
hospital? 

Amount of collected water 
reduced per day 

Gallons per day  
 

How much available water resources 
is reduced on average per day in 
hospital? 

Amount of available water 
resources reduced per day 

Gallons per day  
 

How much water on average is 
conserved per day in hospital? 

Amount of conserved water 
per day 

Gallons per day  
 

How much treated water on average 
is reused after receiving incentives? 

Treated wastewater reuse  % (or Gallons per day)  
 

How much water use is reduced on 
average after receiving incentives? 

Water use reduction % (or Gallons per day)  
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What is the average amount of 
incentives received for recycling and 
reduction plans per day (e.g. 
government incentives)?  

Acquired incentives for 
hospital (Dollars received for 
recycling and reduction plans)  

Dollars per day  
 
 
 

How much untreated wastewater on 
average is discharged to sewer per 
day? 

Amount of discharged 
untreated wastewater in 
sewer per day 

Gallons per day  
 
 

How much stored untreated 
wastewater on average is 
discharged to sewer per day? 

Amount of discharged stored 
untreated wastewater in 
sewer per day 

Gallons per day  
 
 

How much treated wastewater on 
average is discharged to sewer per 
day? 

Amount of discharged treated 
wastewater in sewer per day 

Gallons per day  
 
 

How much stored treated 
wastewater on average is 
discharged to sewer per day? 

Amount of discharged stored 
treated wastewater in sewer 
per day 

Gallons per day  
 
 

How much energy on average is 
consumed related to water use in 
hospital per day? 

Energy consumption amount 
related to water use 

Kilowatt Hours   
 
 

How much energy on average is 
consumed related to water use in 
hospital per day? 

Energy consumption amount 
related to water use 

Kilowatt Hours  
 
 

What is the average price of energy 
related to water use in hospital per 
day? 

Price of energy related to 
water use in hospital 

Dollars per day  
 

What is the normal temperature that 
is set (fixed) inside the hospital? 

Fixed temperature (set) inside 
hospital 

Degrees Fahrenheit  
 

How much water on average is 
needed per patients per day? 

Amount of water needed for 
patients per day 

Gallons per patient per 
day 

 
 

How much water on average is 
needed per staff per day? 

Amount of water needed for 
staff per day 

Gallons per people per 
day 

 
 

How much water on average is 
needed per visitors per day? 

Amount of water needed for 
visitors per day 

Gallons per people per 
day 
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How much water on average is 
needed per vendors per day? 

Amount of water needed for 
vendors per day 

Gallons per people per 
day 

 
 

 
Definition 

The following table provides definitions for the factors: 

Table I.2 Factor Definitions in Data Collection Package 

Variable Definition 

Number of beds in hospital (Capacity) Total number of beds in hospital (bed capacity) 
Number of patients admitted per day Average number of patients that are admitted per day 
Number of patients being serviced per day Average number of patients that are serviced per day 
Number of patients discharged per day Average number of patients that are discharged per day 
Number of patient complaints per day Average number of complaints received per day (or % of patients that 

complain per day) 
Stay days in hospital Average number of days patients stay in hospital 
Cost of services and resources offered to patients 
per day 

Covers the average cost of services and resources offered to patients 
in hospitals during their stay. This includes cost of trained staff and 
resources including medication, equipment, and hospital fees and bills. 

Amount of biohazardous waste per patient per day Average amount of biohazardous waste that is produced by patients. 
Biohazardous waste can include infectious waste, blood, and sharps. 

Amount of hazardous waste per patient per day Average amount of hazardous waste that is produced by patients. 
Hazardous waste can include pharmaceutical and chemical waste.  

Amount of municipal solid waste per patient per day Average amount of municipal solid waste that is produced by patients. 
This type of waste is known as trash or garbage and consists of 
everyday items that are thrown away (i.e. clothing, bottles, food scraps, 
etc.).  

Amount of municipal solid waste per staff Average amount of municipal solid waste that is produced by staff 
Amount of municipal solid waste per visitors Average amount of municipal solid waste that is produced by visitors 
Amount of municipal waste per vendors Average amount of municipal solid waste that is produced by vendors 
Amount of hospital waste (total) Average amount of hospital waste in total (includes all types of waste) 
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Dissolved Oxygen level of untreated wastewater per 
day 

Average amount of dissolved oxygen in untreated wastewater (or % of 
dissolved oxygen in untreated wastewater) 

Dissolved Oxygen level of stored untreated 
wastewater per day 

Average amount of dissolved oxygen in stored untreated wastewater 
(or % of dissolved oxygen in stored untreated wastewater) 

Dissolved Oxygen level of treated wastewater per 
day 

Average amount of dissolved oxygen in treated wastewater (or % of 
dissolved oxygen in treated wastewater) 

Dissolved Oxygen level of stored treated wastewater 
per day 

Average amount of dissolved oxygen in stored treated wastewater (or 
% of dissolved oxygen in stored treated wastewater) 

Water cost in hospital Average cost of water in hospital per day 
Number of visitors per day Average number of visitors that visit per day 
% Visitors per patient (average number of visitors per 
patient) 

Average number of visitors per patient (or % of visitors per patient) 

Average duration of visitors visit Average length of time visitors stay for a visit 
Number of vendors per day Average number of vendors per day (i.e. sales personnel offering food 

or products in the hospital for a period of time, not employees in the 
hospital) 

Building size Size of the hospital facility 
Collected water in hospital per day Average amount of rain water that is collected per day 
Amount of water used in hospital per day (water 
footprint) 

Average amount of water that is used in hospital per day 

Amount of stored untreated wastewater per day Average amount of untreated wastewater that is stored per day in 
hospital 

Amount of treated wastewater per day Average amount of wastewater that is treated per day in hospital 
Amount of stored untreated wastewater treated per 
day 

Average amount of stored untreated wastewater that is treated per day 
in hospital 

Amount of stored treated wastewater per day Average amount of treated wastewater that is stored per day 
Amount of treated wastewater reused per day Average amount of treated wastewater reused in hospital per day 
Amount of stored treated wastewater reused per day Average amount of stored treated wastewater reused in hospital per 

day 
Amount of collected water reduced per day Average amount of collected water reduced in hospital per day 
Amount of available water resources reduced per 
day 

Average amount of available water resources reduced in hospital per 
day 

Amount of conserved water per day Average amount of conserved water in hospital per day 
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Treated wastewater reuse  Average amount of treated wastewater that is reused (or % of treated 
wastewater that is reused) 

Water use reduction Average amount of water use that is reduced (or % of water use that is 
reduced) 

Acquired incentives for hospital (Dollars received for 
treatment plans) 

Average amount of dollars acquired by hospitals for treatment plans 
(reduce & reuse) 

Amount of discharged untreated wastewater in sewer 
per day 

Average amount of untreated wastewater discharged to sewer per day 

Amount of discharged stored untreated wastewater 
in sewer per day 

Average amount of stored untreated wastewater discharged to sewer 
per day 

Amount of discharged treated wastewater in sewer 
per day 

Average amount of treated wastewater discharged to sewer per day 

Amount of discharged stored treated wastewater in 
sewer per day 

Average amount of stored treated wastewater discharged to sewer per 
day 

Energy consumption amount related to water use Average energy consumed in hospital that is related to water use (per 
day) 

Energy consumption amount related to water use Average energy consumed in hospital that is related to water use per 
day (i.e. pumping) 

Price of energy related to water use in hospital Average price of energy related to water use (per day) 
Fixed temperature (set) inside hospital Normal temperature that the hospital sets inside the facility (fixed 

temperature) 
Amount of water needed for patients per day Average amount of water that is needed per patients per day 
Amount of water needed for staff per day Average amount of water that is needed per staff per day 
Amount of water needed for visitors per day Average amount of water that is needed per visitors per day 
Amount of water needed for vendors per day Average amount of water that is needed per vendors per day 

Table I.2—Continued       



 

251 
 

 

Appendix J  

Data Collection Results 



 

252 
 

The data collection package was presented and provided to two hospitals in the 

DFW Metroplex and inputs were received. The data received from two hospitals are 

presented in tables J.1 and J.2. There were few cases where data was not available in 

the hospitals or the data could not be obtained (e.g. the variable was not being measured 

in the particular hospital or methods to calculate the variable did not exist or were very 

difficult to obtain). At these situations, other resources in the literature were used to 

extract the information necessary to populate the simulator with the data. Table J.3 

presents the data obtained from other resources.  
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Table J.1 Data from Hospital 1 

Question Factor Unit of Measure Hospital Data (Hospital 1) 
What is the total number of 
beds in your hospital? 

