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ABSTRACT 

 

Coastal communities and ecosystems around the world are some of those most vulnerable 

to the impacts of climate change. In particular, the wastewater treatment systems in these areas 

are on the forefront of the effects of increasing frequency, duration, and intensity associated with 

extreme weather events.  As such, decision making about adopting new wastewater technologies 

or transitioning to an improved treatment portfolio is an important area of research for coastal 

communities because they are critically linked to the health of the nearby aquatic ecosystems 

(i.e. tourism, fishing, cultural heritage, climate protection).   

The decision making process about technology adoption and transitions in wastewater 

treatment, regardless of the technology’s scale— onsite, community, or centralized— requires 

the navigation of complex interactions between human, engineered, and environmental systems. 

However, the navigation of this complexity is often siloed, lacks innovation, and is performed 

using the reductionist approach. Consequently, the work from this study fills the knowledge gap 

by using systems-based approaches to investigate the factors and relationships that influence 

technology adoption, sustainability, and transitions to provide decision makers with tools that 

simulate system-level responses to strategies promoting context-appropriate wastewater systems.  

Two case studies and a comparison are presented. The first case study is a bottom-up, 

grassroots-based perspective in Belize that innovatively employs social science field methods to 

develop a community-influenced, theory-informed system dynamics (SD) model where 

marketing, social, and technical strategies are implemented to increase the adoption and 



  xi 

sustainability of systems that productively reuse wastewater (i.e. wastewater-based resource 

recovery (RR) systems). Approaches such as increasing site demonstrations, a marketing 

strategy, and changing tank configurations, a technical strategy, had significant impacts to the 

system’s sustainability; only the increase in site demonstrations influenced the adoption 

performance measure significantly. Furthermore, the unique mixed methods approach brings to 

light a discrepancy in user behavior (i.e. the actual and reported number of users of the 

wastewater systems) that impacts the sustainability performance measure. With this insight, the 

technical strategy (i.e. increase the options for tank configurations) shows the way adaptations to 

variations in system users improves the RR system’s effluent water quality (i.e. sustainability 

performance measure). Overall, the system’s sustainability was most dramatically improved 

when a paradigm shift targeting users’ behaviors was introduced by changing the structure of the 

SD model. The paradigm shift emphasized training for community members in the importance of 

accurate RR system design, operation, and maintenance. The results improved their value for 

recovered resources, desire to avoid future economic and environmental impacts of failed 

systems, and long-term wastewater management capabilities.  

The second case study is in the Florida Keys where a multi-level perspective (MLP) of 

socio-technical transitions was adapted to the site-specific context to develop the SD model of 

municipal decision making. This model reflects a top-down (i.e. landscape-level), policy-driven 

approach that promotes the installation and expansion of centralized and community-based 

wastewater systems to meet the community’s needs while also improving coastal water quality 

(i.e. nutrient loading).  The model’s parameters were populated with local information from a 

review of state-level data (e.g. policies, wastewater permit details, and effluent water quality 

standards), government documents, engineering reports, and public records from Monroe 
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County. The model was then simulated under normal and climate change conditions (i.e. more 

frequent and longer duration extreme events). The existing decision-making process resulted in a 

wastewater treatment portfolio that was ineffective at reducing nutrient loading under climate 

change conditions. As such, climate change (i.e. variable frequency and duration of extreme 

events) and its impacts (i.e. variable magnitudes of wastewater system failure) were incorporated 

into the decision making structure, and the wastewater infrastructure portfolio and performance 

measures (i.e. nutrient loading, reliability) improved.  Furthermore, sensitive parameters (i.e. 

influent nutrient concentration, flow rate, and extreme event frequency) are used as leverage 

points within the regime-level of the model to develop strategies (i.e. socio-economic decision 

making, technology and economic policies, and a socio-technical behavior change approaches) 

that facilitate the transition to an improved wastewater treatment portfolio. The best impacts to 

the performance measures were the socio-technical strategy (i.e. implementing a niche-level RR 

system such as a urine diversion technology that reduces the influent wastewater concentration) 

which influenced the most change to the nutrient loading and the technology and economic 

policy (i.e. using a land cost factor (LCF) to economically disincentivize centralized investment 

and changing the community-level treatment to a membrane bioreactor) which improved the 

reliability performance measure.  

Overall, a viable path for holistically improving the decision making process for coastal 

wastewater treatment portfolios is to pursue an MLP socio-technical transition that combines the 

aforementioned model structures of top-down (i.e. policies or institutional support from the 

landscape-level) and bottom-up (i.e. behaviors at the niche-level) efforts to promote suitable 

environments for context-appropriate wastewater systems (i.e. RR innovations) to move into the 

wastewater regime. Within the combined model structure, sensitive parameters from the 
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community and national levels (i.e. niche, landscape, respectively) should be used as policy 

levers to facilitate broader adoption. For instance, community training in the importance of 

accurate RR system design, operation, and maintenance should be coupled with landscape level 

resources and initiatives such as a comprehensive wastewater plan (i.e. sets expectations for 

various scales of wastewater systems and enforces water quality standards) to effectively break 

open the wastewater regime so that RR systems enter into the mainstream treatment portfolio. 

Additionally, both study sites revealed the importance of behavior change as necessary and 

effective in facilitating transformative change to the wastewater systems’ performance measures. 

As such, to operationalize the combined approach, stakeholders from each level (i.e. niche, 

regime, and landscape) must engaged in the transition planning process, strategy development, 

and behavior change. 
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CHAPTER 1: INTRODUCTION 

 

1.1 Complexity of Wastewater Decision Making  

Adequate treatment and discharge of wastewater are vital in the prevention of public 

health outbreaks and in sustaining our natural environment. As the worldwide population 

increases, the amount of wastewater also grows, bringing with it burdens to public health, 

environmental, and economic resources (Massoud et al., 2009; Amofah et al., 2012; Katukiza et 

al., 2012; Verbyla et al, 2013).  For instance, on a global scale, increased wastewater flows exert 

pressure on existing treatment systems that are already labeled “under-sized and outdated” 

because the infrastructure is aging, communities are sprawling, and discharge limits are 

becoming increasingly stringent (UN, 2004; Libralato et al., 2012; Thoren et al., 2012; ASCE, 

2017).  The additional wastewater volume reduces both the systems’ treatment efficiencies and 

reliability.  Treatment efficiency refers to the system’s ability to perform a function (i.e. 

wastewater treatment) by using the least amount of resources, while reliability is the system’s 

ability to perform the function for which it was designed (i.e. treat wastewater to a permitted 

effluent standard). When the efficiency is reduced, more economic resources must be spent to 

operate and maintain the system at its permit requirements.  This also has environmental 

repercussions as the amount of scarce natural resources utilized for treatment are further strained 

—land appropriated for sludge drying and fossil-based fuels used for energy generation (Lundie 

et al., 2004; CSS, 2009; Friedrich, 2009; Thoren et al., 2012; Miller-Robbie et al., 2013; Mo and 

Zhang, 2013).  When treatment reliability is reduced, there are negative impacts to local water 
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bodies including eutrophication (Cornejo et al., 2016). Consequently, decision making about 

adopting new technologies or transitioning to an improved treatment portfolio to mitigate the 

burdens caused by inefficient and/or unreliable wastewater treatment is an important area for 

consideration.  

For the purpose of this dissertation, improved wastewater treatment technologies include 

those systems that mitigate high nutrient concentrations from entering the nearby environment. 

In some instances, improved technologies are simply wastewater infrastructures that perform 

better nutrient removal than their predecessors (i.e. upgrading or updating the existing 

technology). On the other hand, this term (i.e. improved wastewater systems) also characterizes 

wastewater systems that productively reuse water, reclaim nutrients, and recover energy from 

effluent wastewater streams (Guest, 2009; Daigger, 2009). Resource recovery systems are 

installed as onsite and/or centralized wastewater treatment facilities in rural and urban 

communities throughout the developed and developing world (Daigger, 2009; Guest et al., 2010; 

Mihelcic et al., 2011; Cornejo et al., 2013; Mo and Zhang, 2013; Verbyla et al., 2013). 

Adoption or transition to improved wastewater systems is particularly beneficial to 

coastal communities because these areas are vulnerable to threats associated with climate change 

and critically linked to the health of the nearby aquatic ecosystems.  Specifically, the sandy soils 

expedite movement of the untreated effluent into high water tables or adjacent waterways.  The 

results carry health implications due to the contamination of drinking water sources, 

environmental impacts from degraded water bodies, and economic impacts due to the local 

livelihoods that depend upon tourism and commercial fishing. 

Decision making about the adoption and transition wastewater treatment, regardless of 

the technology’s scale— household, community, or centralized— requires the navigation of 
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complex interactions between human, engineered, and environmental systems (Roomratanapun, 

2001; Walker et al., 2012; Kiparsky et al., 2016; Mihelcic et al., 2017). However, decision 

making within these systems is often siloed (Mihelcic et al., 2017), lacks innovation (Kiparsky et 

al., 2016), and is performed using the reductionist approach (Zhang et al., 2016). Mihelcic et al. 

(2017) explain that engineers have historically developed solutions to global problems such as 

wastewater treatment and resource management that oftentimes meet a community-identified 

need, but result in unsustained system performance due to the exclusion of local stakeholders 

from discussions about system design, adoption, service standards, and ongoing governance 

practices. The inclusion of multiple perspectives was found to improve engineers’ understanding 

of the dynamics between the human, engineered, and environmental systems. As such, a system-

level approach that considers interacting factors and dynamics identified by grassroots and 

institutional stakeholders should be used to model and understand the complexity of wastewater 

decision making.  

In particular, the United States Agency for International Development (USAID) 

understands and values the dynamic modeling and analysis of factors, feedbacks and system-

level behavior over time by encouraging the use of the system dynamics (SD) modeling 

approach when implementing global engineering solutions like wastewater treatment systems 

(USAID, 2014). System dynamics provides the means to understand and account for multiple 

actors, their knowledge, and contributions as they influence the outcomes of USAID projects 

(i.e. the system’s behavior over time) (USAID, 2014).  Other studies have employed SD 

approaches to model scenarios in natural resource management (Stave, 2002; Chang et al., 

2008), technology implementation (Lee et al., 2006), and process optimization (Wu et al., 2013).  

However, there are no studies that used a SD approach to model the decision making for 
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adoption, sustained use, and transitions among wastewater systems.  As such, this highlights a 

need for more research to understand and improve the performance of these systems using a 

system-level approach. This need led to the proposed research that addresses the following 

questions:  

 What are the factors and dynamics associated with decision making to adopt, sustain, 

and/or transition to improved wastewater technologies? 

 What are the most important factors and interactions that influence the adoption, 

sustainability, and transition to improved wastewater technologies in various geographic 

and cultural contexts? 

 What are effective strategies to improve the adoption, sustainability, and transition to 

improved wastewater technologies in various geographical and cultural contexts? 

1.2 Research Goal, Hypotheses, Tasks 

The goal of this research is to understand the interactions and relationships between 

factors that influence adoption, sustainability, and transition to wastewater technologies with 

improved performance in order to provide decision makers with tools that simulate system-level 

responses to technology implementation strategies and identify strategies that will improve the 

adoption, sustainability, and transition to geographically and culturally appropriate wastewater 

systems. In regards to the research questions from above, the associated hypotheses are: 

 Hypothesis 1: The most important factors that will influence adoption, sustainability, and 

transition to improved wastewater systems are a “Stakeholder’s Knowledge” about the 

system and ‘Capital Cost”;  

 Hypothesis 2: Effective strategies for increasing adoption, sustainability, and transitions 

to this kind of critical infrastructure are economic and marketing approaches;  
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 Hypothesis 3: A system’s geographic context will have greater impact than system type 

or scale on the important factors that influence adoption, sustainability, and transitions to 

improved wastewater systems. 

Finally, the tasks that must be accomplished to achieve the goals of this research are to 

develop a system dynamics model of factors that influence the adoption and sustainability of 

wastewater-based resource recovery systems in Belize (Chapter 3), develop a system dynamics 

model of factors and strategies that influence the transition to improved wastewater portfolios in 

the Florida Keys (Chapter 4), and perform a comparative analysis of each model (Chapter 5). 

The final section is a presentation of the conclusions and recommendations (Chapter 6).  
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CHAPTER 2: RESEARCH APPROACH 

 

2.1 Systems-Based Modeling Approaches 

Navigating complex interactions between human, engineered, and environmental systems 

that are integral to decision making about adoption, sustainability, and transitions of wastewater 

treatment technologies requires a holistic perspective of the entire system rather than a siloed or 

reductionist perspective (Roomratanapun, 2001; Walker et al., 2012; Kiparsky et al., 2016; 

Zhang et al., 2016; Mihelcic et al., 2017). Consequently, various systems-based approaches –

systems thinking, system dynamics (SD), and community-based system dynamics –are employed 

to conceptualize and simulate the complexity as well as understand the system from a 

community-based viewpoint.  

2.1.1 Systems Thinking 

Systems thinking first requires a clear definition of the parts that constitute a system. A 

system is a cohesive set of interconnected factors that function together to achieve some purpose. 

For instance, in Meadows’ classic book Thinking in Systems: a Primer (2008), she explains that 

“there is an integrity or wholeness about a system and an active set of mechanisms to maintain 

that integrity (Meadows, 2008).” The integrity she is alluding to is the system’s purpose and the 

mechanisms are the interconnected factors and dynamics aiding the system in achieving that 

purpose. In contrast, she goes on to explain that random conglomerations of disconnected factors 

with no particular function (i.e. purpose) cannot be considered a system. Examples of systems 

include a community of people, a coral reef habitat, a wastewater technology, or a corporation. 



  9 

Each example, at first, may be considered a singular entity, but using the terms just defined, they 

all include interconnected factors that interact to achieve specific goals. Equipped with this 

understanding of a system, the study replaces the reductionism traditionally employed by 

engineers with a holistic, long-term approach to understand and solve problems associated with 

decision making about adoption, sustainability, and transitions of wastewater treatment 

technologies (Sterman, 2000; Zhang et al., 2016). 

2.1.2 System Dynamics 

The SD framework is applied in this research because it provides a means to 

mathematically model the relationships, feedbacks, and delays occurring between factors within 

the system.  The mathematical structure, executed in Vensim® software, reveals the system’s 

behavior over time (Sterman, 2000; Pejic-Bach and Ceric, 2007; Forrester, 2009).  Previous 

studies (Roomratanapun, 2001; Tjandraatmadja et al., 2013) have investigated the individual 

influences of multiple independent factors (e.g. income, knowledge of water quality, 

environmental impact, willingness to pay, education) on the acceptance of wastewater systems.  

Tjandraatmadja et al. used a multi-criteria analysis (MCA) method with inputs from a life cycle 

assessment (LCA) to reflect the environmental factors, life cycle costing (LCC) to reflect the 

economic variables, and assigned values for social factors.  A strength of the Tjandraatmadja et 

al. study (2013) is that it can be applied to various geographical settings because the data– 

effluent standards, stakeholder feedback, and manufacturer information—can be determined 

regardless of the study site. Though the study considers a wide range of variables, it does not 

consider the dynamics between factors. Consequently, this has been a common theme with 

previous studies as there has yet to be any model that analyzes the interactions among a holistic 

suite of variables as they influence adoption and sustainability of resource recovery systems or 
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transitions between wastewater technologies. As such, the SD approach is used to 

mathematically model and graphically map the synergies between these human, engineered, and 

environmental systems to determine strategies that improve performance measures. With the 

help of such strategies, decision makers are able to tailor relevant policies, marketing campaigns, 

education and outreach efforts, or technological improvements that leverage sensitive factors to 

improve the system’s behavior. 

2.1.3 Community-Informed System Dynamics 

The SD approach benefits from a detailed review of literature, but must also be paired 

with a nuanced perspective of the system from a community-based viewpoint.  These 

perspectives reflect a grassroots understanding of the system’s factors and dynamics (Vazquez et 

al., 1997; Panebianco and Pahl-Wostl, 2006; Ballard et al., 2008; Ghaffarzadegan, 2011; 

Hovmand, 2014; USAID, 2014). Community-informed system dynamics modeling opens the 

door for a local influence on the characterization of causal relationships, the inclusion of new 

system factors in model development, and the validation of existing variables derived from 

literature (Holmes, 2002; Hovmand, 2014).  Vazquez et al. (1996) explained that community 

member contribution to the model development prevented the creation of a model as a useless 

exercise.  Instead, it provided a description of the system that can be used to appropriately guide 

and manage future action (Vazquez et al., 1996).  In particular, USAID’s framework (2014) 

explains why community-based knowledge of a system best explains local dynamics.  “Local 

people understand their situations far better than external actors. They will understand the ways 

that multiple layers of history, politics, interests and formal and informal rules shape the current 

situation and what is possible to change. They will have views, perhaps divergent, on the 

contours of a local system (USAID, 2014).” 
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While previous studies have attempted to understand the adoption and sustainability 

mechanisms for wastewater systems (Roomratanapun, 2001; Walker et al., 2012), none have 

used a hybrid community-informed system dynamics method for model building and strategy 

development.  This mixed-method approach provides an iterative and collaborative model 

building process that can be used to strengthen communities through a common partnership 

towards (1) articulating the system’s goal, (2) building capacity via systems thinking to frame 

complex problems, and (3) encouraging communities to advocate their own perspectives to 

influence local solutions, decisions, and policies that impact their lives (Hovmand, 2014; 

USAID, 2014).  This process also strengthens and contextualizes the research by serving as a 

means to (1) learn more about the system over time, (2) reveal nuanced elements or relationships 

to inform iterations of the conceptual model, and (3) validate the collaboratively-constructed SD 

model. 

2.2 System Dynamics Modeling Process 

The SD model building process includes four steps. The steps are problem articulation, 

model formulation, model testing, and model evaluation (i.e. inclusive of scenario design and 

strategy development).  

2.2.1 Step 1: Problem Articulation  

The modeling process requires a clear and concise articulation of the system’s problem 

(Sterman, 2000). To build a thorough understanding of the system, its factors, dynamics, 

feedbacks, and boundary, various methods such as literature review, social science techniques, 

historical analysis, and collection of expert insights can be used.  
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2.2.2 Step 2: Model Formulation 

The model formulation step has two parts. It requires the construction of the conceptual 

representation of the model and the translation of that model into a mathematical form for 

conducting simulations.  

2.2.2.1 Causal Loop Diagram 

The purpose of the conceptual model is to compile the factors and define the dynamic 

relationships that influence the behavior of the model over time. Causal loop diagrams (CLDs) 

can also serve as templates for community-informed SD model building because stakeholders 

interact with the model to contextualize the problem, important factors, and relationships that 

make up a structure that appropriately reflects the local system. Figure 2-1 shows how factors are 

linked by arrows which represent causal relationships. These relationships are assigned with a 

polarity (i.e. a positive or negative sign) to indicate the way the factor at the tail of the arrow 

influences the factor at the head of the arrow. If the relationship is positive, the factors change in 

the same direction—both increase or decrease. However, if the polarity is negative (i.e. red line 

in Figure 2-1), the influence of the factor at the tail causes an opposite effect to the factor at the 

head of the arrow. For instance, as there are more “Potential adopters of RR systems,” the 

“Adoption rate” increases, and also drives more individuals to become “Adopters of RR 

systems”. When the number of adopters increases, there is a greater pool of individuals who are 

positively interacting about the technology which increases the “Word of mouth”. With a greater 

rate of positive discussion about the wastewater systems, the “Adoption rate” increases. Over 

time, however, the “Adoption rate” reduces the pool of “Potential adopters of RR systems” until 

it reaches zero and the curve representing the system’s behavioral performance (i.e. “Adopters of 
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RR systems”) has increased to its saturation level (i.e. all individuals who potentially could adopt 

the RR systems have done so).  