Number of beds in hospital 
(Capacity) 

Number 968 
 

What is the average number 
of patients admitted per day? 

Number of patients admitted 
per day 

Number of people per day  
130 

What is the average number 
of patients being serviced per 
day? 

Number of patients being 
serviced per day 

Number of people per day  
637 (avg. patients per 
day*number of stay days in 
hospital) 

What is the average number 
of patient complaints per 
day? (Percentage of patient 
complaints per day?) 

Number of patient complaints 
per day 

Number of complaints per 
day (or %) 

 
n/a (information is not 
available) 
 

On average, how long will 
patients stay at the hospital? 

Stay days in hospital Days 4.9 (adult avg. only) 
 

What is the average cost of 
services and resources 
offered to patients per day? 

Cost of services and medical 
resources per day 

Dollars per day  
n/a (information is not 
available) 

What is the average amount 
of biohazardous waste per 
patient per day? 

Amount of biohazardous 
waste per patient per day 

Tons per people per day  
0.000283 tons/person/day 

What is the average amount 
of hazardous waste per 
patient per day? 

Amount of hazardous waste 
per patient per day 

Tons per people per day 0.00044 tons/person/day 
 

What is the average amount 
of the hospital air emissions 
per day? 

Amount of air emissions per 
day in hospital 

Tons per day  
n/a (information is not 
available) 

What is the average amount 
of municipal solid waste per 
patient per day? 

Amount of municipal solid 
waste per patient per day 

Tons per people per day  
0.000296  (does not include 
recycled waste) 
 



 

 

254 

What is the average amount 
of waste per patient per day? 

Amount of waste per patient 
per day (includes all waste) 

Tons per people per day  
n/a (information is not 
available) 

What is the average amount 
of municipal solid waste per 
staff per day? 

Amount of municipal solid 
waste per staff per day 

Tons per people per day  
n/a (information is not 
available) 

What is the average amount 
of municipal solid waste per 
visitors per day? 

Amount of municipal solid 
waste per visitors per day 

Tons per people per day  
n/a (information is not 
available) 

What is the average amount 
of municipal waste per 
vendors per day? 

Amount of municipal solid 
waste per vendors per day 

Tons per people per day n/a (information is not 
available) 
 

What is the total amount of 
waste in the hospital per day? 

Amount of hospital waste 
(total) per day 

Tons per day  
11.505 tons/day (does not 
include 3.158 tons/day 
recycling) 

What is the average level of 
dissolved oxygen in your 
untreated wastewater per 
day?(or %) 

Dissolved Oxygen level of 
untreated wastewater per day 

Mg/L per day Does not apply (Hospital 
does not collect information 
on this) 

What is the average level of 
dissolved oxygen in your 
stored untreated wastewater 
per day?(or %) 

Dissolved Oxygen level of 
stored untreated wastewater 
per day 

Mg/L per day Does not apply (Hospital 
does not collect information 
on this) 
0 

What is the average level of 
dissolved oxygen in your 
treated wastewater per 
day?(or %) 

Dissolved Oxygen level of 
treated wastewater per day 

Mg/L per day Does not apply (Hospital 
does not collect information 
on this) 

What is the average level of 
dissolved oxygen in your 
stored treated wastewater per 
day?(or %) 

Dissolved Oxygen level of 
stored treated wastewater per 
day 

Mg/L per day Does not apply (Hospital 
does not collect information 
on this) 
0 
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What is the monthly water 
cost in your hospital? 

Water cost in hospital Dollars per month  
$60,707 per month (main 
campus only), per day = 
$2,023.57 

How many staff on average 
are needed per day? 

Number of staff needed per 
day  

Number of people per day n/a (total staff approximately 
10,300 but they don’t work 
24/7) 

How many staff on average 
are needed per patient? 

Number of staff needed per 
patient 

Number of staff per patient n/a (information is not 
available) 
 

What is the average number 
of visitors per day? 

Number of visitors per day Number of people n/a (information is not 
available) 
 

What is the average number 
of visitors per patient? 
(%visitors per patient) 

Average number of visitors 
per patient (% Visitors per 
patient) 

Number of visitors per people 
(or %) 

 
n/a (information is not 
available) 
 

What is the average duration 
of visitors visit? 

Average duration of visitors 
visit 

Hours n/a (information is not 
available) 
 

How many vendors on 
average visit per day? 

Number of vendors per day Number of vendors per day n/a (information is not 
available) 

What is the size of the 
hospital facility? 

Building size Square foot 1,276,336 sq. ft. (main 
campus only)  
 

What is the average amount 
of water collected in hospital 
per day? 

Collected water in hospital 
per day 

Gallons per day Does not apply 
0 
 

How much water is used in 
hospital on average per day? 

Amount of water used in 
hospital per day (water 
footprint) 

Gallons per day  
425,818 
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How much untreated 
wastewater on average is 
stored per day in hospital? 

Amount of stored untreated 
wastewater per day 

Gallons per day Does not apply 
0 

How much wastewater on 
average is treated per day in 
hospital? 

Amount of treated wastewater 
per day 

Gallons per day 36,326 – Laundry water 
recycling system 
 

How much stored untreated 
wastewater is treated per day 
in hospital 

Amount of stored untreated 
wastewater treated per day 

Gallons per day Does not apply 
0 

How much treated 
wastewater on average is 
stored per day in hospital? 

Amount of stored treated 
wastewater per day 

Gallons per day Does not apply 
0 

How much treated 
wastewater is reused on 
average per day in hospital? 

Amount of treated wastewater 
reused per day 

Gallons per day 36,326 – Laundry water 
 

How much stored treated 
wastewater is reused on 
average per day in hospital? 

Amount of stored treated 
wastewater reused per day 

Gallons per day Does not apply 
0 

How much collected water is 
reduced on average per day 
in hospital? 

Amount of collected water 
reduced per day 

Gallons per day Does not apply 
0 

How much available water 
resources is reduced on 
average per day in hospital? 

Amount of available water 
resources reduced per day 

Gallons per day n/a – low flow toilets and sink 
automation not tracked 
 

How much treated water on 
average is reused after 
receiving incentives? 

Treated wastewater reuse  % (or Gallons per day) Does not apply 
0 

How much water use is 
reduced on average after 
receiving incentives? 

Water use reduction % (or Gallons per day) Does not apply 
0 

Table J.1—Continued       



 

 

257 

What is the average amount 
of incentives received for 
recycling and reduction plans 
per month (e.g. government 
incentives)?  

Acquired incentives for 
hospital (Dollars received for 
recycling and reduction plans)  

Dollars per month Does not apply  
Post discussion with hospital 
expert, the incentives the 
hospital receives only 
includes incentives for 
electricity and saving energy 
0 

How much untreated 
wastewater on average is 
discharged to sewer per day? 

Amount of discharged 
untreated wastewater in 
sewer per day 

Gallons per day 389,492 gallons per day 
 
 

How much stored untreated 
wastewater on average is 
discharged to sewer per day? 

Amount of discharged stored 
untreated wastewater in 
sewer per day 

Gallons per day Does not apply 
0 
 

How much treated 
wastewater on average is 
discharged to sewer per day? 

Amount of discharged treated 
wastewater in sewer per day 

Gallons per day n/a (information not available) 

How much stored treated 
wastewater on average is 
discharged to sewer per day? 

Amount of discharged stored 
treated wastewater in sewer 
per day 

Gallons per day Does not apply 
0 

How much energy on 
average is consumed related 
to water use in hospital per 
month? 

Energy consumption amount 
related to water use 

Kilowatt Hours  
n/a – mostly natural gas 
 

What is the average price of 
energy related to water use in 
hospital per month? 

Price of energy related to 
water use in hospital 

Dollars per month  
n/a (information is not 
available) 
 

What is the normal 
temperature that is set (fixed) 
inside the hospital? 

Fixed temperature (set) inside 
hospital 

Degrees Fahrenheit Approximately 72 degrees 
Fahrenheit 
 

How much water on average 
is needed per patients per 
day? 

Amount of water needed for 
patients per day 

Gallons per patient per day n/a (information is not 
available) 
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How much water on average 
is needed per staff per day? 

Amount of water needed for 
staff per day 

Gallons per people per day n/a (information is not 
available) 
 

How much water on average 
is needed per visitors per 
day? 