2.2.2.2 Stock-Flow Diagram  

Whether the principle structure and purpose of a system is consistent with one or more 

generic SD archetypes or is specifically reflective of a community articulated problem, the CLDs 

provide the structural foundation for development of the stock flow diagram (SFD) (Sterman, 

2000; Braun, 2002).  Consider Figure 2-2 which depicts a key archetype, diffusion of 

innovations, that is investigated in this study. In Figure 2-2, the stocks are the boxed variables 

whose values change with time— “Potential adopters of RR systems” and “Adopters of RR 

system”; the flow is the rate of change in the stocks–“Adoption rate”. The “Adoption rate,” is 

influenced by factors such as “Advertising” and “Word of mouth”. Furthermore, the “Adoption 

rate” influences the system’s overall behavior (i.e. number of “Adopters of RR systems”) due to 

its direct link between the two stocks. The “Adoption rate” governs the speed of change from 

potential adopters to actual adopters. Lastly, the mathematical structure of the model consists of  

a system of differential equations which are executed in Vensim® software to simulates the 

system’s behavior over time (Sterman, 2000; Pejic-Bach and Ceric, 2007; Forrester, 2009).  

Word of mouth

Adopters of RR

systems

Potential adopters of

RR system Adoption rate

+
+

+

+-

B R

Figure 2-1: Causal loop diagram of factors and dynamics influencing the adoption 

of resource recovery (RR) systems. 
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Figure 2-2 also shows the output graphs of the important stocks representing the system’s 

performance.  

2.2.3 Step 3: Model Testing  

To validate the model and build confidence in its ability to appropriately represent the 

system, a structure test, structure-oriented behavior test, and behavior test are performed. 

2.2.3.1 Structure Test  

First, a structure test is completed prior to the model’s simulation and is done by 

systematically inspecting each causal relationship, the variables and units contained within, and 

assuring their consistent, clear, and concise definitions are in line with available knowledge and 

experience from the field and relevant literature (Forrester and Senge, 1980; Sterman, 2000; 

Task 2 Sub-task 2).  When the model’s structure is determined to be reliable, the simultaneous 
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Figure 2-2: Stock flow diagram of factors and dynamics influencing the adoption 

of resource recovery (RR) systems (a) and associated output graphs of potential 

adopters and adopters (b). 
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multi-variant equations are run with Vensim® software to simulate the behavior of the system, 

particularly as changes over time occur to the performance measures.  

2.2.3.2 Structure-Oriented Behavior Test  

Next are two structure-oriented behavior tests—extreme-conditions testing and sensitivity 

analysis—that aid in further validating the model.  Extreme-conditions testing provides 

confidence in the structure of the model to reflect the behavior of the system under intense 

conditions (Forrester and Senge, 1980; Sterman, 2000).  When an important value is exaggerated 

significantly higher and lower than normal conditions, a robust model will maintain its ability to 

demonstrate intuitive behavior regardless of the overstated or understated input.  Referring back 

to the previous example in Figure 2-2, the “Adoption rate” was referenced as an intuitively 

important factor that influences the behavior (or output) of the model over time.  As such, it is an 

important variable for this test.  When the value for the “Adoption rate” is very high, the intuitive 

behavior is that the stock of “Adopters of RR systems” will increase quickly and the stock of 

“Potential adopters of RR systems” will decrease rapidly due to the stock’s direct, negative 

relationship to the “Adoption rate”.  Seeing this trend in the model’s output builds confidence 

that the structure reflects reasonable system behavior. 

Furthermore, a sensitivity analysis must be performed and should also consider an 

important variable like “Adoption rate.”  Here, however, the test will reveal whether or not the 

system behavior is truly sensitive to the tested factors and to what degree.  This is determined 

using a Monte Carlo method of random, uniform distribution.  The distribution range will be ±20 

to 60% in order to investigate the degree of impact that “Adoption rate” and other important 

factors (e.g. “Advertising”, “Stakeholder knowledge”, “Extreme weather event frequency”) have 

on the system’s behavior. All of the tested factors will then be ranked based on the degree of 
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impact that they have to the system’s output.  Based on this ranking, strategies can be developed 

to improve the system’s performance measures.  

2.2.3.3 Behavior Test  

Lastly, the model must undergo a behavior test to understand the model’s accuracy at 

reflecting the system’s behavior over time.  A behavior test analyzes the difference between the 

model’s output and an output generated by actual data collected from community partners and 

research colleagues. Data is collected to generate a graph of actual behavior over time 

(“Adopters of RR systems”, “Sustained RR systems” over time).  Next, the model is populated 

with site-specific information and its output is compared to the data from community partners to 

gauge its ability to produce similar behavior.  

Furthermore, when comparing the model’s behavior pattern to a reference series (field-

based empirical data), the difference between the two can either be statistically or subjectively 

evaluated to build confidence in the model (Sterman, 2000).  Theil’s Inequality Statistics will be 

used to systematically characterize the model’s errors based upon bias, unequal variation, and 

unequal covariation as seen in Table 2-1. Bias (UM) means that the output from the model and 

the site-specific series have unequal means (Equation 2).  Unequal variation (US) exists when the 

variances of the model output and actual data differ (Equation 3).  Lastly, unequal covariation 

(UC) occurs when the two data series differ point-by-point and are imperfectly correlated 

(Equation 4; Sterman, 2000). If the value for the means square error (MSE) is lower than 10%, 

the model passes the behavior test.  Sterman (2000) also notes that if MSE is >10%, but 50% of 

the error comes from unequal covariation (UC > 50% and UM + US < 50%), the model passes the 

behavior test (Sterman, 2000).  Otherwise, the model fails the behavior test and its structure must 

be edited. 
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Furthermore, depending upon the purpose of the model, statistical approaches for 

distinguishing differences between the simulation output and empirical data may be 

unnecessarily rigorous. As such, in addition to the statistical approaches, model structures can 

also be qualitatively or subjectively evaluated in comparison to the reference series. This process 

includes comparing the general “modes of behavior, shape of variables, asymmetries, relative 

amplitudes and phasing [of] unusual events” (Sterman, 2000).” For instance, when there is a lack 

of time series data for statistical model comparisons, Hopkins et al. (2012) engaged stakeholders 

to qualitatively clarify the accuracy of the relationships between, “tourism and water quality, fish 

harvest and growth, public perception and ecosystem value” within the model (Hopkins et al., 

2012). Although, this approach is less numerically rigorous, it exists as a justifiable means for 

building confidence in the model output and remains helpful for model validation purposes, 

especially in data and resource scarce settings.  

 

 

 

Table 2-1: Theil's inequality statistics, formulas, and components (Sterman, 2000) 

Statistical Value Formula Components 

1. Mean Square Error 

(MSE) 

1

𝑛
∑ 𝑋𝑚 − 𝑋𝑑)2 

𝑛 total data points 

𝑋𝑚 value from model output 

𝑋𝑑 value from dataset  

2. Bias (UM) 𝑋𝑚
̅̅ ̅̅ 2

− 𝑋𝑑
̅̅̅̅ 2

𝑀𝑆𝐸
 

 𝑋𝑚
̅̅ ̅̅ 2

 squared average of model output 

  𝑋𝑑
̅̅̅̅ 2

 squared average of data 

 MSE mean square error 

3. Unequal Variation 

(US) 

𝑠𝑚
2 − 𝑠𝑑

2

𝑀𝑆𝐸
 

 𝑠𝑚
2 squared standard deviation of model output 

 𝑠𝑑
2 squared standard deviation of data 

MSE mean square error 

4. Unequal Covariation 

(UC) 

2 1 − 𝑟 𝑠𝑚𝑠𝑑
𝑀𝑆𝐸

 

𝑟 correlation coefficient between model and data 

series 

𝑠𝑚 standard deviation of mod el output  

𝑠𝑑 standard deviation of data 

MSE mean square error 
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2.2.4 Step 4: Model Evaluation—Scenario Design and Strategy Development  

Following the validation step, the model is evaluated (e.g. using scenarios and strategies) 

to determine impacts to the performance measures. Robust analysis occurs when SD models are 

evaluated under various scenarios. Scenarios are designed to simulate the system under relevant 

conditions (e.g. climate variability, operational interruptions) to reveal behavior (both preferred 

and non-preferred behavior) that can inform strategy development. Strategies that are proven to 

be effective can then be shared with decision makers to employ for the improvement of the 

system’s performance (i.e. better adoption, sustainability, and transitions to improved wastewater 

systems).  
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CHAPTER 3: STRATEGIES AND BEHAVIOR CHANGE THAT INCREASE THE 

ADOPTION AND SUSTAINABILITY OF WASTEWATER RESOURCE RECOVERY 

SYSTEMS1 

 

3.1 Introduction 

Wastewater-based resource recovery (RR) systems provide a paradigm shift from the 

traditional “take, make, waste” style of resource management to another perspective that 

capitalizes on wastewater’s ability to generate energy, reuse water, and recycle nutrients.  The 

adoption and sustainability of these systems is important because they provide alternatives to 

traditional wastewater treatment that is energy- and resource-intensive (CSS, 2016; Daigger, 

2009; Oh et al., 2010)  and reduce the pressures to natural resources that are exacerbated by 

global climate change and population growth (Marsalek, 2011; Thoren et al., 2012).  However, 

adoption of these systems has not been prevalent in vulnerable coastal areas even though they 

may mitigate the effects of insufficient wastewater treatment and unrestricted infrastructure 

development that often plagues these locations (Daigger, 2009; Guest et al., 2009; Walker et al., 

2012; Wells et al., 2016).  

Coastal communities are dependent upon the health of their marine ecosystems because 

of the close proximity for recreation, tourism, cultural heritage, food, and environmental 

protection from storm surges (Corcoran et al., 2010). The health of coastal ecosystems can be 

                                                        
1 The entirety of this chapter has been previously published in Water Research, 2018, 137: 107-119, and has been 

reproduced with minor revisions and permission from Elsevier (Appendix A). 
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indicated by anthropogenic eutrophication and hypoxic zones and linked to land-based 

wastewater practices and population densities (Peierls et al., 1991; Vitousek et al., 1997; Wells et 

al., 2016). However, adopting a new technology, such as an RR system, without properly 

considering the factors that influence their sustained use and performance can result in the failure 

or abandonment of such technologies, regression to other unsuitable systems or practices, and 

skepticism among local individuals regarding RR systems (Muga and Mihelcic, 2008; 

Schweitzer and Mihelcic, 2012). As such, it is important not only to consider the adoption of RR 

systems but also the factors influencing their sustainability.  

Previous studies (Muga and Mihelcic, 2008; Roomratanapun, 2001; Tjandraatmadja et 

al., 2013) have investigated the influences that independent factors have on the acceptance and 

sustainability of wastewater treatment systems.  Roomratanapun (2001) conducted interviews to 

investigate the effect of a holistic suite of factors (i.e. income, knowledge of water quality, 

environmental impact, willingness to pay, and education) on the acceptance of a centralized 

wastewater treatment project in Bangkok and found that willingness to pay was the most 

important factor to reflect the community’s likelihood to adopt the new system. Furthermore, 

Muga and Mihelcic (2008) used a multi-criteria assessment framework with social, economic, 

and environmental indicators to evaluate the sustainability of mechanical, lagoon, and land-based 

wastewater treatment technologies over their operational life. The study emphasized the 

importance of using geographically specific technology and demographic information to assess 

the sustainability of a particular system for a distinct location. Similarly, Tjandraatmadja et al. 

(2013) used a multi-criteria analysis (MCA) as a decision-support method for adopting and 

sustaining innovative treatment options considering life cycle environmental impacts, life cycle 

costs, and assigned values for social factors (e.g. acceptance of sewage treatment plant by 
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households, interference of sewage treatment plant with household activities).  While previous 

studies (Muga and Mihelcic, 2008; Roomratanapun, 2001; Tjandraatmadja et al., 2013) have 

considered a wide range of factors impacting the adoption and sustainability of wastewater 

systems, there has been no holistic, system-level investigation of these factors and dynamics as 

they influence implementation and sustained use of RR systems. 

A systems-based approach was taken in Melbourne, Australia by Fagan et al. (2010) to 

assess the sustainability and cost effectiveness of various scenarios (e.g. policy implementation, 

variations in design, implementation of innovations, and management approaches) to aid 

decision-makers in finding solutions to complex urban water issues. The study developed 

simultaneous equations of system-level interdependencies among economic, environmental, 

energy-related, and technological factors within an urban water system and found that policies 

for greenhouse gas (GHG) reduction would be best focused on the operation phase of water 

systems while energy-reducing technologies are best implemented at the suburban-scale rather 

than the household-level (Fagan et al., 2010). Additionally, Fiksel (2006) also promoted a 

system-based perspective that conceptually considers the short-term dynamics and long-term 

impacts associated with adopting technologies fueled by renewable resources. The study 

highlights some of the complexities of sustainable development and asserts that system-based 

strategies are the only sufficient means to address such challenges (Fiksel, 2006). Nevertheless, 

none of these researchers (Fagan et al., 2010; Fiksel, 2006) considered community input within 

their approaches to system adoption and sustainability.   

Community perceptions will inevitably influence the adoption and sustained use of 

technologies (USAID, 2014). System adopters and operation and maintenance personnel are 

oftentimes the ones most capable of explaining localized issues influencing the adoption of the 



  23 

RR systems and operational issues impacting the effectiveness of wastewater treatment. As such, 

a community-informed system-level investigation is necessary when investigating the adoption 

and sustainability of RR technologies. 

 Overall, the aim of this research is to understand the relationships between factors that 

influence the adoption and sustainability of wastewater-based RR technologies in order to 

provide an adaptable tool for decision-makers that simulates system-level responses to 

technology implementation strategies. The critical component that is missing from previous 

studies—qualitative perspectives from community members—is uniquely incorporated using the 

system dynamics (SD) approach. The SD approach is used to map the complex network of 

simultaneous interactions and feedbacks among factors to simulate the system-level behavior 

(i.e. adoption and sustainability performance) over time.  The implementation of this tool in the 

coastal village of Placencia, Belize reflects its utility to adapt to different locations to investigate 

various strategies to promote RR systems adoption and sustained use.  

3.2 Study Site 

 The Placencia peninsula is located on the southeastern coast of Belize. At the peninsula’s 

southern-most point is Placencia village with a population of approximately 1,500 individuals 

(SIB, 2013). The area’s primary form of wastewater treatment exists as two- or three-chambered 

concrete septic tanks (Halcrow, 2012; Wells et al., 2016). Figure 1 depicts a schematic of the 

most common type of RR system that some individuals have installed. The system includes a 

semi-anaerobic biodigester and drainfield. The design threshold for the biodigester tank is 10 

users; if the number of users is less than or equal to the threshold, a 1750 L tank is installed, 

otherwise a 3000 L tank is used. The biodigester is designed to reduce biochemical oxygen 

demand (BOD) and total suspended solids (TSS) while the effluent water is used for subsurface 
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fertigation. In these systems, the nutrient-rich water is discharged into a drainfield that is lined 

with plants whose root systems are responsible for fixing the nutrients to enhance growth and 

reduce the impact to local water bodies. Additionally, the sludge from the RR systems can also 

be purged from the tank, dried, and applied as fertilizer. However, it is uncommon to see these 

resource recovery practices being performed by RR system adopters in Placencia. Generally, the 

status of the traditional decentralized systems is such that few undergo routine maintenance 

which results in un- or minimally-treated wastewater, likely rich in nutrients, being discharged 

into local ecosystems. Beginning in 2012, the government of Belize, in conjunction with the 

Inter-American Development Bank (IDB) and the United Nations Environment Program 

(UNEP), partnered together to finance a centralized wastewater system (GEF, 2012). To date, the 

public hearings, design proposals, and feasibility studies have been conducted, but the system 

has not yet been implemented. Additionally, little explanation has been given to the community 

about the status of the proposed centralized system. As such, skepticism exists concerning the 

likelihood of its implementation, affordability, and equitable access to all community members.  

3.3 Model Development 

3.3.1 Model Framework  

 To construct the SD model, three theories were chosen as foundational pieces upon which 

the model’s framework was built—the theory of diffusion of innovations (TDI), the theory of 

planned behavior (TPB), and the theory of mass conservation (TMC). Figure 2 shows the four 

phases—knowledge, persuasion, decision, confirmation— within Rogers’ TDI which influenced 

the sequential structure of the SD model (Rogers, 2003).  
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Figure 3-1: A schematic of the most common type of Resource Recovery (RR) system installed in Placencia, Belize. The 

system includes a semi-anaerobic biodigester and drainfield. Resources can be recovered at two points: (1) the sludge purge 

valve where nutrients are harvested, and (2) the perforated PVC pipe in the drainfield where plants use water and 

nutrients to enhance growth. 
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The sequential structure reflects individuals’ transitions from an initial knowledge about the RR 

system through the confirmation phase where adopters demonstrate behaviors to sustain the 

wastewater technology (Rogers, 2003). Some common factors (i.e. Word of mouth) and basic 

dynamics for each phase were formulated after Sterman’s classic SD model of the TDI decision 

phase (Sterman, 2000). 

 Next, the structure includes modified components of TPB such as a subjective norm (i.e. 

those who are “Aware of RR systems”), attitudes about the innovation, and one’s perceived 

behavioral control (i.e. Stakeholder power) as they influence behavioral intentions to adopt the 

wastewater technology (Madden et al., 1992). Specifically, the concept of perceived behavioral 

control represents a stakeholder’s assurance of possessing the necessary resources (i.e. decision-

making power and/or information) to achieve a desired outcome (i.e. adopting the technology) 

(Madden et al., 1992; Sterman, 2000). Overall, this study leverages some of the components of 

TPB to enable the modeler to simplify and reflect the socio-political complexities in Placencia 

that affect the behavioral intentions of an individual as they transition from being aware of RR 

systems to becoming persuaded to perform the adopting behavior (see Site Background for 

details). Finally, the water constituents mass balance model was developed using the TMC (more 

details in Appendix B) to account for the impact that adopters’ behaviors or evolving RR system 

designs have on its technical performance (i.e. effluent water quality). Rooting the model in a 

theoretically defined foundation is beneficial because the structure can be further adapted to 

reflect the adoption and sustainability dynamics of other technologies in various geographic 

locations. 
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3.3.2 Model Formulation  

Figure 2 depicts a simplified version of the entire SD model for the phases involved in 

technology adoption and sustainability along with the theories that influence each phase’s 

structure. Table 1 reflects a few of the model factors, definitions, equations, and units used to 

formulate the model (Ajzen, 1991; Ajzen and Madden, 1986; Davis et al., 1989; Ergas and 

Aponte-Morales, 2014; Forrester and Senge, 1996; Ikhazuangbe and Oni, 2015; Metcalf, 2001; 

Philip et al., 1993; Pires et al, 2006; Rittmann and McCarty, 2001; Rogers, 2002; Struck and 

Borst, 2008; Wathieu et al., 2002; Woo, 2015). Further details, including the entire list of factors 

and equations in the model, can be found in Appendix B.  
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Figure 3-2: Simplified schematic of the system dynamics model of the process of technology adoption and 

sustainability with the theories that influence the structure of each phase. The model consists of stocks (square-

shaped figures) that represent some population that is being counted, flows (valve-shaped figures overlain pipes) 

that signify the rate change of the stocks, parameters (stand-alone or bracketed wording) that influence the 

magnitude of a flow, parameter, or stock, and direct or indirect causal relationships (thin, solid or dashed arrows, 

respectively) that reflect the source and direction of the parameter’s influence. 
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Table 3-1: Selected factors, definitions, equations, data collection details, and units used to formulate the simplified 

system dynamics model. 

Model Factors  Units Equations, Definitions, and Details on Data Collection 

Advertising (𝐴𝑑𝑣)  household / time 

𝐴𝑑𝑣 = 𝐴𝑑𝐸𝐹𝐹 × 𝐴𝑑𝐹𝑅𝐸𝑄 

The rate product of advertising effectiveness (𝐴𝑑𝐸𝐹𝐹) and frequency 

(𝐴𝑑𝐹𝑅𝐸𝑄) derived from survey data and participant observations. 

Stakeholder power 

(𝑆𝑃)  dimensionless 

𝑆𝑃 = 0.48 
A value derived from interviews representing the stakeholder's assurance of 

possessing the necessary resources (i.e. information and power in decision-

making) to achieve a desired outcome (i.e. adopting a wastewater 

technology). A percentage represented as a decimal value between zero and 

one.  

Site Demonstrations 

(SiteDemo) 1 / time 

𝑆𝑖𝑡𝑒𝐷𝑒𝑚𝑜 = 𝑓 𝐷𝑒𝑚𝑜𝐹𝑅𝐸𝑄 , 𝐷𝑒𝑚𝑜𝐸𝐹𝐹 , 𝐷𝑒𝑚𝑜𝐼𝑁𝑇𝐸𝑅𝑉𝐴𝐿  
A composite factor based on interviews and participant observations that 

incorporates a demonstration frequency (𝐷𝑒𝑚𝑜𝐹𝑅𝐸𝑄), non-uniform interval 

between demonstrations (𝐷𝑒𝑚𝑜𝐼𝑁𝑇𝐸𝑅𝑉𝐴𝐿), and the demonstration’s 

effectiveness (𝐷𝑒𝑚𝑜𝐸𝐹𝐹). 

Decided to adopt RR 

systems (𝐷𝐴) household 

𝐷𝐴 =   𝐴𝑑𝑝𝑡𝑅𝐴𝑇𝐸 

The calculated value reflects the population of individuals that have decided 

to adopt RR systems (𝐷𝐴). 

Tank options 

(𝑇𝑘𝑂𝑝𝑡) dimensionless 

𝑇𝑘𝑂𝑝𝑡 = 2 
The number of options for tanks that comprise the RR systems. Interviews 

and participant observations show this value, on average, to be 2 which, 

based on the reported number of users (𝑈𝑠𝑒𝑟𝑠𝑅𝐸𝑃), results in installation of 

either a small (1750 L) or large system (3000 L). 
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Table 3-1 (Continued). 

Design scale of RR 

system (𝐷𝑠𝑛𝑆𝑐𝑙   liters / household  

𝐷𝑠𝑛𝑆𝑐𝑙 = 𝑓 𝑈𝑠𝑒𝑟𝑠𝑅𝐸𝑃, 𝑇𝑘𝑂𝑝𝑡  
Details from the interviews provide information about the average volume 

of an RR system per household (assuming one system per household) based 

upon the reported number of users (𝑈𝑠𝑒𝑟𝑠𝑅𝐸𝑃) and the number of tank 

options (𝑇𝑘𝑂𝑝𝑡). The baseline design scale is based upon the 2 tank options 

where the user threshold is ≤ 10 users = 1750L tank and > 10 users =3000L. 

Total working 

volume of RR 

system 

(𝑇𝑜𝑡𝑎𝑙𝑉𝑜𝑙𝑊𝑂𝑅𝐾𝐼𝑁𝐺) liters 

𝑇𝑜𝑡𝑎𝑙𝑉𝑜𝑙𝑊𝑂𝑅𝐾𝐼𝑁𝐺 =   𝑁𝑆𝑉𝑜𝑙𝑅𝐴𝑇𝐸 − 𝑆𝑙𝑢𝑑𝑔𝑒𝐴𝑐𝑐𝑅𝐴𝑇𝐸  𝑑𝑡 

The calculated stock of volume remaining in the RR system based upon the 

difference in the rate of volume being added by new systems (𝑁𝑆𝑉𝑜𝑙𝑅𝐴𝑇𝐸) 

and the rate of sludge accumulation (𝑆𝑙𝑢𝑑𝑔𝑒𝐴𝑐𝑐𝑅𝐴𝑇𝐸). 

Operation & 

Maintenance 

expenditures 

(𝑂&𝑀𝐸𝑋𝑃) dollar / time 

𝑂&𝑀𝐸𝑋𝑃 =  𝐸𝑑𝐿𝑣𝑙 × 𝑆𝑝𝑒𝑛𝑑𝐵𝑈𝐷  
During interviews with system adopters, some explained that, although a 

certain portion of their annual income may be budgeted for spending on 

their RR system (𝑆𝑝𝑒𝑛𝑑𝐵𝑈𝐷), only a fraction of those funds are actually 

used on operation and maintenance. An individual’s educational level –

fraction of their total education completed divided by the largest possible 

total—is used to reflect the portion of the budget that is actually spent.   

Hydraulic retention 

time (𝐻𝑅𝑇) time 

𝑂&𝑀𝑅𝐴𝑇𝐸 = (
𝑇𝑜𝑡𝑎𝑙𝑉𝑜𝑙𝑊𝑂𝑅𝐾𝐼𝑁𝐺

𝑄
) 

The amount of time determined by dividing the total working volume of the 

RR system (𝑇𝑜𝑡𝑎𝑙𝑉𝑜𝑙𝑊𝑂𝑅𝐾𝐼𝑁𝐺) by the volumetric flow rate (Q—liter / 

time). This calculated value reflects the amount of time that the wastewater 

has in the RR system to undergo biological treatment. 

Level of 

Sustainability 

(𝑆𝑢𝑠 𝐿𝑣𝑙) dimensionless 

𝑆𝑢𝑠 𝐿𝑣𝑙 = 𝑤𝑎𝐸𝑐𝑜𝑛𝑉𝐼𝐴 + 𝑤𝑏𝐸𝑛𝑣𝑖𝑟𝑜𝑛𝑉𝐼𝐴 

Participant observations inform a weighted (𝑤𝑎,𝑤𝑏) sum of the economic 

(𝐸𝑐𝑜𝑛𝑉𝐼𝐴) and environmental (𝐸𝑛𝑣𝑖𝑟𝑜𝑛𝑉𝐼𝐴) viability. 
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Table 3-1 (Continued). 

TSS performance 

(TSS) dimensionless 

𝑇𝑆𝑆 = 𝐼𝐹 𝑇𝐻𝐸𝑁 𝐸𝐿𝑆𝐸 𝑇𝑆𝑆𝑅𝑅 𝑆𝑌𝑆 > 𝑇𝑆𝑆𝑅𝐸𝐺 , 𝑇𝐻𝐸𝑁 0 , 𝐸𝐿𝑆𝐸  1  
The total suspended solids are a cumulative value of inert, fecal, and 

bacterial solids within the system based upon the mass balance model which 

includes the hydraulic retention time. The concentration produced by the 

model is in units of mg/liter. That value is compared to the national 

regulation to produce a binary outcome of satisfactory performance that 

complies with the standard (1) or an unsatisfactory value due to its 

exceedance of the permitted effluent concentration (0).  

BOD performance 

(BOD) dimensionless 

𝐵𝑂𝐷 = 𝐼𝐹 𝑇𝐻𝐸𝑁 𝐸𝐿𝑆𝐸 𝐵𝑂𝐷𝑅𝑅 𝑆𝑌𝑆 > 𝐵𝑂𝐷𝑅𝐸𝐺 , 𝑇𝐻𝐸𝑁 0 , 𝐸𝐿𝑆𝐸  1  
The biochemical oxygen demand is determined by the mass balance model. 

The concentration produced by the model is in units of mg/liter. That value 

is compared to the national regulation to produce a binary outcome of 

satisfactory performance that complies with the standard (1) or an 

unsatisfactory performance due to its exceedance of the permitted effluent 

concentration (0). 

Economic viability 

(𝐸𝑐𝑜𝑛𝑉𝐼𝐴) dimensionless 

𝐸𝑐𝑜𝑛𝑉𝐼𝐴 =
𝑆𝑝𝑒𝑛𝑑𝑂𝑉

𝑆𝑝𝑒𝑛𝑑𝐵𝑈𝐷
 

The ratio of overall spending (𝑆𝑝𝑒𝑛𝑑𝑂𝑉) is determined by participant 

observation and interviews about the funds budgeted yearly for the RR 

system (𝑆𝑝𝑒𝑛𝑑𝐵𝑈𝐷). When the overall spending is greater than the yearly 

budget, the RR system is no longer economically viable.  

Environmental 

viability 

(𝐸𝑛𝑣𝑖𝑟𝑜𝑛𝑉𝐼𝐴) dimensionless 

𝐸𝑛𝑣𝑖𝑟𝑜𝑛𝑉𝐼𝐴 = 𝑇𝑆𝑆 × 𝐵𝑂𝐷 
The product of the environmental performance measures is calculated and 

yields a binary (pass/fail) result with 1 meaning the RR systems are 

performing in accordance to both the BOD and TSS regulatory standards, or 

0 which means that either TSS or BOD is under-performing.  

Confirmed by 

sustaining RR 

system (𝐶𝑆) household 

𝐶𝑆 =  𝐷𝐴 × 𝑆𝑢𝑠 𝐿𝑣𝑙 
The calculated population of individuals that have sustained their RR 

system given the current level of sustainability ( 𝑆𝑢𝑠 𝐿𝑣𝑙). 
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3.3.3 Model Evaluation 

The model’s adoption behavior is gauged by the stock of those who have “Decided to 

adopt RR systems”.  The sustainability performance measure is defined in a unique way for this 

study as the portion of RR systems that are sustained over the full time horizon of the model 

simulation. The sustained RR systems are those that meet effluent water quality standards (i.e. 

environmental viability) in an affordable way (i.e. economic viability) with consideration of the 

system adopters’ education level. Equation 1 shows the sustainability performance measure as 

the percentage of adopted RR systems providing sustained service over the entire run time of the 

model: 

𝑆𝑢𝑠𝑡𝑎𝑖𝑛𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑝𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒 𝑚𝑒𝑎𝑠𝑢𝑟𝑒 = (
∑

𝑠𝑢𝑠𝑡𝑎𝑖𝑛𝑒𝑑 𝑅𝑅 𝑠𝑦𝑠𝑡𝑒𝑚𝑠

𝑎𝑑𝑜𝑝𝑡𝑒𝑑 𝑅𝑅 𝑠𝑦𝑠𝑡𝑒𝑚𝑠
𝑇
𝑡=1

𝑇
) ×  100       (1) 

where t is the simulation time step and T is the total period of the model’s simulation.  

Next, the model validation process includes three steps, a structure test, structure-oriented 

behavior test, and behavior test (Sterman, 2000).  First, a structure test is completed prior to the 

model’s simulation by systematically inspecting each causal relationship, the variables and 

associated units, and assuring their consistent, clear, and concise definitions are in line with 

available knowledge, experience from the field, and relevant literature (Forrester and Senge, 

1996; Sterman, 2000). When the model’s structure is determined to be reliable, the simultaneous 

multi-variant equations are run with Vensim® software to simulate the overall behavior of the 

system.  

Next are two structure-oriented behavior tests—extreme-conditions testing and sensitivity 

analysis.  Extreme-conditions testing provides confidence in the structure of the model to reflect 

appropriate behavior under extreme conditions (Forrester and Senge, 1996; Sterman, 2000). For 

example, when the “Advertising frequency” and “Advertising effectiveness” were reduced to 
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minimum values (i.e. 1 and 0.01, respectively), the “Awareness rate” which controls the transfer 

of individuals from “Unaware” to “Aware of RR systems” was drastically reduced. Furthermore, 

a sensitivity analysis is performed to determine the impact of input parameters from each phase 

of the adoption process on the overall system behavior. A normal distribution ranging from 

±30% of the baseline value is simulated 200 times over a 60-year projection. The most sensitive 

variables (with the largest degree of impact to the system’s performance measures) are used to 

develop strategies to increase the stock of RR systems adopted and sustained over time (Metcalf, 

2001). 

Lastly, the behavior test is conducted to provide statistical confidence that, when the 

model is populated with site-specific information, its structure produces output data similar to the 

empirical values (Sterman, 2000). Empirical data (i.e. the number of RR systems adopted in 

Placencia, Belize) was provided by the RR system installer, EcoFriendly Solutions, for the years 

2005 to 2015. The Root Mean Squared Error (RMSE) is calculated between the model 

simulation and empirical datasets.  For this model, if the RMSE is ≤ 0.8, the simulation output 

can be considered behaviorally consistent with the empirical data (Sterman, 2000). 

3.3.4 Strategy Simulation 

Following the model’s performance evaluation, there is confidence that the proposed 

structure adequately represents the factors and dynamics that influence the adoption and 

sustainability of RR systems in Placencia, Belize. Effective strategies are designed to increase 

the adoption and sustainability of RR technologies by changing the sensitive variables within the 

model’s structure. The significance of each strategy’s impact on the adoption and sustainability 

performance measures is then determined by conducting z-tests. A one-sample z-test compares 

the averages of the model’s baseline values alongside the model’s output after simulation with 
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the strategies. The null hypothesis prior to each z-test is that the average for baseline and strategy 

implementation is the same. However, if the p-value associated with the z-test is ≤ 0.05, then the 

difference between baseline and strategy implementation is significant.  

3.4 Data Collection Methods 

 Wastewater technologies, regardless of system-scale, or geographic location cannot be 

completely disassociated from the end users who benefit from their successful operation. 

Consequently, a mixed-method approach (i.e. water quality analysis, mass balance modeling, 

surveys, semi-structured interviews, participant observations, and literature review) is employed 

in this study to collect site-specific qualitative and quantitative data to populate the variables and 

represent the relationships and feedbacks (Schensul and LeCompte, 2012).  

3.4.1 Measured Data  

 The Government of Belize’s Department of Environment (DOE) regulates six 

parameters for decentralized wastewater effluents—pH, fats/oils/greases, biochemical oxygen 

demand (BOD), total suspended solids (TSS), fecal coliforms, and Enterococci (DOE, 2009). 

Grab samples were taken from effluent points of the RR systems and analyzed using standard 

analytical methods for BOD and TSS to characterize the wastewater’s strength to impact the 

environment.  

3.4.2 Simulated Data  

 The study developed a technology-specific mass balance model to reflect the RR 

system’s processes for treating fecal, inert, and bacterial solids and the liquid substrate 

concentrations (see Appendix B). The equations were defined and populated with relevant site 

data and literature-based kinetic parameters for domestic wastewater to calculate the system’s 

efficiency (Ergas and Aponte-Morales, 2014; Ikhazuangbe and Oni, 2015; Rittmann and 
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McCarty, 2001; Struck and Borst, 2008; Woo, 2015). The effluent concentrations were 

calculated using the mass balance model and verified with the measured water quality data.  

3.4.3 Social Data 

3.4.3.1 Surveys 

 The survey questions were developed by an interdisciplinary group of anthropologists 

and environmental engineers. The purpose of these surveys was to elicit information from 

community members in Placencia, Belize about the value they give to environmental, economic, 

and health factors as they make decisions about adopting wastewater technologies. A total of 156 

residents, visitors, and were interviewed using a random Furthermore, the surveys were also used 

to reveal information about community-level perceptions of the power they believe they should 

have in making decisions about wastewater-based RR systems. When the questionnaire was 

finalized and prior to surveying in the field, the research group applied for Institutional Review 

Board (IRB) certification (IRB#: CR2_Pro00012766; Appendix C). Soon thereafter, the 

approved questionnaire was uploaded onto a smart phone using a free electronic platform called 

KOBO (Anokwa, 2011; Cairns, 2014). A total of 157 surveys were conducted using convenience 

sampling with an approximate 53% response rate (SIB, 2013). This approach facilitated the 

collection and transformation of qualitative values into quantitative data in order for it to be used 

to populate factors within the SD model (Schensul and LeCompte, 2012). 

3.4.3.2 Semi-structured Interviews  

 Leveraging a community partnership with the system manufacturer and installer, Eco-

Friendly Solutions, Ltd., the researcher was able to act as a third party auditor to conduct a 10-

question semi-structured interview with 15 system adopters in Placencia. This partnership 

enabled the researcher to collect information about system performance, resources or training 



 
36 

materials provided after installation, and influential factors that impacted the adopter’s choice for 

a RR system rather than a traditional septic tank. Expert knowledge gained from the key 

informants (Eco-Friendly Solutions, Ltd.) along with the semi-structured interviews of system 

adopters assisted in understanding adoption behaviors and the performance of actions that sustain 

RR systems’ use (Schensul and LeCompte, 2012).  In addition to the system adopters, 76 semi-

structured interviews were conducted with non-system adopters on the peninsula over the 2013-

2015 field seasons on similar themes within the survey. The response rate was approximately 

31% and the sample was not biased because both adopters and non-adopters were interviewed 

(SIB, 2013). All interview responses were coded, translated into average values, ranges, or 

common topics among respondents, and used to inform the structure and dynamics of the model.  

3.4.3.3 Participant Observations 

The participant observations are used as a means of triangulating theory and practice, 

particularly survey responses and interview results. In order to appropriately situate and validate 

the field data with information from the literature, observations were recorded on a daily and 

weekly basis in a field notebook in accordance to recommendations by Schensul and LeCompte 

(2012).  Methods, summaries, best practices, and general observations (i.e. functionality of RR 

systems, frequency/costs of repairs, frequency/cost of O&M events) were recorded after each 

interview, site visit, and water quality sampling event. 

3.5 Results and Discussion 

3.5.1 Determining Sensitive Variables  

Figure 3 shows the degree of change in the adoption and sustainability performance 

measures (Figure 3a and 3b, respectively) resulting from the normal distribution of ±30% change 

to variables in each phase (Metcalf, 2001; Sterman, 2000). The parameter within the knowledge 
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phase of the system model was “Advertising frequency,” for the persuasion phase it was 

“Stakeholder power,” for the decision phase it was “Site demonstration,” and for the 

confirmation phase it was “Education level.” The last variable spanned both the decision and 

confirmation phases—“Tank options.” In Figure 3, the x-axis represents the percent of change 

made to the baseline value of a variable, and the y-axis shows the degree of changes in the 

adoption performance measure and sustainability measure. Steep slopes indicate sensitive 

parameters. For the adoption and sustainability performance measures, “Site demonstrations” is 

the most influential parameter. However, for the sustainability performance measure, “Tank 

options” ranks as the second most sensitive variable followed by “Advertising frequency, ” 

“Stakeholder power,” and, finally, “Educational level.” Table 2 provides details about the 

strategies developed to target these sensitive variables.  
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Table 3-2: Summary of strategies including the target variable(s), type, and the 

phase impacted 

Strategy  Details 

Target 

Variable(s) 

Type of 

Strategy 

Phase 

Impacted 

S1 Double the Advertising 

frequency  

 Change from 25 to 50 

advertising events per year 

Advertising 

frequency 

Marketing Knowledge 

S3 Double the number of Site 

demonstrations  

 Change from 2 to 4 events 

per year 

Site 

demonstrations 

Marketing Decision 

S2 Thirty percent increase in 

Stakeholder power  

 Provide information about 

the proposed centralized 

wastewater system to 

increase percentage of 

residents (from 48% to 

62%) that believe they 

should make decisions 

about local wastewater 

infrastructure 

Stakeholder 

power 

Social Persuasion 

S5 Thirty percent increase in 

Education level  

 Increase average level of 

understanding of 

wastewater treatment and 

benefits of RR systems 

from a 6th to 8th grade level 

using public awareness 

campaigns 

Education 

level,  

Actual O&M 

expenditures 

Social Confirmation 

S4 Double the options of tank 

sizes for RR systems  

 Change from 2 to 4 options  

 Options: 1750, 3000, 4750, 

6000 L 

Tank options, 

Design scale of 

RR system, 

Total working 

volume of RR 

systems, 

Payback period 

Technical Decision, 

Confirmation 
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Figure 3-3: The degree of change in the adoption (a) and sustainability (b) performance measures with +/- 30% changes 

to the baseline values of various parameters. 