Amount of water needed for 
visitors per day 

Gallons per people per day n/a (information is not 
available) 
 

How much water on average 
is needed per vendors per 
day? 

Amount of water needed for 
vendors per day 

Gallons per people per day n/a (information is not 
available) 
 

 
 

Table J.2 Data from Hospital 2 

Question Factor Unit of Measure Hospital Data (Hospital 2) 
What is the total number of 
beds in your hospital? 

Number of beds in hospital 
(Capacity) 

Number 410 

What is the average number 
of patients admitted per day? 

Number of patients admitted 
per day 

Number of people per day 413 with emergency, without: 
52 according to US News and 
World Report (2014): 13,085 
admissions in the last year, 
289 beds. Hospital states 410 
beds. 37 per day  52 per 
day. 
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What is the average number 
of patients being serviced per 
day? 

Number of patients being 
serviced per day 

Number of people per day 612 with emergency, 
outpatient therapy and 
outpatient surgery. 
According to US News and 
World Report (2014): 2,567 
annual inpatient and 3,206 
outpatient surgeries. = 5773 = 
16 per day~22. Its emergency 
room had 75,575 visits = 202 
per day. 
612-413:199 
280 patients in the hospital 
per day- emergency + 
surgery and therapy~133 

What is the average number 
of patients discharged per 
day? 

Number of patients 
discharged per day 

Number of people per day 413 with emergency, without: 
52 

On average, how long will 
patients stay at the hospital? 

Stay days in hospital Days 5.33 

What is the average cost of 
services and resources 
offered to patients per day? 

Cost of services and medical 
resources per day 

Dollars per day $975 

What is the average amount 
of biohazardous waste per 
patient per day? 

Amount of biohazardous 
waste per patient per day 

Tons per people per day 209 pounds per day 
(regulated medical waste) = 
0.1045 tons 
83 pounds per day (sharps 
waste) = 0.0415 tons  Total 
biohazardous waste: 
0.0415+0.1045=0.145 tons 
per day 

What is the average amount 
of hazardous waste per 
patient per day? 

Amount of hazardous waste 
per patient per day 

Tons per people per day None to report 
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What is the average amount 
of municipal solid waste per 
patient per day? 

Amount of municipal solid 
waste per patient per day 

Tons per people per day Average waste per day = 
4,402 pounds = 2.201 tons 
Number of Patients per day = 
280 
65% patient waste: 1.43065 
tons total patient waste = 
0.005 tons per patient per day 

What is the average amount 
of municipal solid waste per 
staff per day? 

Amount of municipal solid 
waste per staff per day 

Tons per people per day Average waste per day = 
4,402 pounds = 2.201 tons 
Number of Staff per day = 
780 
25% staff waste: 0.55025 
tons total staff waste = 0.0007 
tons per staff per day 

What is the average amount 
of municipal solid waste per 
visitors per day? 

Amount of municipal solid 
waste per visitors per day 

Tons per people per day Average waste per day = 
4,402 pounds = 2.201 tons 
Number of visitors per day = 
500 
5% visitors waste: 0.11005 
tons total visitors waste = 
0.00022 tons per visitors per 
day 

What is the average amount 
of municipal waste per 
vendors per day? 

Amount of municipal solid 
waste per vendors per day 

Tons per people per day Average waste per day = 
4,402 pounds = 2.201 tons 
Number of venders per day = 
30 
5% vendors waste: 0.11005 
tons total vendors waste = 
0.00367 tons per vendors per 
day 
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What is the total amount of 
waste in the hospital per day? 

Amount of hospital waste 
(total) per day 

Tons per day  
Average waste per day = 
4,402 pounds = 2.201 tons 
per day 
 

What is the average level of 
dissolved oxygen in your 
untreated wastewater per 
day?(or %) 

Dissolved Oxygen level of 
untreated wastewater per day 

Mg/L per day NA 
 
 

What is the average level of 
dissolved oxygen in your 
stored untreated wastewater 
per day?(or %) 

Dissolved Oxygen level of 
stored untreated wastewater 
per day 

Mg/L per day NA 
 

What is the average level of 
dissolved oxygen in your 
treated wastewater per 
day?(or %) 

Dissolved Oxygen level of 
treated wastewater per day 

Mg/L per day NA 
 

What is the average level of 
dissolved oxygen in your 
stored treated wastewater per 
day?(or %) 

Dissolved Oxygen level of 
stored treated wastewater per 
day 

Mg/L per day NA 
 

What is the average number 
of visitors per patient? (% 
visitors per patient) 

Average number of visitors 
per patient (% Visitors per 
patient) 

Number of visitors per people 
(or %) 

No current way to collect 
data. Rough guess - 2 
 
 

What is the daily water cost in 
your hospital? 

Water cost in hospital Dollars per day $31,000 average monthly 
cost (includes waste-water 
and supply water) = $1033.33 
per day 
 

What is the average number 
of visitors per day? 

Number of visitors per day Number of people Not currently collecting data. 
Rough guess – 500+ 
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What is the average duration 
of visitors visit? 

Average duration of visitors 
visit 

Hours Not currently collecting data 
 

How many vendors on 
average visit per day? 

Number of vendors per day Number of vendors per day Of the vendors who check in 
30+ 
 

What is the size of the 
hospital facility? 

Building size Square foot 750k square feet + = about 
750,000 square feet 
 

What is the average amount 
of water collected in hospital 
per day? 

Collected water in hospital 
per day 

Gallons per day None 
 

How much water is used in 
hospital on average per day? 

Amount of water used in 
hospital per day (water 
footprint) 

Gallons per day  56000 gallons per month = 
1867 gallons per day 
 

How much untreated 
wastewater on average is 
stored per day in hospital? 

Amount of stored untreated 
wastewater per day 

Gallons per day NA 

How much wastewater on 
average is treated per day in 
hospital? 

Amount of treated wastewater 
per day 

Gallons per day NA 

How much stored untreated 
wastewater is treated per day 
in hospital 

Amount of stored untreated 
wastewater treated per day 

Gallons per day NA 
 

How much treated 
wastewater on average is 
stored per day in hospital? 

Amount of stored treated 
wastewater per day 

Gallons per day NA 
 

How much treated 
wastewater is reused on 
average per day in hospital? 

Amount of treated wastewater 
reused per day 

Gallons per day NA 
 

How much stored treated 
wastewater is reused on 
average per day in hospital? 

Amount of stored treated 
wastewater reused per day 

Gallons per day NA 
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How much collected water is 
reduced on average per day 
in hospital? 

Amount of collected water 
reduced per day 

Gallons per day NA 
 

How much available water 
resources is reduced on 
average per day in hospital? 

Amount of available water 
resources reduced per day 

Gallons per day NA 
 

How much water on average 
is conserved per day in 
hospital? 

Amount of conserved water 
per day 

Gallons per day NA 
 

How much treated water on 
average is reused after 
receiving incentives? 

Treated wastewater reuse  % (or Gallons per day) NA 
 

How much water use is 
reduced on average after 
receiving incentives? 

Water use reduction % (or Gallons per day) NA 
 

What is the average amount 
of incentives received for 
recycling and reduction plans 
per day (e.g. government 
incentives)?  

Acquired incentives for 
hospital (Dollars received for 
recycling and reduction plans)  

Dollars per day 50$ per ton of cardboard and 
plastic = 6.8 tons per month 
No incentives for water 
 
 

How much untreated 
wastewater on average is 
discharged to sewer per day? 

Amount of discharged 
untreated wastewater in 
sewer per day 

Gallons per day  
 45000 gallons a month = 
1500 gallons per day 

How much stored untreated 
wastewater on average is 
discharged to sewer per day? 

Amount of discharged stored 
untreated wastewater in 
sewer per day 

Gallons per day  
NA 
 

How much treated 
wastewater on average is 
discharged to sewer per day? 

Amount of discharged treated 
wastewater in sewer per day 

Gallons per day NA 
 
 

How much stored treated 
wastewater on average is 
discharged to sewer per day? 

Amount of discharged stored 
treated wastewater in sewer 
per day 

Gallons per day NA 
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How much energy on 
average is consumed related 
to water use in hospital per 
day? 

Energy consumption amount 
related to water use 
537 Kwh per day 

Kilowatt Hours  76,700 KWH (KWH= Kilowatt 
Hour) Average Total electrical 
use per month (Not available 
how much is related to water 
use): 2556.67 kwh per day 
21% related to water: 537 
kwh per day 
(According to NationalGrid, 
2002) 

What is the normal 
temperature that is set (fixed) 
inside the hospital? 

Fixed temperature (set) inside 
hospital 

Degrees Fahrenheit 70 Degrees Fahrenheit 
 

How much water on average 
is needed per patients per 
day? 

Amount of water needed for 
patients per day 

Gallons per patient per day NA 
 

How much water on average 
is needed per staff per day? 

Amount of water needed for 
staff per day 

Gallons per people per day NA 
 

How much water on average 
is needed per visitors per 
day? 

Amount of water needed for 
visitors per day 

Gallons per people per day NA 
 

How much water on average 
is needed per vendors per 
day? 

Amount of water needed for 
vendors per day 

Gallons per people per day NA 
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Table J.3 Data from Other Resources 

Question Factor Unit of Measure Reference 
What is the average amount 
of biohazardous waste per 
patient per day? 

Amount of hazardous waste 
per patient per day 
 
0.0002 tons per patient per 
day 

Tons per people per day 0.515 kg waste Total waste: 
41.31% hazardous waste 
according to Debere et al., 
(2013)  
 0.0002 tons per patient per 
day  

What is the average level of 
dissolved oxygen in your 
untreated wastewater per 
day?(or %) 

Dissolved Oxygen level of 
untreated wastewater per day 
 
3.26 Mg/L per day 

Mg/L per day Badejo et al. (2012): 
 
3.26 Mg/L per day (increase 
of DO level because water is 
not stored) (average for one 
hospital in Nigeria) 

What is the average level of 
dissolved oxygen in your 
stored untreated wastewater 
per day?(or %) 

Dissolved Oxygen level of 
stored untreated wastewater 
per day 
 
1.63 Mg/L per day 

Mg/L per day Badejo et al. (2012): 
 
1.63 Mg/L per day (stored 
water may cause gathering of 
bacteria which will decrease 
DO level) (average for one 
hospital in Nigeria) 

What is the average level of 
dissolved oxygen in your 
treated wastewater per 
day?(or %) 

Dissolved Oxygen level of 
treated wastewater per day 
 
9.78 Mg/L per day 

Mg/L per day Badejo et al. (2012): The 
BOD (Biochemical Oxygen 
Demand) is decreased by 
about three times when 
treated, so the DO will 
decreased by about the same 
amount 
 
9.78 Mg/L per day (average 
for one hospital in Nigeria) 
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What is the average level of 
dissolved oxygen in your 
stored treated wastewater per 
day?(or %) 

Dissolved Oxygen level of 
stored treated wastewater per 
day 
 
6.52 Mg/L per day 

Mg/L per day Badejo et al. (2012): 6.52 
Mg/L per day (stored water 
may cause gathering of 
bacteria which will decrease 
DO level (1.5)) (average for 
one hospital in Nigeria) 

How many staff on average 
are needed per patient? 

Number of staff needed per 
patient 
 
32.5 per day 

Number of staff per patient 
 

Spetz et al. (2008): 
Nurses/Patients = Productive 
Nursing Hours/Patient 
Days*24 
Welton (2007): 
Ratio for staff per patient is 
1:4 
130 patients per day  32.5 

What is the average number 
of visitors per patient? 
(%visitors per patient) 

Average number of visitors 
per patient (% Visitors per 
patient) 
 
2 per patient 

Number of visitors per people 
(or %) 
  

Maximum 2 per patient per 
day: 
Howard Country General 
Hospital (2014) 
Barnes Jewish Hospital 
(2014)  
INOVA (2014) 
CAMC Health System (2014) 

What is the average duration 
of visitors visit? 

Average duration of visitors 
visit 
 
30 minutes  

Hours 
 

INOVA (2014): 
Recommended visitation time 
is 30 minutes or less  
CAMC Health System (2014): 
Limit to 30 minutes 
 

How many vendors on 
average visit per day? 

Number of vendors per day 
 
200 per day 

Number of vendors per day Average 
(Interview with hospital 
personnel and subject matter 
experts) 
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What is the average amount 
of water collected in hospital 
per day? 
(if water is collected) 

Collected water in hospital 
per day 
9,300 Gallons a year = about 
26 Gallons per day 

Gallons per day 
  

Bertrand (2011): 
The rainwater collection 
system at Eagle Veterinary 
Hospital can collect up to 
9,300 gallons of water 

How much untreated 
wastewater on average is 
stored per day in hospital? 

Amount of stored untreated 
wastewater per day 
 
18,163 gallons per day 

Gallons per day 425,818 gallons used per day 
389,492 untreated 
wastewater discharged to 
sewer per day 
=>36,326 gallons per day 
untreated 
50% stored  = 18,163 gallons 
per day 

How much stored untreated 
wastewater is treated per day 
in hospital 

Amount of stored untreated 
wastewater treated per day 
 
9,082 gallons per day 

Gallons per day 425,818 gallons used per day 
389,492 untreated 
wastewater discharged to 
sewer per day 
=>36,326 gallons per day 
untreated 
50% stored  = 18,163 gallons 
per day 
50% treated = 9,082 gallons 
per day 
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How much treated 
wastewater on average is 
stored per day in hospital? 

Amount of stored treated 
wastewater per day 
 
2,997 gallons per day 

Gallons per day 425,818 gallons used per day 
389,492 untreated 
wastewater discharged to 
sewer per day 
=>36,326 gallons per day 
untreated 
50% stored  = 18,163 gallons 
per day 
50% treated = 9,082 gallons 
per day 
33% stored = 2,997 gallons 
per day 

How much stored treated 
wastewater is reused on 
average per day in hospital? 

Amount of stored treated 
wastewater reused per day 
 
989 gallons per day 

Gallons per day 425,818 gallons used per day 
389,492 untreated 
wastewater discharged to 
sewer per day 
=>36,326 gallons per day 
untreated 
50% stored  = 18,163 gallons 
per day 
50% treated = 9,082 gallons 
per day 
33% stored = 2,997 gallons 
per day 
33% reused = 989 gallons per 
day 

What is the average rate of 
reuse after receiving 
incentives? 

Rate of reuse for reusing 
treated wastewater  
 
29670 gallons per dollars per 
month=$989 per day 

Gallons per dollars 
 

About 11% is treated in this 
hospital  
989 gallons per day reused= 
29670 gallons per month 
=$989 per day 
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What is the average rate of 
reduction after receiving 
incentives? 

Rate of reduction for reducing 
water use 
 
29670 gallons per dollars per 
month=$989 per day 
 

Gallons per dollars Average rate about the same 
as reduced  

What is the average amount 
of incentives received for 
recycling and reduction plans 
per month (e.g. government 
incentives)?  

Acquired incentives for 
hospital (Dollars received for 
recycling and reduction plans)  
 
$20,000 per month=$666 per 
day 

Dollars per month 
 
 
 

Dallas City Hall (2006): 
 
The City has budgeted $3.6 
million annually for the water 
conservation program = 
$300,000 per month, so it 
would be around 20,00 = 
about $666 per day 
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How much stored treated 
wastewater on average is 
discharged to sewer per day? 

Amount of discharged stored 
treated wastewater in sewer 
per day 
 
52570.2 gallons per day 
 
OR:  
989 gallons per day 

Gallons per day Badejo et al. (2012): 
 
Average flow rate of 
wastewater during the dry” 
and wet seasons were 
131.5±51.9 m3/day and  
262.2±56.2 m3/day 
respectively => average199 
m3/day  
=52570.2 gallons per day 
OR: 
425,818 gallons used per day 
389,492 untreated 
wastewater discharged to 
sewer per day 
=>36,326 gallons per day 
untreated 
50% stored  = 18,163 gallons 
per day 
50% treated = 9,082 gallons 
per day 
33% stored = 2,997 gallons 
per day 
33% discharged = 989 
gallons per day 
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How much treated 
wastewater on average is 
discharged to sewer per day? 

Amount of discharged treated 
wastewater in sewer per day 
 
52570.2 gallons per day 
 
OR: 
2,997 gallons per day 

Gallons per day Badejo et al. (2012): 
Average flow rate of 
wastewater during the dry” 
and wet seasons were 
131.5±51.9 m3/day and  
262.2±56.2 m3/day 
respectively => average199 
m3/day  
=52570.2 gallons per day 
OR: 
425,818 gallons used per day 
389,492 untreated 
wastewater discharged to 
sewer per day 
=>36,326 gallons per day 
untreated 
50% stored  = 18,163 gallons 
per day 
50% treated = 9,082 gallons 
per day 
33% discharged = 2,997 
gallons per day 

How much stored untreated 
wastewater on average is 
discharged to sewer per day? 