(a) 
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(b) 

Figure 3-3 (Continued) 
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3.5.2 Evaluating Behavioral Performance  

Figure 4 depicts the simulation output (dashed line) superimposed atop the empirical data 

(solid line) that represents an RMSE ≈ 0.78. The simulated data is well aligned with the 

empirical data during the first four years, but then slightly overshoots a few time periods 

thereafter due to the influence of the growing stock of persuaded individuals.  

3.5.3 Testing Strategies 

3.5.3.1 Marketing Strategies  

The first marketing strategy focuses on “Advertising frequency.” The strategy initiates a 

marketing goal to increase the frequency of online posts from 25 to 50 per year. The goal for this 
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strategy is to influence the knowledge stage of the adoption process by increasing the 

“Awareness rate” (Figure 2). The model’s structure reflects the progressive adoption process 

where each rate is dependent upon the stock of the previous phase, so when Strategy 1 influences 

the “Awareness rate,” the subsequent stocks move in the same direction. Figure 5 shows the way 

Strategy 1 impacts the adoption performance measure by increasing the adopted systems from 

133 to approximately 143 over the model’s 60 year time horizon. Strategy 1 also increases RR 

systems’ sustainability from 17% to 23% of the time. The p-values for each performance 

measure after comparing the baseline values to the strategy implementation scenario indicate no 

significant differences. For this strategy, the p-value of the adoption measure is 0.074 and the 

sustainability measure is 0.19. These results are consistent with the sensitivity analysis depicted 

in Figure 3 which shows “Advertising frequency” as only slightly influential to the adoption and 

sustainability performance measures.   

The next marketing approach is Strategy 2 which encourages a doubling of the site 

demonstration efforts from 2 to 4 events per year. During interviews, the system installers 

explained that there were both formal and informal site demonstrations. The formal events were 

held in public buildings with support and permission from community leaders, orchestrated with 

a focus on the performance and cost of the RR systems, and, although open to the public, were 

targeted towards businesses and hotel owners more than individual households. On the other 

hand, informal site demonstrations often occurred during system installations when neighbors 

would gather and inquire about the benefits and differences between the new, unfamiliar 

wastewater-based RR system and the traditional septic tanks. Overall, the importance of 

increasing “Site demonstrations” reflected a statistically significant impact on both the adoption 

and sustainability performance measure with a p-value of 0.00 and 2.01E-5, respectively. The 
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stock of adopted systems more than doubled, as did the systems’ sustainability performance 

measure. These behaviors are consistent with the degrees of change reflected in the sensitivity 

graphs of Figure 3a and 3b.  

3.5.3.2 Social Strategies 

The first social strategy (Strategy 3) focuses on increasing the stakeholders’ power. For 

the case of this model, stakeholder power is the level of confidence community members have in 

controlling the wastewater infrastructure installed in their area (see Table 1). The purpose of 

Strategy 3 is to increase the amount of information provided to the public from national and 

international entities regarding the proposed centralized wastewater system on the peninsula. 

Without adequate information, many residents feel uncertain about investing in a decentralized 

RR system because, if constructed, the centralized system would require everyone to be 

connected.  

 This strategy’s aim is to increase the percentage of residents that feel capable of 

contributing to decision-making about their wastewater infrastructure by promoting a clear 

transmission of information about the proposed system’s progress or delay. When stakeholders 

have a robust understanding of the planning and development of their community’s wastewater 

treatment, a flexible choice of viable wastewater alternatives, and the ability to contribute their 

local expertise to decision-making, the value of “Stakeholder power” increases (Pires et al., 

2006; Wathieu et al., 2002). The p-value associated with the strategy’s impact on the adoption 

performance measure is 0.35, reflecting no significant impact on system installations. The 

minimal impact is due to the influence that “Stakeholder power” has on “Behavioral intentions” 

(“BI”). This element (“BI”) is the product of three parameters—“Stakeholder attitudes,” 

“Stakeholder power,” and the stock of individuals who are “Aware of RR systems”. The range of 
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values for “Stakeholder attitudes” and “Stakeholder power” is much less than the stock (i.e. 

“Aware of RR systems”). As a result, the strategy influences a minor change to the “Persuasion 

rate,” and thus a minor change to the subsequent phases, including the sustainability performance 

measure (p-value = 0.49). Such results are also in line with minimal sensitivity depicted in 

Figures 3a and 3b. 

The next social strategy (Strategy 4) influences the confirmation stage by increasing the 

adopter’s competence about wastewater management. On average, RR systems require routine 

O&M to ensure adequate treatment that meets water quality standards (i.e. environmental 

viability) and maintains the functional life of the system (i.e. economic viability). For the 

purpose of this model, surveys and interviews reflected a range of values for a system adopter’s 

annual income that was budgeted for O&M spending. Field data also revealed that only a 

fraction of the allocated funds were actually being used, and the households with higher 

educational levels tended to spend more on O&M. As such, it is assumed, based upon anecdotal 

field evidence, that an individual’s “Educational level” reflects the portion of their budgeted 

funds being used to manage their RR system. The aim of this strategy is to implement public 

awareness campaigns that increase the average level of wastewater competence from a 6th grade 

threshold (i.e. 6 grades completed / 12 possible grades— half portion of budgeted O&M funds 

being spent) to an 8th grade level (i.e. 8 grades completed / 12 possible grades— two-thirds of the 

budgeted O&M funds being spent). By increasing the “Education level,” there is no significant 

impact to the adoption performance measure (p-value = 0.50) or the system’s sustainability (p-

value = 0.47). 
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3.5.3.3 Technical Strategy  

 The final strategy addresses resource limitations, design flexibility, and treatment 

efficiency. Interviews with system installers revealed that there are only two tank sizes available 

in Belize to construct the RR system — 1750L or 3000L. This hinders the system’s adaptability 

to be reconfigured to serve various locations and population densities. Furthermore, when asked 

about the number of users for the RR system, installers explained that the systems are often sized 

based upon an adopter’s self-reported number of users. Oftentimes, a minimum value is reported 

to justify the installation of a smaller, less expensive system. When coupling these undersized 

systems with a rigid set of treatment configurations, the treatment performance is compromised 

because the systems fill quickly, reducing the amount of time the wastewater (i.e. “Hydraulic 

retention time”) undergoes biological treatment. Strategy 5 aims to double the options of tank 

configurations from 2 to 4 including 1750, 3000, 4750, 6000L systems. The system capacities 

and sizes are changed to the following ranges of daily users: ≤ 6 individuals for a 1750L tank, ≥7 

and ≤ 9 individuals for a 3000L tank, ≥10 and ≤12 individuals for a 4750 L tank, and ≥13 and ≤ 

16 individuals for a 6000 L tank.  

 The effects of Strategy 5 are linked to the decision phase of the model through an RR 

system’s “Payback period”. The “Payback period” is the quotient of the system’s cost (i.e. 

numerator = $USD) and an individual’s yearly budget to spend on the wastewater system (i.e. 

denominator = $USD/year). The structure of the model relates the volume of a tank to its cost; as 

more options for larger tanks become available, the cost of an RR system also increases. Since 

the amount of funds an adopter budgets for an RR systems is held constant, the payback period 

would increase leading to a decrease in the adoption performance measure. Consequently, Figure 

5 shows this strategy does not significantly impact the adoption performance measure (p-value = 



 
46 

0.44). On the other hand, Strategy 5 positively influences the sustainability performance measure 

by increasing the “Hydraulic retention time”. A longer “Hydraulic retention time” improves the 

RR system’s wastewater treatment performance (i.e. increased “Environmental viability”) and 

reduces the amount of “Emergency evacuations of RR systems”. When there are less unexpected 

expenses spent on the RR systems, the “Economic viability” increases. As such, the 

sustainability of the system’s services significantly (p = 0.012) increases from 17% to 34% of the 

modeling time. Lastly, Strategy 5 is consistent with the sensitivity graphs in Figure 3b showing it 

as the second most influential to sustainability performance of the RR systems.  
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3.5.4 Managerial Implications: Incremental versus Paradigm Shifting Change 

While the strategies of the baseline model span across marketing, social, and 

technological approaches, the results only represent incremental improvements to Placencia’s 

RR system adoption and sustainability. With the model’s current structure, the maximum 

improvement to the system’s sustainability is that 49% of the time, the installed systems will 

provide adequate services. However, community-based perspectives revealed that improper user 

behaviors during the pre-installation (i.e. “User discrepancy”) and operation of the system (i.e. 

not routinely recovering resources) stifle significant improvement. As such, system installers and 

managers should target these areas as leverage points to shift the community’s wastewater 

management paradigm. Ishii and Boyer (2016) reached a similar finding by pointing out the 

importance of appropriate behavior change and sustained system function as a means of 

increasing a community’s support of urine diverting toilets. Since a paradigm shift requires 

behavior change, Figure 6 depicts these changes within the model’s structure. Specifically, the 

“Level of sustainability” is improved when “Resource recovery system training,” occurs and the 

behavior of routinely “Recovering resources” is promoted. 
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Figure 3-6: Schematic of the system dynamics model of technology adoption and 

sustainability process where paradigm shifting efforts are underlined and bolded. The 

model consists of stocks (square-shaped figures) that represent some population that is 

being counted, flows (valve-shaped figures overlain pipes) that signify the rate change 

of the stocks, parameters (stand-alone black or grey, bracketed wording) that influence 

the magnitude of a flow, parameter, or stock, and direct or indirect causal relationships 

(thin, solid or dashed arrows, respectively) that reflect the source and direction of the 

parameter’s influence. 
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The first approach uses specialized training to address behaviors that hinder of RR 

systems’ technical performance. The aim of “Resource recovery system training” is to adapt 

technical instructions about the key principles of system design and operation to an individual’s 

current “Education level”. Interviews and participant observations from the field indicate there is 

a lack of awareness of the cause and effect relationship between reporting an inaccurate number 

of system users or inconsistently performing O&M practices and the future costs incurred due to 

an RR system failure. As such, this approach would train community members in the explicit 

links between the short-term benefits of saving money (i.e. reducing capital cost of the system by 

reporting the minimal number of users or withholding the total amount of funds budgeted for 

O&M services) and the negative consequences (i.e. price of emergency evacuations or financial 

penalties enforced from water quality regulations) to the systems’ provisions of wastewater 

treatment. Overall, the specialized training would bridge the gap between current behavior (i.e. 

high “User discrepancy” and low “O&M expenditures”) and an ideal wastewater management 

paradigm (i.e. “User discrepancy” goes to zero and yearly “O&M expenditures” are aligned with 

O&M costs based on system’s design) where community members are motivated by a desire to 

avoid future economic and environmental costs of failed wastewater systems. However, Figure 7 

shows that when this approach is simulated, the larger tanks increase the “Capital cost” and 

“Payback period” which reduces the adoption performance measure. On the other hand, the 

sustainability performance measure improves because the “Design scale of the RR systems” 

increases the system’s capacity and its wastewater treatment performance. The training also 

improves the “O&M expenditures” which reduces the “Sludge accumulation rate,” resulting in 

better “Economic and Environmental viability” and a higher sustainability performance measure 

(i.e. from 17% to 20%). 
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Next, the approach of “Recovering resources” allows either system adopters or 

installers/managers to maximize the financial gains and technical benefits from routine sludge 

harvesting. This action would contribute to a reduction in the “Payback period,” and “O&M cost 

by design” as well as the “Sludge accumulation rate”. Interviews and participant observations 

confirmed that system adopters in Placencia, although were aware of their system’s resource 

recovery capabilities, rarely practiced the resource recovery behaviors themselves (see Section 

2.0). Instead, adopters have either taken an “out of sight, out of mind,” approach where they have 

neglected routine O&M or have preferred to pay the installer/manager to sporadically perform 

the resource recovery task. Consequently, this behavioral insight reveals an opportunity for 

adopters, to drive down their “Payback period” by harvesting and selling the sludge to 

Placencia’s nearby banana plantations for a modest profit. On the other hand, due to the 

economies of scale, system installers/managers may be more inclined to offer their sludge 

management services on a regular basis so that the harvested volume, and thus their profit, is 

greater when being sold to local agricultural users. Lastly, systematic sludge harvesting reduces 

the O&M cost to adopters (i.e. the price is based upon the volume of sludge being managed) and 

improves the RR systems’ technical performance (i.e. increased “Hydraulic retention time”). 

When simulating this behavior change, the adoption performance measure increases from about 

133 to 143 RR systems at the end of the simulation period due to the economic savings that 

decrease the “Payback period”. The approach also reduces the “Sludge accumulation rate” and 

improves the wastewater treatment capabilities. These benefits positively influence the 

“Economic and Environmental viability” and increase the sustainability performance from 17% 

to 25% over the total simulation period.  
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However, when the behavior change approaches are simulated together, synergies within 

the model’s structure result in a significant effect. For example, while the “Resource recovery 

system training” decreased the adoption performance measure (i.e. increased tank sizes, greater 

“Capital costs”, and longer “Payback period”), the behavior change of “Recovering resources” 

compensated for that negative effect. As the amount of “Savings from recovered resources” 

increases, the “Payback period” decreases and the financial hindrance to adopt this new 

technology becomes less burdensome. Furthermore, the paradigm shift increases the “Total 

working volume of the RR systems” through improvements to the system design, a higher 

“O&M rate”, and lower “Sludge accumulation rate”. The combined effect of these changes 

drastically improves the technology’s sustainability performance measure from 17% to 75% (p = 

0.00). Overall, the synergies of the combined approaches resulted in fewer instances when no 

systems were sustained and improved system performance such that the technology could fully 

recover after instances of failure. 

Knowing this, it is important to discuss the powerful impact that adopters’ behaviors have 

on sustaining the RR systems’ performance over time. Unless adopters understand and value the 

economic and environmental benefits of recovering resources as an integral part of wastewater 

management, the omission of routine O&M and other seemingly benign behaviors (i.e. high 

“User discrepancy”) will continue to cause frequent RR system failures.  Instead, if 

installers/managers are interested in contributing to a transformational paradigm shift from 

viewing wastewater as a problem to be avoided into a resource to be productively used, they 

must transition their focus from the incremental improvements of strategic efforts to the long-

term benefits of behavior change approaches.  
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3.6 Conclusion 

This study presents a theory-based, community-informed SD model of the adoption and 

sustainability of wastewater-based RR systems in Placencia, Belize. Literature-based theories 

(i.e. theory of diffusion of innovations, theory of planned behavior, and theory of mass 

conservation) were used to define the model’s framework (Madden et al., 1992; Sterman, 2000; 

Rogers, 2003). The structural relationships and quantification of parameters were derived from 

surveys, interviews, participant observations, water quality analysis, and a process-based mass 

balance model. The qualitative perspectives that came from the community-informed approach 

in this research provided site-specific nuances that were used to inform the structure of the SD 

model. For instance, the social science field methods revealed a discrepancy between the actual 

and reported number of users of the wastewater systems which impacted both the size of the RR 

system that was installed as well as its environmental performance. With this insight, a strategy 

was developed to increase the tank options that could adapt to variations in system users while 

also improving the RR system’s effluent performance. Furthermore, the SD model’s behavior 

was evaluated with field data and simulated to identify strategies for improving the adoption and 

sustainability of RR systems.  In particular, site demonstrations, a marketing strategy, and tank 

options, a technical strategy, had significant impacts to the system’s sustainability, whereas only 

the site demonstrations influenced the adoption performance measure significantly. The system’s 

sustainability, however, were drastically improved only when a paradigm shift targeting users’ 

behaviors was introduced by changing the structure of the SD model. The paradigm shift 

emphasized training community members in the importance of accurate RR system design and 

O&M efforts to improve their value for recovered resources, desire to avoid future economic and 

environmental impacts of failed systems, and long-term wastewater management capabilities. 
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In summary, this study focuses on a community in Belize, but the model’s framework is 

adaptable to other grassroots-based technology adoption scenarios due to its theory-based 

foundation and flexible data collection methods. For instance, the approach may be applied to 

other geographical locations by making basic adjustments to the model’s structure and updating 

the parameters with site-specific data. However, there are limitations with the amount of data due 

to the resource constrains (e.g., time, funds, equipment) for collecting various types of data using 

the mixed methods approach. For instance, the water quality data (section 4.1) were not 

measured at each point of the treatment processes over time. Additionally, the time series data 

for RR system installations used for evaluating the model’s behavior was very limited (i.e. only 

10 years). Nevertheless, this study can guide future research such as implementing the strategies 

in the field to compare their efficacy at improving RR system adoption and sustainability to the 

model’s simulated output. Overall, this study provides a foundation that can be adjusted for 

future research and fieldwork to consider strategies and behavior changes that influence the 

adoption and sustainability of different environmental innovations or technologies. 
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CHAPTER 4: DECISION MAKING ABOUT WASTEWATER INFRASTRUCTURE: A 

MULTI-LEVEL PERSPECTIVE OF A SOCIO-TECHNICAL TRANSITION USING A 

SYSTEM DYNAMICS MODEL INFORMED BY CLIMATE CHANGE 

 

4.1 Introduction 

Protection of marine ecosystems is of paramount importance in coastal communities that 

want to preserve and expand their tourism agenda (UNEP, 2015; Wells et al., 2016). However 

threats to human and environmental health arise when growing tourism populations strain 

existing wastewater systems and the current technologies fail to manage nutrients being 

discharged into local waterways (LaPointe and Matzie, 1996; CH2MHILL, 2001; Corcoran et 

al., 2010; Wells et al., 2016; Prouty et al., 2017). Nutrients, typically nitrogen, increase algal 

growth in marine ecosystems, decrease the available oxygen, and result in diminished water 

quality (i.e. high turbidity, low dissolved oxygen) and harm to marine life (i.e. fish kills) 

(LaPointe and Matzie, 1996; UNEP, 2015). The effects to the environment from overtaxed 

treatment systems are further exacerbated when impacts associated with climate change are 

considered (i.e. an increased frequency of extreme weather events causing variable magnitudes 

and durations of nutrient loading, greater influent volumes of water, and/or wastewater system 

failures) (Corcoran et al., 2010). As such, to protect environmental health and provide sanitation 

services for residents and tourists, a key priority for municipalities is the decision making 

process for transitioning underperforming wastewater systems to improved treatment portfolios 

(Mavrommati et al., 2013; Wells et al., 2016; Prouty et al., 2017). Improved portfolios are those 
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that either upgrade existing systems or install new wastewater technologies that are more 

efficient in removing nutrients. 

The factors and dynamics within the decision making process of critical infrastructure 

transitions are complex and blend technical, ecological, social, and economic aspects (Hopkins 

et, al., 2012). To navigate this complexity, previous studies have used a systems-based approach 

called system dynamics (SD) to map the relationships and feedbacks between water and 

wastewater systems’ performance measures (e.g. water quality, quantity, sustainability targets) 

and parameters such as the amount of available resources, rates charged to users, capital and 

operation/maintenance (O&M) costs to utilities, stakeholder perceptions, and legislative or 

policy levers (Stave, 2003; Winz et al., 2009; Rehan et al., 2011; Mavrommati et al., 2013;). 