Amount of discharged stored 
untreated wastewater in 
sewer per day 
389,392 gallons per day 

Gallons per day Same as untreated 
wastewater discharged to 
sewer  

What is the average price of 
energy related to water use in 
hospital per month? 

Price of energy related to 
water use in hospital 
 
$9 per Kwh = $0.3 per Kwh 
per day 

Dollars per month ElectricityScout (2014): 
 
Range from 7.3/Kwh – 
10.6/Kwh = about $9 per Kwh 
= $0.3 per Kwh per day 
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How much water on average 
is needed per patients per 
day? 

Amount of water needed for 
patients per day 
 
205 gallons per patient per 
day 

Gallons per patient per day EnergyStar (2012): 
Median Hospital uses 315 
Gallons per day total 
 
Love (2013): 
Average use of 570 Gallons 
per day total 
Median: 315 gallons per day 
65% patient, 25% staff, 5% 
visitors, 5% vendors 
205 gallons per patient per 
day 

How much water on average 
is needed per staff per day? 

Amount of water needed for 
staff per day 
 
79 gallons per vendors per 
day 

Gallons per people per day EnergyStar (2012): 
Median Hospital uses 315 
Gallons per day total 
 
Love (2013): 
Average use of 570 Gallons 
per day total 
Median: 315 gallons per day 
65% patient, 25% staff, 5% 
visitors, 5% vendors 
79 gallons per staff per day 

How much water on average 
is needed per visitors per 
day? 

Amount of water needed for 
visitors per day 
 
16 gallons per visitors per day 

Gallons per people per day EnergyStar (2012): 
Median Hospital uses 315 
Gallons per day total 
 
Love (2013): 
Average use of 570 Gallons 
per day total 
Median: 315 gallons per day 
65% patient, 25% staff, 5% 
visitors, 5% vendors 
16 gallons per visitors per day 
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How much water on average 
is needed per vendors per 
day? 

Amount of water needed for 
vendors per day 
 
16 gallons per vendors per 
day 

Gallons per people per day EnergyStar (2012): 
Median Hospital uses 315 
Gallons per day total 
 
Love (2013): 
Average use of 570 Gallons 
per day total 
Median: 315 gallons per day 
65% patient, 25% staff, 5% 
visitors, 5% vendors 
16 gallons per vendors per 
day 

External 
Overall population of North 
Texas 

Number of overall population 
of North Texas (DFW) 
 
6,700,991 DFW 
 

Number of people 
 

VisitDallas (2014), 
Dallas Chamber (2014), 
Campbell (2013): 
 
6,700,991 DFW 
 

Price of water Price of water  
Up to 10,000 gallons $2.70 
More than 10,000 gallons 
$3.30 

Dollars (per gallons) Dallas City Hall (2014b) 

Available water resources 
outside hospital 

Available water resources 
outside of hospital 
900 million gallons a day 

Gallons per day Dallas City Hall (2014a): 
 
Water treatment capacity 
from 3 water treatment 
stations  
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Average energy consumption 
to obtain water 

Average energy consumed to 
acquire water from available 
resources 
 
4000 kWh/Mgal = 4 
kwh/gallons 

Kilowatt Hours 
 

USGS (2009b), 
U.S. Department of Energy 
(2006), 
Stillwell et al. (2009), 
EPA (2013): 
 
These energy requirements 
for pumping vary with water 
depth: pumping from a depth 
of 120 feet (ft) requires 540 
kilowatt‐hours per million 
gallons (kWh/Mgal), while 
pumping from 400 ft requires 
2000 kWh/Mgal.[1] Average 
groundwater well depth in 
Texas is nearly 700 feet. 
 

Price of energy to obtain 
water 

Price of energy to acquire 
water from available water 
resources 
 
$9 per Kwh 

Dollars ElectricityScout (2014): 
 
Range from 7.3/Kwh – 
10.6/Kwh = about $9 per Kwh 
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Appendix K  

Populated Simulator Validation Package 
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This section includes the simulator validation package that was provided to the 

four subject matter experts. The populated simulator validation package included 

references that is provided with all the other references in the Reference section. The 

validation package of the populated simulator provided to the validators is as following: 

Purpose:  

The purpose of this package is to test of the structure and behavior of the 

simulator and validate the results. The validation effort focuses on building confidence in 

the water sustainability simulator related to hospitals as a reasonable representation of 

the real system and in its usefulness in providing results. The package checks if the 

simulation model runs as planned. According to Pritsker et al. 1997, model validation 

determines whether a model is a “useful or reasonable representation of the system”.  

Model Purpose:  

A water sustainability simulator related to hospitals can help users to explore 

risks and evaluate the dynamic consequences of various decisions without having to 

interrupt or affect the existing hospital water system. The simulator helps to perform 

what-if analysis to assess alternative decisions. The water sustainability simulator models 

the factors that relate to water sustainability while considering the three pillars of 

sustainability (social, economic, and environmental). Individuals who influence healthcare 

systems and hospitals can use such a simulator to understand the system dynamics 

associated to hospitals and use this knowledge to make informed decisions, leading to a 

more proactive paradigm. 

Contact Information: 

No individual respondent name or hospital will be tied to particular validation 

results. The contact information will only be used for authenticating an individual 

response to the data collection process. All individual contact information will be kept 

confidential.  
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Name  

Role (Position)  

Experience (Years)  

Hospital  

Location  

 
Validation Process:  

This document identifies the water sustainability model validation process relative 

to hospitals. The document is also used as a form that will contain your comments about 

the model for tests you are being asked to perform.  

The overall approach for the model’s validation includes test of the structure and 

behavior of the model. This strategy follows a framework of guidelines presented by 

Richardson & Pugh (1981) that builds confidence in the model and its results. The tests 

focus on suitability and consistency checks.  

The validation of the water sustainability simulator related to hospitals is 

performed using the Richardson and Pugh (1981) framework. It examines if the model is 

suitable for its purposes. It also checks if the model is consistent with the portion of reality 

it tries to capture. The framework also represents utility and effectiveness. It focuses on 

how effective the model is in achieving purposes of the research. The framework also 

checks if the model or its results can be used.  

Validators are required for a number of the validation activities including 

boundary structural adequacy, structural sensitivity, face validity, parameter validity, 

replication of reference modes, and appropriateness of structure tests. Table K.1 

presents the subset of tests, in the context of the Richardson & Pugh framework, where 

your help is required: 
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Table K.1 Validation Activities with Validators 

Activity Type Structure Behavior 
Suitability Boundary structural 

adequacy tests 
Structural (in)sensitivity  
 

Consistency Face validity Replication of reference 
modes 

Parameter validity   
Model Utility and 
Effectiveness 

Appropriateness of 
structure 

 

 
Each of the tests in Table K.1 will be handled separately. The individual model 

test sections include an introductory section that identifies questions to consider and how 

to perform the test. The introductory section for each question is followed by a table. 

Space is provided in each table for you to comment. Please enter “OK” or enter a 

checkmark in the spaces for the following tests if you are satisfied with an area and have 

no other comments about it.  

Other documents supplied to assist in the model validation activities include the 

simulator for water sustainability related to hospitals (represented in Figure K.1 ), the 

model technical document that explains the model’s variables in detail (Tables K.2 – K.4), 

and the model Runtime file that includes the simulation run. Please review these 

documents in order to understand the model’s purpose, usage, and particulars in order to 

perform your validation activities. You may also want to add graphs and tables to the 

model so that you can see the model’s behavior during the simulation runs. 

Activities and tests that are defined in the table are as follows: 

(1) Structure – Boundary structural adequacy test 

Questions: Does the structure of the simulator include the elements (inputs, 

variables and feedback loops) and level of detail that is necessary to address the model’s 

scope and purpose?  
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Test process: Review the model’s structure against its purpose as stated in the 

model purpose.  

(2) Behavior – Structural sensitivity test 

Questions: Are there details missing in the model’s structure that would critically 

influence the model’s behavior and results? Are there inappropriate model details that 

introduce improper model behavior or unduly influence model behavior? Would minor 

changes to the model’s structure/alternative structural formulations make a difference in 

the model’s behavior? 

Test process: Run the model and review the model’s behavior by looking at 

model outputs. 

(3) Structure – Face validity test 

Questions: Does the model’s structure represent reasonable and adequate 

characteristics of water sustainability related to hospitals? Are the essential 

characteristics of the real system represented? Is the model a recognizable picture of the 

real system? 

Test process: Review the model’s structure. 

(4) Structure – Parameter validity test 

Questions: Are the model elements recognizable in terms of the water 

sustainability related to hospitals? Are the values selected for the model elements 

consistent with information available about water sustainability in hospitals? Do the 

values make sense? 

Test process: Review model elements and values. 

(5) Behavior – Consistency of model behavior with real system (replication of 

reference modes) 
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Question: Does the model reproduce behavior seen in a real system or 

conceptually anticipated behavior arising from potential situations? 

Test process: Run the model and review outputs throughout the model’s 

identified time span. 

(6) Structure – Appropriateness of structure test 

Question: Are the model’s characteristics (level of complexity, simplicity, size, 

and level of aggregation or detail) appropriate for the model’s purpose and potential 

users? 

Test Process: Review the model’s structure. 

 
Notes 

Additional notes and recommendations may be provided here. 

Supplementary information that was included in this package and presented to 

the validators included the model’s runtime file where validators where able to see the 

model’s behavior. 
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Figure K.1 Simulator for Water Sustainability Related to Hospitals (Presented in the Populated Simulator Validation Package)
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Table K.2 Stock Definitions and Units 

Stocks Definition Unit 

Patients admitted 
The number of patients 
admitted to the hospital 
who need services 

Number of patients per day 

Patients serviced 

Represents the number of 
patients that are being 
serviced and receiving 
necessary resources.  

Number of patients per day 

Discharged patients 

The number of patients 
that have been discharged 
from hospital and no 
longer are using services 
and resources 

Number of people per day 

Visitors 

The total quantity of 
visitors that enter the 
hospital facility to visit 
patients 

Number of visitors per day 

 
Collected hospital water 
 

Represents the water that 
is collected from other 
resources such as rain for 
use in hospital 

Gallons per day 

Available water resources 
outside hospital 

Represents the total 
amount of available water 
resources accessible to 
the hospital for use 

Gallons per day 

Water footprint The total amount of water 
that is used by the hospital Gallons per day 

Stored untreated 
wastewater 

Defines the total amount of 
untreated wastewater that 
is stored in hospital 

Gallons per day 

Treated wastewater 

Refers to the total volume 
of wastewater treated for 
further use such as 
landscape irrigation, toilet 
flushing and other 
purposes 

Gallons per day 

Stored treated wastewater 
Defines the total amount of 
treated wastewater that is 
stored in hospital 

Gallons per day 

Managed wastewater 

Represents the total 
volume of wastewater that 
is managed outside 
hospital (includes treated 
wastewater, stored treated 
wastewater, untreated 
wastewater, and stored 
untreated wastewater) 

Gallons per day 
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Table K.3 Rate Definitions and Units 

Rates Definition Unit 

pt admittance rate 

Represents the rate at 
which patients are 
admitted to the hospital 
facility 

Number of patients per 
time period (day) 

patient service rate 
Represents the rate at 
which patients are serviced 
in the hospital 

Number of patients per day 

pt discharge rate 
Represents the rate at 
which patients are from the 
hospital facility 

Number of patients per day 

rate of visitors entering  
Represents the rate that 
visitors enter the hospital 
facility  

Number of visitors per day 

rate of visitors leaving 
Represents the rate that 
visitors leave the hospital 
facility 

Number of visitors per day 

rate of obtaining water 
from other resources 

Represents the rate that 
water is obtained from 
other resources outside 
hospital for use 

Gallons per time period 
(day) 

rate of water collection 

The rate at which water is 
collected from other 
resources for hospital use 
(e.g. rain) 

Gallons per day 

rate of using available 
water resources outside 
hospital 

The rate at which water is 
used from outside hospital 
water resources 

Gallons per day 

rate of storing untreated 
wastewater 

Represents the rate at 
which untreated 
wastewater is stored in 
hospital 

Gallons per day 

rate of treating untreated 
wastewater 

Represents the rate at 
which untreated 
wastewater is treated in 
hospital 

Gallons per day 

rate of discharging 
untreated wastewater in 
sewer 

Represents the rate at 
which untreated 
wastewater is discharged 
in sewer 

Gallons per day 

rate of treating stored 
untreated wastewater 

Represents the rate at 
which stored untreated 
wastewater is treated in 
hospital 

Gallons per day 
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rate of discharging treated 
wastewater in sewer 

Represents the rate at 
which treated wastewater 
is discharged in sewer 

Gallons per day 

rate of discharging stored 
untreated wastewater in 
sewer 

Represents the rate at 
which stored untreated 
wastewater is discharged 
in sewer 

Gallons per day 

rate of storing treated 
wastewater 

Represents the rate at 
which treated wastewater 
is stored in hospital 

Gallons per day 

rate of discharging stored 
treated wastewater in 
sewer 

Represents the rate at 
which stored treated 
wastewater is discharged 
in sewer 

Gallons per day 

rate of reusing treated 
wastewater 

Represents the rate at 
which treated wastewater 
is reused 

Gallons per day 

rate of reusing stored 
treated wastewater 

Represents the rate at 
which stored treated 
wastewater is reused 

Gallons per day 

rate of conserving water 
Represents the rate at 
which water is conserved 
in hospital 

Gallons per day 

rate of managing 
wastewater 

Represents the rate at 
which wastewater is 
managed outside hospital 

Gallons per day 

 

Table K.4 Auxiliary Variable Definitions and Units 

Auxiliary Variables Definition Unit 

Alternative water 
resources 

Represents the average 
amount of alternative water 
resources that are 
available to hospitals (this 
may include emergency 
water supplies such as a 
nearby storage tank or an 
existing swimming pool)  

Gallons per day 

Amount of biohazardous 
waste per patient 

Average amount of 
biohazardous waste that is 
produced by patients. 
Biohazardous waste can 
include infectious waste, 
blood, and sharps 

Tons per patient per day 

Table K.3—Continued       
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Amount of hazardous 
waste per patient 

Average amount of 
hazardous waste that is 
produced by patients. 
Hazardous waste can 
include pharmaceutical 
and chemical waste.  

Tons per patient per day 

Amount of hospital waste 
products 

The total amount of waste 
that is produced by 
patients, staff, visitors, and 
vendors in the hospital 
food, supplies, equipment 
or patients 

Tons per day 

Amount of municipal solid 
waste per patient 

Average amount of 
municipal solid waste that 
is produced by patients. 
This type of waste is 
known as trash or garbage 
and consists of everyday 
items that are thrown away 
(i.e. clothing, bottles, food 
scraps, etc.).  

Tons per patient per day 

Amount of municipal solid 
waste per staff 

Average amount of 
municipal solid waste that 
is produced by staff 

Tons per staff per day 

Amount of municipal solid 
waste per vendors 

Average amount of 
municipal solid waste that 
is produced by vendors 

Tons per vendors per day 

Amount of municipal waste 
per visitors 

Average amount of 
municipal solid waste that 
is produced by visitors 

Tons per visitors per day 

Available beds 
Represents the average 
number of available beds 
in a day 

Number of beds per day 

Available water resources 
outside hospital level 

Represents the available 
water resources outside 
hospital level (Likert scale) 

Level 

avg duration of visitor’s 
visit 

Represents the average 
time the visitor spends 
when visiting patients at 
hospital 

Hours per day 

avg Energy consumption 
amount related to water 
use 

Represents the total 
amount of energy needed 
to perform water related 
efforts (i.e. pumping water) 

Kilowatt Hour per day 

avg energy consumption to 
obtain water 

Represents the average 
energy that is needed to 
extract, obtain, and deliver 
water from available 
resources in a day 

Kwh per gallon per day 

Table K.4—Continued       
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Average length of stay  

Average time patients stay 
in hospital to receive 
services and resources 
which depends on their 
wellbeing and average 
number of stay days 

Time period (days) 

Amount of water consisting 
hospital waste products 

Represents the amount of 
water that consists hospital 
waste products discharged 
into it 

Gallons per day 

Acquired incentives for 
hospital 

Average amount of dollars 
acquired by hospitals for 
treatment plans (reduce & 
reuse) 