Furthermore, the SD approach has also been used as a tool for simulating scenarios to inform 

decision makers about the expected change in performance measures based upon installing 

updated infrastructure, enacting new policies (Mavrommati et al., 2013), and implementing 

financial management strategies (Rehan et al., 2011). For instance, Rehan et al. (2011) considers 

different approaches to managing Canadian municipalities’ water and wastewater networks to 

achieve the policy goal of becoming financially self-sustaining. The approaches included 

different fiscal management mechanisms (i.e. fixed/variable user fees, unconstrained/zero 

balance for utilities at the end of the fiscal year, price elasticity for water demand) that 

influenced the installation, operation, and maintenance (O&M) rates within the utility’s 

distribution and collection system. The researchers determined tradeoffs between the increasing 

costs for critical infrastructure rehabilitation, the utility’s balance of funds, and the fees charged 

to users. Rehan et al. (2011) concluded that as spending on infrastructure rehabilitation increases, 

O&M expenditures decrease, and a utility’s end-of-year balance increases. However, because the 
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funding for infrastructure improvements was derived from charging larger user fees that 

decreased water consumption, the utility’s overall revenue decreased. The results from Rehan et 

al.’s (2011) SD modeling approach provided a clearer conceptual understanding of the 

complexity of the tradeoffs associated with critical infrastructure planning, but it lacked the 

inclusion of climate-related strategies within the utilities’ decision making processes. In another 

study, Mavrommati et al. (2013) developed a model whose purpose was to represent the 

dynamics between urban development (i.e. water and wastewater infrastructure), human 

behavior, water quality, and the status of a coastal ecological system to determine effective 

strategies for mitigating environmental consequences. The research team simulated different 

scenarios such as extreme weather events, population growth, and changes in consumer 

behaviors to understand their impacts on the treatment efficiency of existing infrastructure and 

the consequences to water quality. Mavrommati et al. (2013) found that environmental policies 

and updated technologies reduced the impacts that anthropogenic activities had on the 

biologically and ecologically critical levels (BCLs) of pollutants (e.g. biochemical oxygen 

demand, total suspended solids, total nitrogen). However, the study was limited in its 

understanding of the decision making process about critical infrastructure and expressed the need 

for future work in that area (Mavrommati et al., 2013). Overall, previous studies (Rehan et al., 

2011; Hopkins et, al., 2012; Mavrommati et al., 2013) have highlighted the complexity of 

different parameters across human, engineered, and environmental systems, but none have taken 

an SD approach to consider their influence on the decision making process for a coastal 

community’s infrastructure transition, particularly as it is impacted by the effects of climate 

change.  
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The goal of this study is to develop a system dynamic model of the decision making 

process for transitioning the Florida Keys to an improved wastewater treatment portfolio in order 

to determine effective strategies that anticipate the impacts of climate change to improve the 

portfolio’s performance measures. The following research questions are considered: 

 Under normal and climate change conditions (i.e. more frequent extreme events), does 

the baseline decision-making process result in a wastewater treatment portfolio that is 

effective in reducing nutrient loading?  

 If climate change (i.e. variable frequency and duration of extreme events) and its impacts 

(i.e. variable magnitudes of wastewater system failure) are considered in the decision-

making process, will the wastewater infrastructure portfolio and performance (i.e. 

reducing nutrient loading, increasing reliability) be significantly different than the 

baseline conditions?  

 What strategies can influence the decision making process to improve the performance 

measures? 

4.2 Study Site: Florida Keys, Monroe County, Florida, USA 

This study focuses upon a portion of the 220-mile-long archipelago located off the 

southern coast of Monroe County, Florida called the Florida Keys (LaPointe and Matzie, 1996). 

The Keys are comprised of approximately 800 individual islands, all of which are not inhabited, 

that are connected by a 110-mile stretch of road (U.S. Highway 1) that links the mainland at Key 

Largo to Key West. The adjacent marine ecosystem is home to the world’s third largest coral 

reef system (CH2MHILL, 2001). There are two distinct climactic periods—rainy (June/July to 

October/November) and dry seasons (LaPointe and Matzie, 1996; NOAA, 2017). During the 

rainy periods, minimum temperatures (degrees Fahrenheit) are most often in the 60’s and 
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maximums are in the mid 90’s with precipitation ranging from 5-22 inches. On the other hand, 

the dry season sees a range of temperatures from the upper 40’s to the upper 90’s with 4-7 inches 

of rainfall (NOAA, 2017). Figure 1 shows a map of the Keys based on their three common 

geographic distinctions—the Lower Keys, Middle Keys, and Upper Keys. Moving from South to 

North, the Lower Keys span from Key West to Bahia Honda and Ohio Key, the Middle Keys 

stretch from Marathon to Layton and Long Key, and the Upper Keys include Lower Matecumbe 

Key to the Ocean Reef Club and Key Largo. 

Throughout much of the last half century, the tropical climate, beautiful natural 

environment, and hospitable atmosphere of the Florida Keys have encouraged population growth 

and development. The development practices have dredged natural wetlands and carved into 

coastal ecosystems to construct houses, hotels, and resorts to accommodate the growing tourism 

industry’s demand for waterfront property. Along with these practices comes the widespread 

installation of unimproved wastewater systems, cesspools and septic tanks, which discharge high 

concentrations of nutrients into coastal waterbodies (LaPointe and Matzie, 1996). Both 

wastewater point sources (e.g. wastewater treatment plants) and non-point sources (e.g. 

decentralized systems) have been highlighted as important because they collectively contribute 

to more than one-third of the region’s total nitrogen (TN) entering the surface water and are the 

primary route for near shore water quality degradation (CDM, 2001_SMMP; NOAA, 2011).   

Consequently, to mitigate this significant source of nutrients, the Monroe County 

Wastewater Master Plan (MCWMP) was formulated to organize details for transitioning the 

existing wastewater infrastructure, the vast majority of which were unimproved non-point 

sources, to improved point sources systems (CH2MHILL, 2001). The goal was to provide a 

strategy for transition to “responsive, flexible, and cost-effective solutions” that reduce the 



 
65 

current effects of wastewater systems and satisfy future service needs (CH2MHILL, 2001). To 

do this, municipalities throughout the region were encouraged to transition to improved 

wastewater treatment portfolios (i.e. advanced onsite, community, and centralized wastewater 

systems) whose aim was to reduce the overall nutrient loading to coastal waterbodies.  
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Figure 4-1: A map of the Florida Keys based on the three common geographic distinctions—Lower Keys (LK), Middle Keys 

(MK), and Upper Keys (UK). (ACE and SFWMD, 2006). 
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4.3 Model Development 

4.3.1 Theoretical Framework 

4.3.1.1 Socio-Technical Transitions 

 The system of factors and dynamics in this study represents a socio-technical transition. 

Socio-technical (ST) systems are the interacting elements (i.e. production, diffusion, and use of 

technologies, infrastructure, regulations, culture, knowledge) that compose the framework 

necessary for basic societal functions (e.g. transport, communication, cyberspace, water, and 

sanitation) (Geels, 2004; Geels and Kemp, 2007). In Monroe County, municipal decision makers 

are operating within a socio-technical system consisting of increasingly stringent effluent 

standards for wastewater treatment facilities, economic constraints for financing infrastructure, 

regional population growth ordinances, shifting community perspectives on local water quality, 

and an existing array of wastewater systems— cesspools, septic tanks, centralized and 

community systems, and improved onsite technologies. Within this complex network, decision 

makers are tasked with the overall goal of transitioning to a wastewater portfolio that reduces the 

nutrient load to the receiving waterbodies. Kemp and Rotmans (2005) shed light on socio-

technical transitions by explaining that they are not only represented by infrastructure 

transformations (i.e. from one type of paradigm to another), but can oftentimes be marked by 

changing decision structures—assumptions, practices, and rules (Kemp and Rotmans, 2005). 

4.3.1.2 Multi-Level Perspective on Transitions 

 Within this context of a socio-technical transition, the study employs a multi-level 

perspective to clarify the conceptual layout of the model’s structure, namely the exogenous and 

endogenous aspects of decision making. As previously mentioned, the factors (e.g. wastewater 

treatment technologies, population growth ordinances, economic policies, and water quality 
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legislation) within the system exist and interact at various levels within society (i.e. landscapes, 

regimes) to precipitate the wastewater infrastructure transitions. Figure 2 depicts the interactions 

occurring predominantly within the regime level as a reinforcing loop and balancing loop 

(Sterman, 2000; Braun, 2002). The causal loop diagram (CLD) represents the causal 

relationships (i.e. arrows) between factors (i.e. individual parameters) based upon the polarity of 

the dynamics (i.e. positive sign indicates changes in the same direction, negative sign indicates 

changes in the opposite direction).  

 Each level within this perspective is distinctive, the landscape is the macro-level (e.g. 

institutional, global) where exogenous pressures such as culture, political will, public opinion, 

and population growth influence the dynamics within regimes and niches (Elzen et al., 2004; 

Geels and Kemp, 2007; Savacool and Hess, 2017). Regimes are the prevailing physical, social, 

and institutional networks (e.g. municipal economics, incumbent and new wastewater 

infrastructure, and policies) that interact to formulate the majority of the system’s decision 

making structure (Quezada et al., 2016). Lastly, niches, represent the micro-level where 

technologies that are not yet in the mainstream market exist; this level is not present in this 

study’s conceptual framework. Within this multi-level perspective of a socio-technical transition, 

decision making at the regime level, unless otherwise explained, is assumed to adhere to the 

landscape policies and financing agendas as well as the endogenous expectations (i.e. provision 

of wastewater services to each regional population) and limitations (e.g. economic constraints) 

set forth by the Monroe County Wastewater Master Plan (CH2MHILL, 2000). 
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Figure 4-2: A multi-level perspective of the decision making process for infrastructure transitions in the Florida Keys. The 

causal loop diagram (CLD) depicts the causal relationships (i.e. arrows) between factors (i.e. individual parameters) that 

are linked based upon the polarity of the dynamics (i.e. positive sign indicates changes in the same direction, negative sign 

indicates changes in the opposite direction).  



 
70 

4.3.2 Model Formulation 

4.3.2.1 Empirical Setting 

 A review of state-level data, government documents, engineering reports, and public 

records was conducted to populate the SD model’s parameters with site-specific information. 

Data was requested from the public records database of the Florida Department of Health 

(DOH); a spreadsheet containing the number of advanced onsite systems installed over a 40 year 

span was returned. Furthermore, when information specific to the Florida Keys was not 

available, academic journals and engineering textbooks were used for developing equations, 

assigning ranges or initial values for parameters, and justifying relationships between factors 

within the model.  

4.3.2.2 Model Structure 

The purpose of this model is to represent the process of decision making about 

wastewater infrastructure transitions in the Florida Keys. According to the SD modeling 

approach, the structure of the model governs the behavior of the system when it is simulated 

(Sterman, 2000; Stave, 2003). The system boundary for the model consists of the Lower Keys 

(LK), Middle Key (MK), and Upper Keys (UK) with a particular focus on the total equivalent 

dwelling units (EDUs) served by the various wastewater systems in the portfolio and the 

resulting nutrient load. The model is simulated over a time horizon of 40 years, from 1987 to 

2027, because this is the period of time over which the MCWMP was developed and executed. 

The centralized system in Key West is outside the scope of this study because its financing is 

independent of the rest of the infrastructure improvements in Monroe County.  

The Florida Keys model encompasses three structurally identical systems (LK, MK, UK) 

that each include detailed sub-models of (1) an environmental policy for effluent wastewater 
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quality standards, (2) population and housing dynamics, (3) rules about prioritizing wastewater 

projects and allocating funds, (4) municipal-based decision making on infrastructure transitions, 

and (5) water quality impacts from the installed infrastructure.  

4.3.2.2.1 Environmental Policy for Effluent Water Quality Standards 

In 1997, Figure 3 depicts the dynamics of an environmental policy that was enacted to 

improve the quality of wastewater effluents entering Monroe County’s surface waters. This 

policy set into motion three areas of change to wastewater systems throughout the Florida Keys. 

First, regulations for the effluent nutrient concentrations from wastewater systems were updated. 

Systems with smaller capacities, <100,000 gallons per day (gpd), that tend to be individual, 

onsite technologies or small package treatment plants were labeled as “Best Available 

Technologies” (BAT). Their water quality standard for nutrients (i.e. Total Nitrogen or TN) 

reduced from the baseline value of 20 mg/L TN to 10 mg/L TN. On the other hand, larger, often 

centralized or community-scale systems (i.e. called “Advanced Wastewater Treatment” (AWT)), 

>100,000 gpd, experienced an even tighter regulatory change that reduced the effluent TN 

concentration from 20 mg/L to 3 mg/L. Secondly, unimproved systems (i.e. cesspools, 

soakaways, and unknown systems) were decommissioned. These systems were seen as high 

priority (i.e. nutrient “hot spots”) because they performed no real wastewater treatment, let alone 

nutrient removal, but simply diverted the effluent from its source into an underground pit. Lastly, 

traditional septic tanks were also labeled as unimproved, and their installation was phased out 

over a period of 7-10 year, with less urgency than the “hot spots”. Consequently, all of the 

capacity of unimproved systems (i.e. septics, cesspools, soakaways, and unknown systems) was 

required to transition to some form of BAT or AWT technology.  
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4.3.2.2.2 Population and Housing Dynamics 

Given the initial population, that incorporates both permanent and seasonal individuals, 

and an existing amount of housing, the level of housing coverage is the gap between what exists 

and what the growing population demands. This gap in housing coverage drives the housing 

demand rate which influences the stock that is applying for housing construction permits. Until 

the dwelling permits are issued, construction cannot begin. Thereafter, the stock of houses grows 

and increases the level of coverage. The new houses being developed, however, also increase the 

population demand whose wastewater needs must be accommodated. With this growing 

wastewater need in mind, the Rate of Growth Ordinance (ROGO) was a policy initiated to limit 
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Figure 4-3: A causal loop diagram (CLD) of the environmental policy initiating 

the change in the effluent water quality standards for the best available (BAT) 

and advanced wastewater technologies (AWT) in Monroe County, Florida. 
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the number of new dwellings being constructed and repurposed (i.e. existing structures) to meet a 

gap in housing coverage (ROGO, 2016). There are other aspects of the ROGO policy such as 

land use constrains that also assist in limiting the development in Monroe County. However, the 

full scope of the policy is not considered in this model, but is simplified to show its impact to the 

region’s population demand, and thus its wastewater flows.  
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Figure 4-4: A simplified stock flow diagram (SFD) of the population and housing 

dynamics as they are impacted by a policy (Rate of Growth Allocation Ordinance – 

ROGO). The Rate of Growth Ordinance controls the speed and location of 

development in Monroe County, Florida.  
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4.3.2.2.3 Rules about Prioritizing Wastewater Projects and Allocating Funds 

The housing development rate from the Population and Housing sub-model initiates the 

growth of the stock (EDUs) that must be considered in the planning process for wastewater 

transitions. Figure 5 shows a simplified stock flow diagram (SFD) of the way wastewater 

projects within Monroe County were prioritized and allocated onto each region’s infrastructure 

budget.  Figure 6 shows the decision tree for the specific rules for prioritizing the wastewater 

projects. As the stock of EDUs for wastewater transitions grows, EDU clusters that represent 

common population densities of the area are used within a cost function. The costs of wastewater 

treatment systems are calculated using the cost functions or the typical treatment technologies at 

each scale of wastewater treatment systems being considered in Monroe County (i.e. centralized 

= extended aeration, community = sequencing batch reactor (SBR), and onsite = nitrogen 

removal using aeration). Based upon the MCWMP, there are designated population thresholds 

that engineers and municipal officials have set for each type of wastewater technology. For 

instance, if the randomized cluster is ≤ 450 EDUs, the cluster is priced using the function for 

onsite systems, but if the value is > 450 EDUs and ≤ 1,400 EDUs a community system function 

is used; values > 1,400 EDUs are considered based on the centralized system’s equation. The 

next step (simplified in the SFD and depicted in detail in Figure 6) is a process where projects 

are prioritized by dividing the project cost by the number of unimproved systems within that 

population cluster.  

This scoring process incentivizes the projects that have a high density of unimproved 

wastewater systems (e.g. a low cost divided by a large number of unimproved systems in the 

region) that contribute to the nutrient “hot spots”. The calculated cost (USD$/unimproved 

system) is then compared with an average cost for removing unimproved systems within that 
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region and a score is assigned. If the calculated cost is above the average threshold, the project is 

assigned a low priority, but if it is lower than the threshold, it is prioritized as high. The projects 

are then assigned an equivalent allocation rate (e.g. either high or low value of USD$/time) that 

activates the funds from the stock available for wastewater projects for municipalities to spend 

on improvements. Finally, the next sub-model (Decision Making on Infrastructure Transitions) 

contains a feedback loop to this portion of the planning such that the actual spending rate reduces 

the total amount of the budgeted funds for wastewater projects. The spending rate is a function of 

the costs and installation rates for each type of wastewater system or improvement that 

municipalities implement.  
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Figure 4-5: A simplified stock flow diagram (SFD) of the wastewater project 

prioritization and funds allocation process based on scoring projects as either high or 

low priority based on the amount of unknown/unimproved EDUs to be eliminated by 

each regional population cluster. 
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4.3.2.2.4 Municipal Decision Making on Infrastructure Transitions 

Figure 7 depicts the causal loop diagram (CLD) of the municipal decision making 

process for wastewater infrastructure transitions. The process for transitioning to a more efficient 

wastewater portfolio involves municipal decision makers assessing the gap between the existing 

services being provided by improved wastewater systems and the growing demand. This 

wastewater system gap is then converted into the amount of EDUs to be met by improved 

systems. From there, the resulting value proceeds along two separate loops—a balancing loop 

(B1) which ultimately drives down the system gap, and a reinforcing loop (R1) whose dynamics 

increase the gap. First along B1, the number of EDUs to be met by improved wastewater systems 

Figure 4-6: Monroe County’s decision making tree for rules for prioritizing 

wastewater projects. 
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is then multiplied by an associated flow rate per EDU to yield the influent domestic wastewater 

flow rate into the treatment plant. The influent nutrient concentration for domestic wastewater is 

held constant for all regions at 40 mg/L TN. When the flow rate and the concentration are 

multiplied, the result is the influent nutrient loading. This influent loading is reduced based upon 

the technology-specific treatment efficiency. As the effluent nutrient loading increases, so too, 

does the need to install more improved wastewater systems and the installation rate. When the 

installation rate increases, the wastewater system gap decreases.  

On the other hand, along the R1 path, when the value for the EDUs to be met by the new 

wastewater portfolio increases, the cost of the system also grows. This has a negative influence 

on the financial ability to install wastewater projects based on the available funds (i.e. those set 

aside within the Project Prioritization and Fund Allocation sub-model). When an improved 

system is less affordable, the installation rate also decreases. This downward trend reduces the 

amount of services provided by improved wastewater systems, and that increases the system gap. 

As previously mentioned this decision making process is replicated for each scale of wastewater 

technology and adapted to the specific costing and efficiency values. Furthermore, the three-way 

decision making approach (i.e. centralized, community, or onsite treatment to close the 

wastewater gap) is also replicated for each region (i.e. LK, MK, and UK).  

 



  
79 

 

 

Figure 4-7: The baseline causal loop diagram (CLD) of the decision making process about wastewater infrastructure 

transitions in the Florida Keys. 
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4.3.2.2.5 Water Quality Impacts from the Installed Infrastructure 

Figure 8 shows the dynamics of wastewater installations and their impact on the water 

quality parameters. In most regions, there is some initial stock for each scale of wastewater 

system. From this baseline, the stock grows as the individual installation rate increases. The 

installation rate of each type of improved wastewater system is increased according to the 

nutrient and financial dynamics discussed in Section 4.3.2.2.4. However, the rate is slowed due 

to construction delays associated with scale of treatment system. Centralized systems have a 

longer delay than the community-level (i.e. ~1 year for community systems, compared to 1.5-2 

years for centralized) due to the difference in the scale of infrastructure being installed. Onsite 

systems have no delay. 

As the capacity of the existing systems increases, so too does the flow rate. Based on this 

flow rate, the influent concentration of domestic wastewater, and the treatment efficiency, the 

effluent nutrient load is determined. At the same time, the effluent nutrient concentration is a 

function of the flow rate, the influent nutrient concentration of domestic wastewater, and the 

treatment efficiency for each type of improved system; this value is compared to the appropriate 

water quality standards (see Section 4.3.2.2.1; changes with system scale) to assess its 

compliance. When a system performs the functions for which it is installed (i.e. meets regulated 

effluent water quality standards) it is termed as “reliable,” and receives a binary score of 1, 

whereas non-compliant outcomes receive 0 (Butler et al., 2017). As such, over the course of the 

simulation period, a technology’s or region’s reliability can be determined as the percentage of 

time the installed wastewater systems meet effluent standards.  

Each scale of treatment system has two things impacting the treatment efficiency. First, 

when the installation rate increases, it is assumed that municipalities are using funds to install 
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new systems as well as upgrade the efficiencies of the existing systems. As such, when the 

installation rate increases, there is a feedback that increases the treatment efficiency. However, if 

a particular scale of wastewater treatment does not receive investment, the baseline treatment 

efficiency remains constant through the simulation timeframe. The second thing that influences 

the treatment efficiency is the occurrence of extreme events. Extreme events are a function of a 

context-specific frequency (i.e. the interval of years between extreme events; lower intervals 

mean extreme events are frequent, longer intervals mean extreme events are rare), exert an 

impact to the treatment efficiency that extends over a variable duration of time, and influence a 

technology-specific magnitude of failure to the wastewater system. As such, during normal 

climate conditions, wastewater efficiency remains at its peak performance (e.g. either 

unimproved or improved levels of efficiency depending upon the installation rate), but when 

extreme events occur, the variable duration of the event and magnitude of the failure 

synergistically reduce the system’s nutrient removal ability. The impact to the efficiency, in turn, 

influences the effluent loading, concentration, and, potentially, the water quality compliance.  
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Figure 4-8: A simplified stock flow diagram (SFD) of the dynamics of the installation of improved wastewater systems and 

their impact on the water quality parameters. 
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4.3.2.3 Dynamic Hypothesis 

The CLD in Figure 7 shows the parameters and feedbacks of the socio-technical 

transition that depict the dynamic hypothesis – the need to install improved wastewater 

systems(i.e. nutrient loading) and financial ability to install wastewater projects interact within 

the decision making process to influence the installation rate of improved treatment systems to 

reduce the wastewater system gap. The performance measure for nutrients (i.e. total loading) 

improves (i.e. decreases) as the gap closes (i.e. moves toward zero).  However, when the effects 

associated with climate change are considered, previously unaccounted contributions to nutrient 

loading come to light. The result is a reduction in the wastewater treatment efficiency, and an 

increase in the effluent nutrient loading which increases the need to install improved wastewater 

systems. However, the installation rate is constrained by the available funds. The initial 

conditions for each geographical region (LK, MK, UK) are unique, so the resulting portfolios 

vary and produce different impacts on the overall performance measures.   

4.3.3 Model Evaluation 

 The model was developed in this study using the Vensim software. On this platform, a 

model structure was created and populated with site-specific and literature-based empirical data. 

The model was evaluated using three tests—structural, structural-behavioral, and behavioral. The 

model was first structurally evaluated by checking the model’s linkages for unit consistency and 

gathering literature or experiential justification for each parameter and equation (Barlas, 1996; 

Sterman, 2000). 

 Next, structural-behavior testing was performed through extremes testing and a 

preliminary sensitivity analysis. The extremes testing approach was performed by assigning the 

lowest extreme value (i.e. zero for both parameters) to two structurally vital parameters (i.e. 
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initial population, housing development rate)  to test the output for expected behavior. The 

population growth for each region is set to zero. This value eliminates any growth in the demand 

for improved wastewater systems and halts the dynamics of the decision making structure of the 

model.  On the other hand, the housing development rate is the speed by which new households 

are constructed to meet the demands of the growing population. This new construction is then 

translated into the demand for improved wastewater services and the value of the wastewater 

system gap grows. However, when the housing development rate is set to zero, there are no more 

EDUs being transitioned to new systems, so the wastewater system gap closes more quickly than 

before.  

 Next, Vensim’s built-in sensitivity function is used to conduct a preliminary sensitivity 

analysis on the baseline model that includes the impacts of climate change. The model was 

simulated with ±30-60% changes in several parameters that represent factors that are within 

decision makers’ technical, policy, or planning control. Some of the parameters included were 

the portion of wastewater systems out of serviceable footprint, land cost factor for centralized 

footprint, initial ROGO allocations, magnitude of wastewater system failure, extreme event 

frequency, intensity of extreme events, and duration of extreme event impacts to wastewater 

systems. Thereafter, the factors that produced the largest variation of impact to the performance 

measures (i.e. magnitude of wastewater system failure, frequency of extreme events, duration of 

extreme event impact to wastewater systems, land cost factor, flow rate, and influent nutrient 

concentration for domestic wastewater) were incorporated into detailed sensitivity analysis. The 

detailed sensitivity analysis abided by the same methodological approach (i.e. simulated a ±60% 

change in factors) as the preliminary analysis. Table 1 categorizes and describes the different 

parameters in the detailed sensitivity analysis.  
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Table 4-1: Parameters considered in detailed sensitivity analysis. 

Parameter 

Name 

Type of 

Parameter Description 

Frequency of 

extreme events Climate  

Decreasing the amount of time (years) between 

each extreme weather event represents one of the 

anticipated effects of climate change—increase in 

the frequency of extreme events. 

Magnitude of 

wastewater 

system failure Technological  

The degree to which the wastewater system fails 

during an extreme event. This value is also gauged 

by the duration of the extreme event’s impact to the 

system. 

Duration of 

extreme event 

impact to 

wastewater 

systems Technological  

The value used to represent power outages or other 

dysfunction that occurs to wastewater systems 

during extreme events. This parameter gauges the 

magnitude of wastewater failure. 

Equivalent 

dwelling unit 

(EDU) flow rate Technological  

The flow from an equivalent dwelling unit in 

gallons per EDU per day of domestic wastewater. 

This value is constant across all regions and 

wastewater technologies throughout the model. 

Influent nutrient 

concentration 

for domestic 

wastewater Technological  

The average value for total nitrogen that is assumed 

for the influent flow of domestic wastewater. This 

value is constant across all regions and wastewater 

technologies throughout the model. 

Land cost factor 

(LCF) Socio-economic  

The fraction of the centralized wastewater system’s 

capital cost that is assumed during the decision 

making process to budget for purchasing the land 

that makes up the treatment facility’s footprint. 

 

Finally, the model evaluation process focuses on the behavioral accuracy (i.e. model 

output over time) by comparing the simulated results with historic data – advanced onsite 

systems installed over time. The baseline decision making approach was simulated and the 

output was compared to the historic dataset to determine if it appropriately represented the trends 

for onsite wastewater transitions in Monroe County. Table 2 synthesizes Sterman’s (2000) 

discussion of the utility of different statistical tests for building confidence in SD models with 

varying scopes and purposes. Because the scope of this study is focused on the general trends of 

wastewater system transitions over time rather than the point by point accuracy of reproducing 
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the historic data, this study gives most attention to the values produced by the bias (UM) and 

unequal variation (US) tests to provide the necessary confidence in the structure of the Florida 

Keys model. Consequently, the components of the Thiel inequality statistic are calculated to 

assert and justify the strengths of the model’s structure at successfully capturing historical 

patterns while acknowledging its limitations for fitting precisely with the installation rate for 

onsite system (Barlas, 1996; Sterman, 2000). 

4.3.4 Strategy Development 

The results from the detailed sensitivity analysis provided information about the 

parameters’ effects on the performance measures (i.e. nutrient loading and reliability) and were 

used to develop strategies. The outputs from the sensitivity analysis were plotted to demonstrate 

the resulting thresholds for each performance measure and the tradeoffs associated with the 

different wastewater treatment portfolios. With this information, strategies were developed to 

leverage these findings (i.e. tradeoffs and thresholds) and improve the system’s performance, 

particularly in light of extreme climate scenarios. 
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Table 4-2: Theil's inequality statistics, formulas, and details (Sterman, 2000) 

Statistical Value Formula Details 

Mean Square Error 

(MSE) 

1

𝑛
∑ 𝑋𝑚 − 𝑋𝑑)2 

𝑛 total data points 

𝑋𝑚 value from model output 

𝑋𝑑 value from dataset  

Bias (UM) 𝑋𝑚
̅̅ ̅̅ 2

− 𝑋𝑑
̅̅̅̅ 2

𝑀𝑆𝐸
 

 𝑋𝑚
̅̅ ̅̅ 2

 squared average of model output 

  𝑋𝑑
̅̅̅̅ 2

 squared average of data 

 MSE mean square error 

Unequal Variation 

(US) 

𝑠𝑚
2 − 𝑠𝑑

2

𝑀𝑆𝐸
 

 𝑠𝑚
2 squared standard deviation of model output 

 𝑠𝑑
2 squared standard deviation of data 

MSE mean square error 

Unequal Covariation 

(UC) 

2 1 − 𝑟 𝑠𝑚𝑠𝑑
𝑀𝑆𝐸

 

𝑟 correlation coefficient between model and data 

series 

𝑠𝑚 standard deviation of mod el output  

𝑠𝑑 standard deviation of data 

MSE mean square error 

Coefficient of 

Determination (R2) (
1

𝑛

∑ 𝑋𝑑 − 𝑋𝑑
̅̅̅̅   𝑋𝑚 − 𝑋𝑚

̅̅ ̅̅  

𝑠𝑑𝑠𝑚
)

2

 
Portion of variance accounted for by the model 
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4.4 Results and Discussion 

4.4.1 Evaluating Behavioral Performance of the Current Decision Making Process 

The universal purpose of this model is to be a “causal-descriptive” tool that reflects the 

endogenous structures of the system that drive the behavioral trends in the performance measures 

(Barlas, 1996).  The specific purpose of this model is to represent the dynamic decision making 

process of the officials from Monroe County as they plan and execute the transition of the 

region’s wastewater treatment systems to an improved portfolio. As such, the historic and 

simulated installation rates for improved onsite wastewater systems are compared to evaluate 

whether the model is able to consistently simulate the same behavior as the empirical data. For 

each dataset, there are no installations during the initial years of the simulation. After ~10 years, 

there is a sharp incline of oscillating growth in onsite system installations that lasts for about a 

decade. Then, after the 20th year of the simulation, the model and the historic data have 5-7 years 

of discrepancy that is not well captured by the model. It is likely that the discrepancies are 

caused by unaccounted delays in the installation rates and/or incomplete data from the county’s 

historic records and reports. 

Table 3 provides statistical insight into the model’s ability to reproduce the general trends 

between the simulated and historic data. For instance, the low bias value means that the 

simulated data is under representative when comparing the averages between datasets. 

Additionally, the moderate level of variance shows that there is similar phasing among the 

datasets but that there are some differences between the specific fluctuations and amplitudes. 

Finally, the high covariance shows the model and historic data vary significantly on a point-by-

point basis. Specifically, using Sterman’s (1984) criteria, when the MSE is >10%, but 50% of the 

error is caused by unequal covariation (  and ), the behavior test is UC > 50% UM +US < 50%
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passed (Sterman, 1984). Holding all of these statistical values in balance with the model’s 

purpose gives confidence that it represents the endogenous structures that produce output values 

sufficiently similar to the behavioral trends for decision making in Monroe County (i.e. the 

historic data). Furthermore, Figure 9 depicts the output graph for historic (orange) and simulation 

data (yellow) of improved onsite wastewater systems installed in Monroe County over time. 

 

Table 4-3: Statistical values related to evaluating the model’s behavioral 

performance (i.e. between historic data and model outputs) 

Bias (UM) Variance (US) Covariance (UC) 

-0.254 0.525 0.955 

 

 

 

Figure 4-9: The output graph for historic (orange) and simulation output (yellow) 

of improved onsite wastewater systems installed in Monroe County over time. 
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4.4.2 Current Decision Making Structure under the Impacts of Climate Change 

Figure 10 depicts the graphs for nutrient loading rate (a) and total nutrient loading over 

time (b). In each graph, the model is simulated based upon the baseline decision making process 

(i.e. Baseline) along with a climate change scenario (i.e. Baseline_CC where extreme events are 

considered) transposed on top of it. For the graph depicting nutrient loading rate (Figure 10a), 

the baseline simulation begins at a time before the environmental policy was enacted that 

changed the water quality standards. Because of this, there is a slight growing trend followed by 

a sharp decrease. The decrease occurs at the end of the window of time when unimproved 

systems were no longer acceptable to install (i.e. 7-10 year time lag after initiation of the 

environmental policy), so that capacity had to be met with improved systems. As such, a gradual 

increase in nutrient loading occurs as the various improved wastewater treatment systems are 

being brought online.  Once a sufficient portfolio of systems is installed to manage the 

population’s needs, the loading rate plateaus because the Rate of Growth Ordinance constricts 

the number of households that are being constructed each year (~30 households/year with some 

years having lower/no growth). Furthermore, considering the climate change scenario, Figure 

10a shows that the nutrient loading rate is much more dynamic, reflecting periodic increases in 

nutrient pulses that align with the occurrence of extreme events. In a similar fashion to the 

baseline scenario, when the regulation for discontinuing the installation of unimproved systems 

occurs, a sharp decline in the loading rate is observed. However, the ongoing nature of extreme 

events continues to plague the loading rate (i.e. nutrient pulses). 
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Figure 4-10: Simulation output graphs for baseline (blue) and climate change 

(orange) scenarios for (a) nutrient loading rate and (b) total nutrient loading over 

time. 

a 

b 
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Next, Figure 10b shows the values for each scenario’s simulations as they accumulate to 

produce the total nutrient loading over time. Moving from the 11th year onward, the climate 

change scenario moves away from the baseline value. The difference between the two 

simulations highlights the fact that the baseline decision making process does not accommodate 

the unintended nutrient loading produced during extreme events. This result is due to the baseline 

decision-making process lacking any mechanism in its model structure to accommodate climate 

change and its impacts; thus, when extreme events associated with climate change are 

considered, the wastewater treatment portfolio does not adapt to and reduce the nutrient loading. 

With this, the first research question is addressed— under both normal and climate change 

conditions, the baseline decision making process does not result in a wastewater treatment 

portfolio that is effective in reducing nutrient loading.  

4.4.3 New Decision Making Structure Informed by the Impacts of Climate Change 

Consequently, structural changes are made to the baseline decision making process to 

accommodate the added loading associated with extreme events. This means that the baseline 

model simulated under climate change conditions was reformulated to bring these impacts into 

the decision making structure. The updated model incorporates impacts such as the magnitudes 

of wastewater system failures, duration and intensity of extreme weather events, event 

frequency, and the duration of the event’s impact on wastewater infrastructure. The updated 

model structure is called ExEcon (i.e. Existing Economic approach) and is illustrated in Figure 

11. The new decision making structure is simulated and improvements in the nutrient loading are 

outlined in Table 4.  
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Table 4-4: Percentages of each type of improved wastewater system within the 

portfolio, reliability, and total nutrient loading associated with the baseline model 

structure under climate change conditions and the new climate-informed decision 

making structure  

Socio-Economic 

Approach 

Centralized 

(%) 

Community 

(%) 

Onsite 

(%) 

Reliability 

(% compliant) 

Total Loading 

(lb-N) 

Baseline_CC 70.55 27.61 1.84 81.11 5,997,690 

ExEcon 80.01 18.33 1.66 77.78 5,552,950 

 

Consequently, the resulting portfolio (from ExEcon) is different from that produced by 

the baseline decision making process (Baseline_CC). The proportions are similar (i.e. centralized 

systems are the dominant treatment technology, community systems as less than half the portion 

of centralized, and onsite systems with the smallest overall portion), but the percentage of the 

service area covered by community systems decreases, with that portion being accommodated by 

centralized treatment systems. This reflects the dominance of the balancing loop associated with 

installation of centralized systems (reference Figure 7); it results in a slowing of the installation 

rate of community and onsite systems. This occurs because each region shares a portion of 

available funds; when the installation rate of centralized systems increases, the amount of total 

available funds decreases, thus limiting the financial ability to install other systems. 

Additionally, more installed systems reduce the gap that also reduces the need to install more 

improved systems. Lastly, because the impacts of extreme events are considered in the decision 

making portion of the new model structure, the loading is less than that of the baseline 

simulation (i.e. Baseline_CC) which is depicted in Figure 12. Overall, the result addresses the 

second research question by showing that the new structure of the model facilitates the 

installation of a different portfolio that effectively reduces nutrients while maintaining a high 

level of system reliability.  
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Figure 4-11: The causal loop diagram (CLD) of the decision making process for wastewater infrastructure transitions in 

the Florida Keys (blue lines) which considers the impacts of extreme events (red lines) within its structure.  
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4.4.4 Sensitive Parameters in the New Decision Making Structure 

The changes in the performance measures are investigated by simulating the climate-

informed decision making structure under variable values for climate, technological, and socio-

economic parameters. Table 5 shows the baseline, minimum, and maximum values for the 

parameters involved in the sensitivity analysis. Because the UK and LK employ the same costing 

paradigm (i.e. total cost or TC), the behavior from only one of the regions will be described as a 

representative standard produced from the TC approach. Alternatively, when it is helpful for 

explaining the model’s behavior, the MK will also be discussed due to its use of an alternative 

costing approach (i.e. total annualized equivalent cost or TAEC) during decision making.  Figure 

13 and Figure 14 represent the normalized effect (i.e. degree of change) to the nutrient loading 

and reliability, respectively, when each parameter is altered (i.e. -60% to +60% of baseline 

Figure 4-12: Simulation output graphs of total nutrient loading over time for 

the baseline structure under climate change conditions (orange, Baseline_CC) 

and the new, climate-informed decision making structure (grey, ExEcon). 
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values; Table 5). The more sensitive parameters are discussed, and those with unique inter-

regional dynamics (i.e. LK and UK in comparison to MK) are discussed in detail. 

 

Table 4-5: Parameter baseline, minimum, and maximum values for sensitivity analysis. 

Parameter Name 

Shorthand 

Name 

Baseline Value, 

Units 

Minimum 

Value  

(-60%) 

Maximum 

Value 

(+60%) 

Influent nutrient 

concentration for domestic 

wastewater Concentration 40 mg/L 16 64 

Duration of extreme event 

impact to wastewater 

systems Duration 0.32877 year-1 0.131508 0.526032 

Magnitude of wastewater 

system failure Failure 

80% (centralized), 

60% (community) 20%, 20% 

100%, 

100% 

Equivalent Dwelling Unit 

(EDU) flow rate Flow Rate 145 gal*(EDU*d)-1 58 232 

Intervals between extreme 

events Intervals 7 years ~3 ~11 

Land cost factor for 

centralized system 

footprint LCF 20% 8% 32% 
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Figure 4-13: Output graph for sensitivity analysis of influent domestic wastewater concentration, duration of extreme 

events impact to treatment systems, magnitude of wastewater system failure, wastewater flow rate, intervals between 

extreme events, and land cost factor (LCF) impacts on nutrient loading. 
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Figure 4-14: Output graph for sensitivity analysis of influent domestic wastewater concentration, duration of extreme 

events to treatment systems, magnitude of wastewater system failure, wastewater flow rate, intervals between extreme 

events, and land cost factor (LCF) impacts on reliability. 
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Overall, for the nutrient loading performance measure, the most sensitive parameters are 

influent domestic wastewater concentration and wastewater flow rate. The span of change across 

the sensitivity analysis is the same for both, -60% to ~60% change in loading. In comparison, the 

remaining factors have relatively low sensitivity values (i.e. < 20% change to loading); the order 

from highest to lowest is extreme event intervals, followed by the magnitude of failure, duration 

of the extreme events’ impact to wastewater systems, and, finally, the LCF. 