Dollars per gallons 

Building size The actual size of the 
hospital facility Square foot 

Cost of services and 
resources 

Covers part of the cost of 
services and resources 
offered to patients and part 
of the water cost in the 
hospital 

Dollars per day 

Cost of services and 
resources level 

Represents the cost of 
services and resources 
level in the hospital (Likert 
scale)  

Level 

Cost to patients 

Covers the total cost of 
services and resources 
offered to patients in 
hospitals during their stay. 
This includes cost of 
trained staff and resources 
including medication, 
equipment, and hospital 
fees and bills including 
water bills 

Dollars per patient per day 

discharge rate  
This value represents the 
percentage of patients 
being discharged  

% 

discharging wastewater 
rate 

This is the nominal ratio 
value of managed 
wastewater over water 
footprint 

Number 

DO stored treated 
wastewater 

Represents the constant 
and initial amount of 
dissolved oxygen that is 
recorded in the stored 
treated wastewater 

Mg/L per day 
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DO stored untreated 
wastewater 

Represents the constant 
and initial amount of 
dissolved oxygen that is 
recorded in the stored 
untreated wastewater 

Mg/L per day 

DO treated wastewater 

Represents the constant 
and initial amount of 
dissolved oxygen that is 
recorded in the treated 
wastewater 

Mg/L per day 

DO untreated wastewater 

Represents the constant 
and initial amount of 
dissolved oxygen that is 
recorded in the untreated 
wastewater 

Mg/L per day 

DO level stored treated 
wastewater 

Average amount of 
dissolved oxygen in stored 
treated wastewater 

Mg/L per day 

DO level stored untreated 
wastewater 

Average amount of 
dissolved oxygen in stored 
untreated wastewater 

Mg/L per day 

DO level treated 
wastewater 

Average amount of 
dissolved oxygen in 
treated wastewater 

Mg/L per day 

DO level untreated 
wastewater 

Average amount of 
dissolved oxygen in 
untreated wastewater 

Mg/L per day 

Ecological footprint 

Represents the amount of 
land and water area 
required for nature to 
regenerate the resources 
used by humans 

Global hectares 

Energy consumption 
amount related to water 
use 

Represents the amount of 
energy consumed related 
to water use (i.e. pumping) 

Kilowatt Hour per gallons 
per day 

Energy consumption to 
obtain water 

Defines the total amount of 
energy needed to obtain 
water in a day 

Kilowatt Hour per gallons 
per day 

Energy cost to obtain 
water 

The cost of energy that is 
used to obtain water from 
available resources 

Dollars per day 

Energy cost related to 
water use in hospital 

The total cost of energy 
related to water use in 
hospital 

Dollars per gallons day 
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Greenhouse gas emission 
amount 

The amount of greenhouse 
gas, in particular, carbon 
dioxide, that is produced 
by using the energy. This 
accounts for a part of the 
ecological footprint 

Tons per day 

Hospital bed capacity  Total number of beds in 
hospital (bed capacity) Number of beds 

Hospital ecological 
footprint 

Represents the amount of 
land and water area 
required for nature to 
regenerate the resources 
used by the hospital 

Global hectares 

Hospital greenhouse gas 
emission amount 

The amount of greenhouse 
gas, in particular, carbon 
dioxide, that is produced 
by using energy in 
hospital. This accounts for 
a part of the ecological 
footprint 

Tons per day 
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Level of accessibility to 
services and resources 

Provides a measure to 
ensure all the patients 
have equal access to the 
services and resources 
offered in hospital. Equity 
of access may be 
measured in terms of the 
availability, utilization or 
outcomes of services 
(Gulliford et al. 2002). This 
factor is also used to 
measure patient 
satisfaction as one of the 
subsets of the RAND PSQ-
18 (Rand Health, 2011). 
This factor measures the 
‘Accessibility and 
convenience’ aspect of the 
RAND PSQ-18 
questionnaire which 
represents having access 
to medical facilities, access 
to emergency and non-
emergency facilities, and 
getting medical care 
wherever needed and is 
measured in terms of 
accessibility to water 
resources, service rate, 
and cost 

Level 

Level of external fresh 
water quality 

Defines the level of quality 
of the external fresh water 
that is/will be used later 
again in the hospital 

Level 

Level of demand for 
services and resources for 
patients 

The level of demand for 
water resources for 
patients in hospital 

Gallons per day 

Level of demand for 
services and resources for 
staff 

The level of demand for 
water resources for staff in 
hospital 

Gallons per day 

Level of demand for 
services and resources for 
vendors 

The level of demand for 
water resources for 
vendors in hospital 

Gallons per day 

Level of demand for 
services and resources for 
visitors 

The level of demand for 
water resources for visitors 
in hospital 

Gallons per day 
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Level of patient complaints 

The level of patient 
complaints indicates the 
level of patients that are 
not satisfied with the 
services and resources 
offered at the hospital and 
will not return to receive 
services and resources 

% 

Level of patient wellbeing 

Defines the level of proper 
health, security, safety, 
and happiness of the 
patient (using the SF-36 
Health Survey (Ware et 
al.1993)) 

Level 

Level of overall population 
wellbeing 

Defines the level health of 
the overall population (the 
percentage of population 
that become sick) 

% 

Natural habitats life span 

Represents the duration of 
the life of the species in 
the external water 
environment (Level of 
wellbeing of species, 5 is 
excellent, 1 is poor)) 

Level 

needing water rate  
This value represents a 
percentage for the rate of 
needing water 

% 

Normal temperature 

Represents the normal 
temperature that the 
hospital sets inside the 
facility (fixed temperature) 

Degrees Fahrenheit 

Other water resources 
outside hospital 

Represents the total 
amount of other water 
resources accessible to 
the hospital for use 

Gallons per day 

Overall population 
The overall number of the 
population in DFW 
Metroplex 

Number of people 

Patients waste 
Defines the total amount of 
waste that is produced by 
patients in hospital 

Tons per day 

Price of water 

Represents the actual 
value of water that is 
determined by the water 
usage  

Dollars per gallons 

Price of energy to obtain 
water 

Represents the actual 
value of energy that is 
required to obtain water  

Dollars per Kwh 
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Price of energy related to 
water use 

Represents the actual 
value of energy that is 
required related to water 
use 

Dollars per gallons 

pt show up rate 
Represents the percentage 
of patients that show up at 
that hospital  

% 

Quality level of managed 
wastewater 

Refers to the quality level 
of managed wastewater 
identified by the dissolved 
oxygen level 

Mg/L per day 

rate of conserving water 

Refers to the total volume 
of water conserved by 
water conservation 
techniques & fixtures and 
reducing the usage of 
water in the hospital 
through different practices  

Gallons per day 

Rate of needing water Represents the rate of 
needing water in hospital Gallons per day 

Rate of staff needed The rate that staff are 
needed in a hospital facility 

Number of staff per 
patients per day 

rate of reducing water use 

The rate at which water 
use is reduced from 
collected water and 
available water resources 

Gallons per day 

rate of reduction 

Average amount that 
hospitals can reduce water 
use per day (based on 
incentives) 

Gallons per day 

rate of reuse 

Average amount that 
hospitals can reuse water 
per day (based on 
incentives) 

Gallons per day 

rate of reusing wastewater 

The rate at which treated 
wastewater and stored 
treated wastewater is 
reused 

Gallons per day 

rate of water need for 
patients 

Defines the average 
amount of water needed 
for patients in a hospital 
per day 

Gallons per day 

rate of water need for staff 

Defines the average 
amount of water needed 
for staff in a hospital per 
day 

Gallons per day 
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rate of water need for 
vendors 

Defines the average 
amount of water needed 
for vendors in a hospital 
per day 

Gallons per day 

rate of water need for 
visitors 

Defines the average 
amount of water needed 
for visitors in a hospital per 
day 

Gallons per day 

rate of water use 
Defines the rate of water 
that is used in a hospital 
per day 

Gallons per day 

Staff 
Average number of staff 
that work in the hospital. 
Full Time Employee (FTE) 

Number of staff per day 

stay days 

Average time patients 
spend in hospital to 
receive services and 
resources 

Time period (days) 

Staff water cost Defines the water cost per 
staff in the hospital per day Dollars per staff per day 

Staff waste 
Defines the total amount of 
waste that is produced by 
staff in hospital 

Tons per day 

Treated wastewater reuse 

The amount of treated 
wastewater that is reused 
per day (based on 
incentives) 