Furthermore, the most sensitive parameter to reliability is the influent domestic 

wastewater concentration (i.e. spanning ~16% to ~-21% of change in reliability). Next, is the 

interval between extreme events, the duration of extreme events’ impact to wastewater 

infrastructure, and LCF. The remaining parameters, wastewater flow rate and magnitude of 

failure of wastewater systems, are the least sensitive when considering the reliability 

performance measure. 

4.4.4.1 Influent Nutrient Concentration for Domestic Wastewater 

As the influent nutrient concentration for domestic wastewater increases, the effluent 

nutrient loading increases consequently. Nutrient loading is calculated as a function of the flow 

rate, the concentration of wastewater, and the system’s treatment efficiency. As such, when the 

concentration increases and the other parameters remain the same, the degree of change (i.e. 

normalized by baseline value) increases across simulation scenarios. In contrast, the reliability 

performance measure decreases as the concentration increases. Because reliability is dependent 

upon the treatment system’s efficiency (i.e. percent reduction of the nutrient concentration of 

wastewater), when a higher concentration enters the system, the overall performance will 

decrease unless the level of efficiency increases. 
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4.4.4.2 Duration of Extreme Event Impact to Wastewater Systems 

The duration of an extreme event’s impact to wastewater treatment efficiency is used to 

estimate the restoration cost. The restoration cost is a function of the total capital cost, the 

frequency of an extreme event, and its duration. As the duration of the extreme event increases, 

the portion of the total capital cost that is estimated for repairs becomes larger (i.e. progresses 

towards the price of a complete replacement). Other studies have also used this relationship as a 

generic means for estimating restoration costs for buildings and assets after extreme events 

(World Bank).  

Figure 15 depicts the loading (a) and reliability (b) performance measures for the entire 

Florida Keys region and the individual areas (i.e. LK, MK, UK). In both Figure 15a and Figure 

15b the behavior of the MK is the region that domonantes the overall ouput for the performance 

measures. In the MK, as the duration of extreme events increases from -60% to the baseline 

value, the TAEC decision making approach consistently yields higher restoration (Figure 16a) 

and total costs (Figure 16b) for centralized rather than community treatment systems. At the 

same time, the efficiencies for the centralized and community-scale wastewater treatment 

technologies decrease. As such, from -60% to the baseline, the MK installation rate (Figure 16c) 

and portfolio does not change (i.e. majority community rather than centralized systems).  
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When the extreme event duration increases by 30% of the baseline value, Figure 16c 

shows that the installation rates for community and centralized treatment systems switch. This 

result is rooted in the dynamics among the duration of extreme events, total costs, restoration 

Figure 4-15: The loading (a) and reliability (b) performance measures for the entire 

Florida Keys region and the individual areas (i.e. LK, MK, UK) when duration of 

extreme events is varied. 

a 

b 
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costs, and the installation rates of improved systems. Figure 16b shows the TAEC approach 

continues to assert the total cost for improved community infrastructure is less expensive than 

the centralized alternative; however, the systems’ average values begin to draw closer. This 

convergence is caused by the growing restoration cost depicted in Figure 16a. As the duration of 

impacts to the wastewater systems grows, a tipping point occurs when the duration is increased 

by 2% over the baseline value (i.e. maximum duration increases from 0.329 to 0.335 year or 4 to 

4.08 months).  From this point onward, a portion of the overall portfolio in the MK is met by 

centralized systems because the community-level restoration costs increase the total cost to a 

point greater than the available funds. At these points, the centralized infrastructure is more 

affordable in closing the wastewater gap. In particular, Figure 16d shows years during the 

decision making process when the total cost of a centralized-level system is less than the 

community-level. 
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Figure 4-16: The MK output graphs for community and centralized restoration costs (a), total project costs (b), 

installation rates (c), and total costs at the +60% over baseline simulation (d).  

a b 

c d

a 
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Consequently, since there had previously been no investment in improving the 

centralized systems in this region (i.e. an installation rate of zero from -60% to baseline; Figure 

16c), the efficiency values of the existing centralized systems are lower than that of the 

community-scale, but both values for efficiency trend downwards. When upgrades and new 

installations of centralized infrastructure occurs, Figure 17 shows that there is a direct result (i.e. 

an increase) to the treatment efficiency. Lastly, when the longest duration of extreme events is 

simulated, the same dynamics work to perpetuate the behavior previously discussed (i.e. 

centralized installation rate greater than the community installation rate). As the extreme event 

duration increases, the loading drives the need to install more improved systems, particularly 

centralized, because they are most cost effective in closing the wastewater gap. However, even 

the effect of installing a majority of centralized systems does not make the portfolio’s efficiency 

immune to the growing effects of the extreme events because a slight decrease is seen in the 

efficiency values. 

 

Figure 4-17: MK output graph for centralized and 

community treatment system efficiencies when extreme 

event duration is varied. 
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4.4.4.3 Magnitude of Wastewater System Failure  

As the percent of failure experienced during an extreme event is changed, no change 

occurs (e.g. across scenarios -60% to 60% change) to the stocks of the improved wastewater 

system portfolios. However, the increased magnitude of failure reduces the treatment efficiency 

of the installed infrastructure (reference Figure 11), and an increase in the nutrient loading is 

observed in Figure 13.  Furthermore, because an impact occurs to the treatment efficiency, there 

is also an impact to the effluent concentration. This means that as the magnitude of failure 

increases, the reliability performance measure decreases (Figure 14).    

4.4.4.4 Equivalent Dwelling Unit (EDU) Flow Rate 

The equivalent dwelling unit (EDU) flow rate proves to be one of the most sensitive 

parameters within the model, but only for nutrient loading. Figure 13 shows that the degree of 

change for loading increases throughout the sensitivity simulations from -60% to ~60%. The 

change in nutrient loading is due to the parameter’s calculation as a function of the flow rate, the 

concentration of influent domestic wastewater, and the system’s treatment efficiency. However, 

Figure 14 depicts the reliability performance measure as unaffected by the change in flow rate 

because it is not directly dependent upon this factor, but is a function of concentration and the 

system’s treatment efficiency.  

4.4.4.5 Intervals between Extreme Events  

When the intervals between extreme events is changed from the baseline, negative 

changes mean intervals become shorter and extreme events become more frequent whereas 

longer intervals mean that extreme events occur rarely. This change yields intuitive outcomes 

that are depicted in Figure 18a for loading and Figure 18b for the reliability performance 

measure. When the span of time increases between extreme events, the loading decreases and 
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plateaus while the reliability increases. However, at the last simulation period, when there are 

more than 11 years between extreme events, the reliability decreases slightly. As mentioned in 

previous sections, the wastewater portfolio informs the performance measures (i.e. oscillations). 

As such, the details for the oscillating behavior and reduction in reliability are best traced back to 

the parameter’s effect in the MK.  

In the MK, when the model is simulated with the least intervals between extreme events 

(i.e.-60% of the baseline value and extreme events occurring at ~3 year intervals), the total cost 

of the improved centralized wastewater system (inclusive of the added cost for restoration after 

extreme events) is consistently greater than the community level price. When the total cost for 

centralized technologies is compared to the cost for community systems in the LK and UK, the 

centralized systems are consistently lower in costs. As such, both the LK and UK meet the 

wastewater system gap by investing in centralized capacity and adding no community systems. 

On the other hand, the MK takes the opposite approach by investing in community-level systems 

without adding or updating the existing centralized capacity. When no investment is made in the 

centralized capacity of the MK, the system’s efficiency remains unimproved. Combining this 

fact with the high frequency of extreme weather events, greater values for nutrient loading and a 

lower reliability performance measure are observed.  

Following this simulation, as the extreme event frequency decreases, so too does the cost 

of recovery for the improved centralized infrastructure. This reduced cost results in periods when 

centralized system installation is more economically advantageous than community-level 

treatment as depicted in Figure 19a. Overall, however, the community capacity continues as the 

majority system being installed. Figure 19b shows the periodic investment in centralized systems 

improves the overall treatment efficiency such that a downward trend is seen in nutrient loading 
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(Figure 19c) when there is investment in centralized infrastructure. This investment then reduces 

the number of non-compliance violations, and increases the reliability performance measure. 

This oscillation pattern in the portfolio is repeated as the model is simulated for growing 

intervals between extreme events. The trend continues that when investment is made in both 

centralized and community-level systems, the reliability performance measure increases and the 

nutrient loading decreases.  

 

 

Figure 4-18: The loading (a) and reliability (b) performance measures for the 

entire Florida Keys region and the individual areas (i.e. LK, MK, UK) when 

intervals between extreme events is varied. 

a b 
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Figure 4-19: MK output graphs for centralized and community total costs (a), installation rates (b), and total nutrient 

loading (c). 

c 

a b 
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4.4.4.6 Land Cost Factor for a Centralized System’s Footprint 

The LCF is a factor that directly impacts the cost of centralized systems. The expected 

behavior is that as this parameter increases, the cost of centralized systems grows, and the 

centralized installation rate decreases. Figure 20a shows that the total cost of centralized systems 

does grow, but its effect (i.e. from -60% through the baseline value) in Figure 20b is a stagnant 

installation rate rather than a consistent decline. Linking this behavior to the model’s structure, 

although the cost is increasing, the available funds are sufficient so the municipality’s financial 

ability to install centralized systems is not affected. Furthermore, the unchanging installation rate 

is perpetuated by an equally steady treatment efficiency which does not drive a change in the 

need to install more improved systems. These dynamics remain standard until the installation 

rate changes when the LCF is increased by 30% over the baseline value. At this point, although 

the centralized infrastructure is still more affordable for each population cluster, the increased 

price causes a delay (i.e. a longer overall period of time) in the amount of time it takes to close 

the wastewater capacity gap. As such, the additional timestep brings another population cluster 

into the planning process, increasing the overall installation rate.  

At a 60% increase, Figure 20c depicts the way the costs for improved community and 

centralized systems nearly converge. Furthermore, when taking a closer look, community 

systems are shown to be more economical than the centralized systems at some timesteps.  As 

such, the portfolio’s centralized installation rate decreases while the community installation rate 

increases. This investment in the community wastewater infrastructure—upgrading the 

efficiency of existing systems and installing new wastewater treatment—causes a decrease in the 

total nutrient loading and an increase in the reliability (Figure 13 and Figure 14). Consequently, 
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without investment in the community-level systems, the existing treatment plants remain at 

lower levels of efficiency, leaving them as likely producers of high nutrient loads.  

4.4.5 Strategy Development and Testing 

Overall, the model’s performance measures are most sensitive to the change in frequency 

of extreme events, duration of impacts to wastewater systems, flow rate, and concentration of 

domestic wastewater. As such, Table 6 lists the socio-economic, technical, and socio-technical 

strategies that facilitate the improved results for nutrient loading and reliability. Each strategy set 

(SE1-3, T1-3, and ST1-3) is simulated under normal climate conditions and an extreme scenario 

(i.e. shorter intervals between extreme events and longer durations of impacts to wastewater 

systems). While the SE1-3 and T1-3 strategy sets require little justification of about the changes 

to parameters in Table 6, information about the changes to parameters for ST1-3 are below: 

With no adopters of the urine diversion (UD) systems (ST1), the influent concentration 

for nutrients does not change—40 mg/L (Equation 1).  

50% population = non adopters = [TN]in = 40 mg/L                               (1) 

However, if 50% of the population adopts this niche technology (ST2), then that portion of the 

population’s nutrient concentration reduces to 8 mg/L by Equation2. 

50% population = urine diversion adopters = [TN]UD = [TN]in – [TN]in*EUD = 8 mg/L (2) 

where EUD is the efficiency of UD technologies for removing the vast majority (i.e. 80%) of the 

nutrients from the influent wastewater stream. Next, to determine the total average influent 

nutrient concentration for domestic wastewater when 50% of the population adopts UD 

technologies, an average is taken of the influent concentrations for the whole population to yield 

24 mg/L TN. Lastly, for ST3, when 100% of the population adopts UD systems, the influent 

concentration is reduced to 8 mg/L TN (apply Equation 2 to the whole population).
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Figure 4-20: MK output graphs for centralized and community total costs (a), installation rates (b), and total cost at the 

60% simulation (c). 

c 

a b 
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Table 4-6: Strategies, types, parameters being influenced, and details of factors being changed for each strategy. 

Strategy Type Parameters Influenced Strategy Name and Details 

Vary socio-economic 

decision making 

approach  Socio-economic 

  SE1 SE2 SE3 

Decision Making Approach for 

Determining Cost Baseline  TAEC TC 

Change community 

technology to 

membrane bioreactor 

and incentivize more 

community-level and 

onsite investment  Technical 

  T1 T2 T3 

Community System Capital Cost  

MBR MBR MBR Community System O&M cost  

Land Cost Factor for Centralized 

Footprint (% Capital Cost) 20 40 60 

Modify influent 

concentration with 

niche technology and 

varying levels of 

behavior change Socio-technical 

  ST1 ST2 ST3 

Influent Nutrient Concentration for 

Domestic Wastewater  

(% Population Coverage, 

Concentration) 

0%, 

40 mg/L 

50%, 

24 mg/L  

100%, 

8 mg/L  
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4.4.5.1 Socio-Economic Decision Making Approaches (SE1 - SE3) 

The purpose of this strategy is to determine whether another socio-economic decision 

making approach elucidates changes to the wastewater portfolio that improve the performance 

measures. Table 7 provides details about the ways the costing approaches are used by decision 

makers to economically distinguish between the different scales of wastewater options prior to 

installation. The ExEcon approach is the heterogeneous blend of TC for the LK and UK regions 

and TAEC within the MK portion. This is the approach that is currently practiced within Monroe 

County. On the other hand, in both the TC and TAEC simulations, the costing method is applied 

consistently throughout the sub-regions.  

Table 4-7: The socio-economic decision making approaches used by regional authorities 

to distinguish between the types of improved wastewater infrastructure to install. 

Socio-Economic 

Decision Making 

Approach 

Strategy 

Name Details:  

Existing 

Economics 

(ExEcon) SE1 

Represents the existing mechanism for decision making. 

Blends both economic approaches and adds a population 

restriction (i.e. assumes that 2-4% of the population demand 

is out of the utility’s footprint and diverts that portion to 

onsite systems). Specifically, TC is employed in the LK and 

UK; TAEC is used in the MK. 

Total Annualized 

Equivalent Cost 

(TAEC) SE2 

Considers the lifecycle cost (capital, O&M, fees for 

violating water quality standards, and expenses during 

system failure/recovery) when assessing preference between 

technologies. 

Total Cost (TC) SE3 

Uses the total price of the investment (capital cost and one-

time value for O&M) as the main factor guiding decision 

making. 

 

When the SD model is simulated under baseline frequency and duration of extreme 

events the reliability, from highest to lowest percentage, is TAEC, ExEcon, and TC. 

Additionally, when the socio-economic approaches are ordered by nutrient loading, the highest 
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to lowest outputs are TAEC, ExEcon, and TC. At the baseline climate scenario, a tradeoff occurs 

because the portfolio with the best reliability is the most expensive whereas the most affordable 

which produces the best nutrient loading has the poorest value for reliability.  

Table 8 shows the resulting percentages of the improved wastewater systems installed in 

the portfolio. The TAEC approach produces the highest overall reliability; the majority of the 

installed infrastructure is centralized which has the highest efficiency during normal climate 

scenarios (i.e. low duration and frequency of extreme events). Another factor attributing to the 

high reliability is that this scenario produced investment in community treatment systems, 

upgrading their levels of efficiency. Under increasingly frequent extreme events, the community-

level systems have higher reliability (i.e. lower levels of system failure) than the centralized 

systems. Next, the ExEcon scenario yielded a majority of the portfolio, approximately 80% as 

centralized, while 18% and ~2% of the remaining portion is community-level and onsite 

systems, respectively. Finally, in the TC scenario (S3), the wastewater portfolio is ~98% 

centralized and 2% community -scale treatment systems. Unfortunately, this combination 

produces a poor value for reliability, but an improved value for the loading performance 

measure. This result is attributed to the fact that the costing approach produced a portfolio that 

invested mostly in centralized infrastructure improvements, but no community systems. As such, 

the benefits of improved centralized treatment efficiency is realized in the loading, but are not 

greater due to the inefficiency of the existing, un-upgraded community systems.  

Next, shifting to the results from the extreme climate scenario, the order of the reliability 

performance measure is the same— TAEC, ExEcon, and TC. On the other hand, the order of 

nutrient loading, from highest to lowest output, is TAEC, TC, and ExEcon. Similar portfolios are 

produced by the dynamics of the costing function. However the TAEC scenario, under increased 
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duration and frequency of extreme events, tends more towards a centralized treatment approach. 

As such, the portfolio that has the best value for reliability (i.e. TAEC) is the most expensive and 

has the highest nutrient loading, whereas the lowest nutrient loading is the ExEcon approach 

which produces the second-best value for portfolio reliability.  

 

Overall, as longer durations of more frequent extreme events occur, investment must be 

made in the two larger scales of treatment systems to prevent negative impacts to both 

performance measures. This is true because reliability and loading are dependent upon the 

system’s treatment efficiency, particularly as it impacts wastewater concentration. With this, 

municipal officials can consider the tradeoffs (i.e. benefits and cost constraints) each socio-

economic approach has on the different scales of infrastructure. However, in crafting a context-

specific decision making process that balances the right amount of investments in the right scales 

of wastewater systems, the ExEcon approach is the best because it produces good reliability and 

lowest nutrient loading under extreme conditions. 

Table 4-8: Results to the treatment portfolio and change to performance measures (in 

comparison with Baseline_CC scenario) from simulating strategies S1 – S3 under baseline 

and extreme climate conditions. 

Strategy Simulation 

Centralized 

(%) 

Community 

(%) 

Onsite 

(%) 

Reliability 

(% change 

from 

Baseline_CC) 

Nutrient 

Loading  

(% change 

from 

Baseline_CC ) 

Baseline_CC 70.55 27.61 1.84 0.00 0.00 

SE1: Baseline 80.01 18.33 1.66 -4.11 -7.42 

SE1: Extreme 

Duration, Frequency 87.36 10.94 1.69 -7.19 30.38 

SE2: TAEC 51.44 48.30 0.26 -2.74 6.16 

SE2: Extreme 

Duration, Frequency 67.17 32.58 0.25 -3.77 35.43 

SE3: TC 97.73 2.04 0.23 -5.82 -11.81 

SE3: Extreme 

Duration, Frequency 97.73 2.04 0.23 -13.35 34.59 
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4.4.5.2 Technology and Economic Policy Implications (T1 – T3)  

This strategy combines an alternative community-scale technology and an economic 

policy to facilitate improvements to the system’s performance measures. Particularly, (1) the 

portion of EDUs assumed to be outside the centralized footprint was removed to allow for more 

equitable competition among all the wastewater options, and (2) the land cost factor (LCF) was 

adjusted. The LCF is an economic lever that is employed to help level the playing field when 

making decisions between centralized and community systems. Oftentimes the economies of 

scale apply when comparing these two scales of wastewater technologies (i.e. larger, centralized 

systems are more economical than the smaller, community-level or onsite systems). As such, 

officials (i.e. Monroe County Wastewater Master Planning Committee) created this parameter by 

assigning a percentage that is multiplied by the capital cost of the centralized infrastructure to act 

as a proxy for the centralized system’s land cost. The result is an estimated value for the 

centralized system’s large footprint which is then added to the centralized system’s total cost and 

used for comparison with a community-level technology (CH2MHILL, 2000). In the strategy, 

the land cost factor is simulated at its baseline, double, and triple its value (i.e. 20%, 40%, 60%).   