Gallons per day 

treated wastewater rate 

This is the nominal ratio 
value of treated 
wastewater over water 
footprint 

% 

untreated wastewater rate 

This is the nominal ratio 
value of managed 
wastewater over water 
footprint 

% 

Vendors 

Average number of 
vendors of the hospital 
facility per day. (Vendors 
can include food retailers) 

Number of vendors per 
day 

Vendors water cost 
Defines the water cost per 
vendors in the hospital per 
day 

Dollars per vendors per 
day 

Vendors waste 
Defines the total amount of 
waste that is produced by 
vendors in hospital 

Tons per day 

Visitors per patient Average number of visitors 
per patient 

Number of visitors per 
patient per day 
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Visitors waste 
Defines the total amount of 
waste that is produced by 
visitors in hospital 

Tons per day 

Visitors water cost 
Defines the water cost per 
visitors in the hospital per 
day 

Dollars per visitors per day 

Water cost in hospital 

The total cost of water 
used in the hospital (Water 
bill=Amount of water 
used*Price of water) 

Dollars per day 

water use reduction 
The amount of water use 
that is reduced per day 
(based on incentives) 

Gallons per day) 
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Appendix L  

Populated Simulator Validation Feedback and Assessment 
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After the package was presented to four validators, the validators commented on 

the questions and provided their feedback. Table L.1 summarizes the validator responses 

and provides an assessment of the comments that were given.  
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Table L.1 Populated Simulator Validator Feedback and Assessment 

Tests Validator 1 Validator 2 Validator 3 Validator 4 Assessment 
Structure -Boundary 
structural adequacy 
test 
Does the structure of 
the simulator include 
the elements (inputs, 
variables and 
feedback loops) and 
level of detail that is 
necessary to address 
the model’s scope 
and purpose? 

Yes Yes – possibly overly 
complex than that needed to 
determine the impacts on 
water in a hospital. Very 
granular level of detail, which 
is good, but it makes more 
room for error; there are so 
many parts involved. 
Could the 80/20 or 90/10 rule 
be applied and still come up 
with an acceptable the level 
of accuracy? 

Yes. However, 
some more input or 
output elements 
can be added or 
deleted based on 
the actual interview 
with Water 
Treatment people. 

I would suggest 
finding which 
structure in a 
hospital is the 
biggest user of 
water because it 
may be useful to 
establish the 
assumption that 
applies to your 
model. 

Based on the validator 
comments, boundary 
structural adequacy test is 
satisfied. The model may 
be too complex, but that is 
because of the number 
factor and factor 
relationships that are 
incorporated in the model to 
represent completeness. 
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Behavior -Structural 
sensitivity test 
Are there details 
missing in the 
model’s structure that 
would critically 
influence the model’s 
behavior and results? 
Are there 
inappropriate model 
details that introduce 
improper model 
behavior or unduly 
influence model 
behavior? Would 
minor changes to the 
model’s 
structure/alternative 
structural 
formulations make a 
difference in the 
model’s behavior? 

It looks 
good 

No – see comment above. 
There is so much detail that it 
may be possible to influence 
the model in the wrong 
direction by having such a 
large number of variables that 
can’t be precisely be 
determined. 

I would think so. 
Some elements 
data collection is 
very difficult to 
collect (i.e. Bio 
hazard material  
Disposal into 
sewage system, 
hand wash with 
sanitizer, blood, 
etc.). 

The steps that are 
used at the water 
treatment plant 
could impact your 
model reliability. 
This is why it has 
been 
recommended to 
get an input from 
them in order to 
adjust every 
parameter 
accordingly. 

Based on the validator 
comments, the structural 
sensitivity test is satisfied. 
The model can include 
various other factors and 
factor relationships. It will 
depend on what application 
it will be used for. 

Table L.1—Continued       



 

 
 

298 

Structure - Face 
validity test 
Does the model’s 
structure represent 
reasonable and 
adequate 
characteristics of 
water sustainability 
related to hospitals? 
Are the essential 
characteristics of the 
real system 
represented? Is the 
model a recognizable 
picture of the real 
system? 

Good Yes, but many are very small. I think so. We 
would like to use 
this model for other 
healthcare 
applications. 
(Applications such 
as performance 
improvement areas 
to improve patient 
safety and care) 

It is a good idea to 
assess the number 
of structures 
(Hospital) that 
should be put in 
your model in order 
to obtain the results 
that you are 
getting. It is good to 
keep in mind that 
the biggest the 
sample size, the 
more stable your 
result will be. For 
instance, how 
confident are you 
that, in reproducing 
your model, you will 
end up with the 
same result? 

According to the validator 
comments, the face validity 
test is satisfied. Validator 4 
suggests that in order to 
ensure the results are more 
valid, the number of data 
points should be increased. 
This means more hospital 
data should be obtained. 
This is one of the 
challenges that the author 
was faced with during this 
research. Gathering data 
from more hospitals can be 
extremely challenging.   
Validator 2 indicated the 
variables are very small. 
This is how iThink 
simulation software 
presents the variables. A 
solution can be to zoom in 
each variable to be able to 
see the elements clearly. 
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Structure - Parameter 
validity test 
Are the model 
elements 
recognizable in terms 
of the water 
sustainability related 
to hospitals? Are the 
values selected for 
the model elements 
consistent with 
information available 
about water 
sustainability in 
hospitals? Do the 
values make sense? 

Yes Yes – but hard to precisely 
determine value accuracy. 

Yes Regarding the 
model structure 
and characteristic, 
it is a good practice 
to see if you can 
select few co-
variables that can 
be great predictors 
when they are used 
in the model. That 
can give one 
practical usage of 
your work to 
hospitals when it is 
possible to make 
some prediction 
based on few 
independent 
variables. 

According to the validators 
the parameter validity test 
is satisfied.  
Validator 4 suggests the 
use of co-variables that can 
be used as predictors in the 
model. This will be used in 
future work. Some factors 
can be more significant 
than the other factors in the 
model and this can be 
tested in future work.  
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Behavior – 
Consistency of model 
behavior with real 
system (replication of 
reference modes) 
Does the model 
reproduce behavior 
seen in a real system 
or conceptually 
anticipated behavior 
arising from potential 
situations? 

Time 
delays 
would be 
more 
realistic 
because 
the water 
conservati-
on 
measures 
would likely 
not be 
instantane-
ous. 

Yes. However, I still don’t 
understand how the reduction 
of water can decrease the 
quality of the water. 
If it is all coming from the 
same water supply I don’t see 
how reducing the water can 
have this impact. Seems like 
water quality would stay the 
same unless there was a 
significant change in the 
water supply. 

My advice is to run 
this model with 
smaller and bigger 
hospital networks 
to see if the model 
is scalable. 

 Validator 1 suggests the 
use of time lags. This will 
be considered in future 
work. Validator 2 was 
unsure why water quality 
decreases with the 
reduction of water. As the 
water use reduces, the 
water supply reduces and 
when discharged in the 
sewer, contains more 
concentrated pollutants; 
Therefore, the quality of 
water will reduce. 
Validator 3 suggests 
running the model with 
smaller/larger hospital 
networks. When more data 
is available, this can be 
performed.   

Structure – 
Appropriateness of 
structure test 
Are the model’s 
characteristics (level 
of complexity, 
simplicity, size, and 
level of aggregation 
or detail) appropriate 
for the model’s 
purpose and potential 
users? 

Good See comment in question #1. 
This is a very sophisticated 
model and may be able to be 
simplified to achieve 
acceptable results. 

If possible, in future 
you need to add 
stochastic elements 
to the model. 

It is recommended 
to select few 
independent 
variables that can 
be used to make 
some good 
prediction. 

Based on validator 
comments, appropriateness 
of structure test is satisfied. 
The comment most of them 
gave was to simplify the 
model and one solution was 
to add stochastic elements 
by using few independent 
variables that can be 
predictors for the model to 
see what variables have the 
most impact on water 
sustainability in hospitals.  
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Notes  Excellent work! If I 
understand the model 
correctly, and the accuracy of 
the values can be validated, I 
can see how this could be 
very beneficial for use in 
hospital water reduction 
efforts. 

   No additional work was 
performed. 

 
After presenting the validation package to the validators, some of the validators had few suggestions that can be 

considered for future work. One of the validators indicated that the model can also consider conditions such as drought where 

there is a limited supply of water resources. This will be one consideration for future work. Based on validator feedback and 

assessments, no changes were made to the simulator.  
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