The purpose of the economic policy’s adjustment of the LCF is to facilitate a financially 

feasible environment for more installations of a niche technology – membrane bioreactor (MBR) 

– at the community-level. This strategy represents a structural change (i.e. changing a property of 

the system) whose aim is to improve the system’s performance (i.e. outputs). In this case, the 

strategy promotes installation of a technology whose resource requirements (i.e. electricity, 

chemicals, treatment plant operators) are different than that of the centralized systems. The 

properties of this alternative wastewater system represent a “safe-fail” design (i.e. lowering the 

level or duration of failure, especially during extreme events) rather than the “fail-safe” approach 
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(i.e. avoiding any level or duration of failure throughout the technology’s design life) that is 

characteristic of larger, centralized systems (Butler et al., 2014; Butler et al., 2017; Francis and 

Bekera, 2014). As such, in anticipation of more frequent extreme events that threaten longer 

durations of impact to wastewater treatment systems, this alternative community-level system 

(i.e. membrane bioreactor – MBR ) contributes a greater level of operational flexibility and is 

more adaptive to sporadic flows and periods of failure than the centralized systems which require 

more resources and time to rebound after failure (Molinos-Senante et al., 2012). Consequently, 

the expected benefit of an economic policy (i.e. property change) that facilitates more 

installations of MBRs is to influence improvements in the system’s performance measures.  

Table 9 shows the resulting percentages of each type of wastewater system installed in 

the portfolio and the performance measures (in comparison to the Baseline_CC scenario) for 

strategies T1 – T3 under baseline (B) and extreme climate conditions (Ext). When the strategies 

are simulated under baseline conditions, the portfolio is dominated by centralized systems, with 

the next largest portion as onsite, and the remaining are community-level MBRs. As the LCF is 

increased from T1-T2, the distribution of each type of wastewater system does not change 

significantly, nor does the loading performance measure. However, the reliability increases from 

T1 to T2 due to the investment that was directed towards each scale of wastewater treatment 

system, ensuring that all systems are enhanced from a baseline to an improved efficiency. Now, 

consider T2 to T3, where the reliability decreases because the portfolio is shifted towards a larger 

portion of community and onsite systems. When the economic policy is increased, it 

disincentivizes the installation of centralized systems (i.e. via increasing LCF) by causing them 

to be less affordable, thus providing an opportunity for MBRs to be more broadly adopted. 

Consequently, under baseline climate conditions the strategy shows that it is effective at 
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increasing the installation rate for MBRs and decreasing for the centralized systems. However, 

the efficiency improvement in the new community-level technology is large enough to 

counteract the efficiency of the centralized systems during baseline climate conditions.  

Next, for the extreme climate condition, the distribution of systems within the portfolio 

are similar to the baseline simulation, but the minor differences influence new trends in the 

performance measures. In T1 to T2, the reliability and loading performance measures abide by a 

pattern consistent with the previously discussed baseline—increase in reliability and fairly 

constant nutrient loading. However, from T2 to T3, the reliability further increases and the 

loading slightly decreases. These results represent a strategy (i.e. T3 simulation) that produces a 

portfolio that, under extreme climate conditions, operationalizes a “safe-fail” design. 

Specifically, as the frequency of extreme events and the duration of impacts to wastewater 

systems increase, this portfolio is more frequently reliable (i.e. producing compliant effluent 

wastewater quality measures) and reduces nutrient loading more efficiently than the portfolios 

produced by strategies T1 and T2.  

On the whole, when a niche technology is determined to be a suitable candidate for 

installation as a means to enhance the “safe-fail” approach to planning a region’s wastewater 

portfolio, decision makers can use this two-fold strategy (i.e. new technology alternative and 

adjustment to LCF) to effectively orchestrate investment in multiple infrastructures to 

accomplish their goal (i.e. lower loading and higher reliability). By lowering the economic 

distinction between centralized and community-level systems, the policy initiates opportunities 

for municipalities to divert funds that may have traditionally gone towards centralized systems to 

community-level improvements and installation thus pursuing a pluralistic, diversified approach 

to wastewater treatment.  
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Geels and Schot (2007) explain that these approaches to changing internal (i.e. 

endogenous) factors within the system structure are used to either directly influence new rules or 

behavior by actors or indirectly influence institutional rules by changing market preferences. For 

instance, the strategy in this case study indirectly, through an evolution in the LCF costing 

mechanism, reformulated the economic environment to increase installations of the MBRs.  On 

the other hand, Weirich et al. (2015) exemplified change to endogenous dynamics that directly 

affects operators’ actions at a wastewater treatment facility. Specifically, Weirich et al. (2015) 

developed a predictive model using the properties of a secondary wastewater treatment system 

(i.e. average flow rate and capacity utilization), to predict the frequency and length of successive 

monthly non-compliance violations (i.e. performance). The resulting tool assisted decision 

makers in linking wastewater system properties to its performance in order to increase the 

resources being allocated towards different planning scenarios and strategies for expansions (i.e. 

different population densities or configurations affecting effluent water quality), thus preventing 

surface water impairments (Weirich et al., 2015).   

Table 4-9: Summary table of portfolio percentages and performance measures (in 

comparison with Baseline_CC scenario) for strategies T1 -T3 under baseline and extreme 

climate conditions. 

Strategy 

Centralized 

(%) 

Community 

(%) 

Onsite 

(%) 

Reliability 

(% change 

from 

Baseline_CC)  

Nutrient 

Loading  

(% change 

from 

Baseline_CC) 

Baseline_CC 70.55 27.61 1.84 0.00 0.00 

T1:Baseline 79.02 2.18 18.81 -19.52 -13.93 

T1:Extreme Duration, 

Frequency 79.02 2.18 18.81 -27.05 25.14 

T2:Baseline 74.94 2.78 22.28 2.39 -13.42 

T2:Extreme Duration, 

Frequency 74.94 2.78 22.28 -6.84 25.27 

T3:Baseline 54.35 23.36 22.29 -4.45 13.76 

T3:Extreme Duration, 

Frequency 60.01 17.24 22.74 -3.08 23.91 
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4.4.5.3 Socio-Technological Approach (ST1-ST3)  

 This strategy attempts to address one of the most sensitive variables within the SD model 

with an approach that ambitiously blends behavior change and adoption of a niche technology—

urine diversion (UD) systems. Because urine represents a small portion of the influent volume of 

wastewater (~1%), when this strategy is simulated, the flow rate that is diverted does not impact 

the overall flow rate. Instead, it is the influent wastewater concentration that is reduced. In 

wastewater, the overall concentration for TN is approximately 50 mg/L TN, where 80% is found 

in the urine (Wilsenach and van Loosdrecht, 2006). 

Three different situations were considered to represent progressively better diffusion 

scenarios of the UD technology—0%, 50%, and 100% adoption of UD systems. These 

proportions of the population and the percent reduction that UD systems make to the influent 

nutrient concentration of domestic wastewater (i.e. 80% reduction) were used to calculate the 

average concentrations for the three scenarios.  

Figure 21 shows each strategy under baseline (B) or extreme climate conditions (Ext) as 

it impacts the reliability (i.e. left vertical axis) and nutrient loading (i.e. right vertical axis). 

Across each of the scenarios, under normal climate conditions, there was no impact to the 

treatment portfolio, but improvements were observed for the performance measures. The spread 

of impact to the reliability performance measure stretches from 77.78% at the ST1, to 88.89% at 

ST2, to 99.17% at ST3. Furthermore, the loading decreases from 5,552,950 lb-N at ST1 to 

1,110,610 lb-N at ST3. On the other hand, when the socio-technical strategies are simulated 

under extreme climate conditions, intuitively, the reliability values are lower—75.28%, 85.83%, 

and 96.67% from ST1-ST3, respectively. In the same way, the nutrient loading also follows the 

same trend as the previous simulation, but with less effective results 7,819,920 lb-N at ST1 to 
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1,564,020 lb-N at ST3. Overall, the magnitude of the positive results from this strategy, 

especially those influencing nutrient loading, can be used to motivate decision makers to pursue 

ambitious socio-technical approaches that pair both individual behavior change with 

institutional, policy-level efforts.  

 This strategy asserts the multi-level approach previously mentioned in Section 3.1 by 

coupling bottom-up (i.e. behaviors at the niche-level) and top-down (i.e. policies at the landscape 

level) efforts to drive socio-technical transitions. McConville et al. (2017) also consider this 

approach in a study that assesses the status of source separation technologies (i.e. urine diversion 

systems among other technologies) by underscoring specific mechanisms that act to leverage and 

block a broad-sweeping transition to these systems in Sweden. While McConville et al. (2017) 

concludes that a significant amount of work must still be done at both the niche (i.e. dispelling 

false perceptions of risk, building knowledge through education and communication networks to 

change behavior) and landscape levels (i.e. market analysis increasing economic feasibility of 

recovered resources and standardizing guidelines for agricultural application) to remove the 

barriers for widespread transition to resource recovery technologies, the researchers assert an 

optimism in achieving such a goal. The optimism stems from an understanding that a coupled 

approach is the necessary means by which the dynamic factors in the system—the global nutrient 

management challenge, source separation innovations being developed by researchers, and 

entrepreneurial efforts to market these technologies— can usher in this niche technology into the 

broader wastewater regime. As such, a similar perspective could hold true for Monroe County if 

decision makers would consider these top-down and bottom-up, climate informed strategies as 

they plan wastewater transitions. However, limitations do exist for decision makers such as the 

time and resources necessary for collecting and processing data to formulate dynamic, climate-
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informed approaches. This limitation and its resource demands can be reframed and used to 

justify the development of partnerships between municipalities, interdisciplinary teams of 

university researchers, and community stakeholders to develop the context-specific models and 

strategies. 

 

4.5 Conclusion 

This study constructed a causal-descriptive SD model of Monroe County’s decision 

making process to develop strategies to determine an appropriate portfolio that improves the 

system’s performance for nutrient loading and treatment reliability (i.e. meeting regulated 

effluent wastewater concentrations). A multi-level perspective of socio-technical transitions was 

adapted to the context of the Florida Keys to develop the SD model. The model’s parameters 

were populated with site-specific information from a review of state-level data, government 

Figure 4-21: Output graphs of the reliability (i.e. left vertical axis) and 

nutrient loading (i.e. right vertical axis) from the socio-technical strategies 

(ST1-ST3) when simulated under baseline (B) or extreme climate 

conditions (Ext). 
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documents, engineering reports, and public records from Monroe County. The model was then 

simulated uunder normal and climate change conditions (i.e. more frequent extreme events). The 

baseline decision-making process resulted in a wastewater treatment portfolio that seemed 

effective in reducing nutrient loading. However, the baseline structure did not account for the 

impacts to the wastewater infrastructure that occurs during extreme events and reduce the 

performance measures. As such, when climate change (i.e. variable frequency and duration of 

extreme events) and its impacts (i.e. variable magnitudes of wastewater system failure) were 

incorporated into the decision making structure, the wastewater infrastructure portfolio and 

performance (i.e. nutrient loading, reliability) changed.  A sensitivity analysis was performed to 

determine the most sensitive parameters within the model—duration and intervals between 

extreme events, flow rate, and influent nutrient concentration of domestic wastewater. These 

parameters were then used to develop strategies. The strategies were leverage points within the 

model that municipal officials could use to facilitate the transition to an improved wastewater 

treatment portfolio. The strategies represented socio-economic decision making, technology and 

economic policies, and a socio-technical behavior change approaches. The best impacts to the 

performance measures were the socio-technical strategy (i.e. implementing urine diversion 

technologies that reduce the influent wastewater concentration) which influenced the most 

change to the nutrient loading and the technology and economic policy (i.e. using LCF to 

disincentivize centralized investment and changing the community-level treatment to a 

membrane bioreactor) which improved the reliability performance measure. While these 

strategies are determined to be effective, the model is limited in its breadth of data and depth of 

focus on the power structures (i.e. landscape, regime, and niche levels) that facilitate or block 

their implementation.  Wright and Reinhold (2011) describe a means for analyzing large-scale 
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power structures and processes of transformation called “studying through”. This process takes a 

systemic perspective to mapping and understanding the non-linear changes in a certain concept, 

in the case of this study wastewater transitions that occur over time. The study through 

methodology involves interactions with various players and institutions to understand the 

dynamic influences from a broad swath of individuals and the effects of their decision making. 

Such an approach would be useful in translating these strategies from theory to realistic 

application so that the study can be more broadly adapted to other coastal communities to enable 

decision makers to engage in effective and efficient wastewater technology transitions. 
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CHAPTER 5: COMBINING MODEL STRUCTURES TO TRANSFORM THE 

WASTEWATER REGIME 

 

5.1 Introduction 

Globally, coastal regions are home to approximately 40% of the world’s population, and 

are projected to rapidly increase during the next half century (Wilson and Fischetti, 2010; 

Neumann et al., 2015). Many of these communities rely upon the health of their coastal 

ecosystems for recreation, tourism, cultural heritage, food, and environmental protection from 

storm surges (Corcoran et al., 2010). To protect community members and marine resources, 

wastewater infrastructure is used to collect and treat effluent flows from coastal areas. These 

wastewater flows are sources of nutrients, such as nitrogen, which can lead to eutrophication, 

algal blooms, and poor water quality (i.e. low dissolved oxygen (DO), high turbidity) (Chislock 

et al., 2013).  Furthermore, when population densities grow, when wastewater systems are out of 

date (i.e. inefficient in treating wastewater), undersized, or inappropriate for coastal settings, or 

when impacts from climate change cause treatment failures, nutrient-related burdens to 

wastewater infrastructure are intensified (Luh et al., 2017). As a result, transitions that improve 

existing technologies or adoption of innovative treatment systems must occur. Consequently, 

decision makers, whether at the household, municipal, state, or national level, must determine 

effective (i.e. cost and level of treatment) and context-appropriate wastewater treatment options 

to manage the nutrient impacts to valuable coastal resources.  
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The decision making process for wastewater technology adoption and transitions, is both 

complex and dynamic (Roomratanapun, 2001; Geels and Kemp, 2007; Walker et al., 2012; 

Kiparsky et al., 2016; Mihelcic et al., 2017; Prouty et al., 2017; Prouty et al., 2018). There are 

multiple levels of decision makers, various scales of wastewater treatment technologies (i.e. 

decentralized, community-scale systems, or centralized wastewater treatment facilities), and site-

specific incentives, policies, and constraints that shape the setting into which the infrastructure is 

installed (CH2MHILL, 2001; Geels and Kemp, 2007). Various methods have been used to both 

qualitatively and quantitatively to understand and evaluate decision making.  Some qualitative 

approaches include the multi-level perspective (MLP) framework and stakeholder analysis which 

parse out the differences in power and agency among decision makers within a specified system 

(Geels and Kemp, 2007; Prell et al., 2009; Reed et al., 2009).  Quantitative approaches include 

the system dynamics (SD) method which considers the causal relationships and feedbacks 

between factors within a decision making process to develop strategies to improve the system’s 

performance or statistical tests (i.e. t-tests or root mean squared errors (RMSE)) which produce 

scores to show the differences between implementing various decisions (i.e. comparing baseline 

and alternative decision scenarios).  In this study, however, the MLP framework and the SD 

approach are used to understand the decision making process for installing various scales (i.e. 

onsite, community, centralized wastewater treatment) of wastewater systems.  

In particular, Chapter 3 from this dissertation has used the SD approach to consider the 

technology adoption process from a bottom-up perspective, finding that household- and/or 

community-level behavior change is paramount for adopting and sustaining onsite resource 

recovery systems. On the other hand, Chapter 4 combined the MLP and SD approaches to 

underscore the effects of top-down policies that influence the portfolios of wastewater systems 
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that effectively manage nutrients amid the increasing threats of climate variability. While the 

case studies in these two coastal communities (Chapter 3 – Belize and Chapter 4 – Florida Keys) 

have demonstrated different decision making paradigms (i.e. top-down and bottom-up) and 

employed diverse strategies (i.e. marketing, social, technical, policy, economic) for improving 

infrastructure adoption or transitions over time to manage nutrients and protect marine resources, 

there has been no comparative analysis. Consequently, the goal of this study is to critically 

review the previous models and draw out the most effective themes to inform the decision 

making process for implementing context-appropriate wastewater technologies that affect long-

term, transformative change in nutrient management.  

5.2 Context for Two Coastal Communities 

Two coastal communities represented in this study – Placencia, Belize and Florida Keys, 

Florida – are described in relevant detail to “ground” the comparisons. Such details include the 

geographical location, population information, economic background, wastewater regulatory 

settings, and the areas’ vulnerabilities to climate change. 

Placencia Village is located along the southeastern coast of Belize, Central America in 

the Stann Creek District. The village is at the southernmost tip of a peninsula that is over 12 

miles long. Broadly speaking, the area considered within Placencia’s footprint stretches south 

from the 2-mile marker to Placencia Point (at mile marker 0). The village has a total population 

of 1,753, but the model represents the residents based on the number of households which is 

nearly 300 (SIB, 2010). Conversely, the Florida Keys are a chain of islands that are much more 

densely populated and subdivided into three geographical locations—Lower, Middle, Upper 

Keys. The average household size is 2.3 people and the population for each region is 10,086 
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equivalent dwelling units (EDUs) in the Lower Keys (LK), 12,385 EDUs in the Middle Keys 

(MK), and 21,254 EDUs in the UPPER Keys (UK).  

In both locations, the largest driver of the local economy is tourism—hotels, restaurants, 

gift shops, and guided tours in the marine environment (e.g. diving, snorkeling, fishing). This 

consumer-driven market is volatile because it depends on factors that are difficult to predict such 

as the weather, water quality conditions, and consumer preferences. The fickle economic 

environment also influences local employment opportunities such that many individuals rely on 

seasonal positions and other occupations or skillsets throughout the year (Prouty et al., 2017). 

Additionally, Placencia and the Florida Keys are both experiencing rising costs for housing, 

forcing many residents to rent rather than purchase homes.  

Now shifting towards aspects that affect the wastewater infrastructure, Belize and Florida 

are dissimilar regarding the regulatory setting, namely enforcement and effluent wastewater 

quality standards.  In particular, Belize, although there are clear regulations for the decentralized 

systems, enforcement occurs very infrequently. Additionally, there are no specific nutrient 

standards for effluent wastewater streams entering into Class I waters (i.e. surface waters that are 

uniquely sensitive to biological, ecological, or human impacts – marine ecosystems with nearby 

coral reefs or mangroves) (DOE, 2009). On the other hand, the regulatory environment in the 

Florida Keys is more stringent, both regarding enforcement and the nutrient-related water quality 

standards (10 mg/L TN for systems ≤100,000 gallons per day (gpd) and 3 mg/L TN for systems 

>100,000 gpd). For instance, if a decentralized system is installed in Monroe County, the owner 

of the system is required to hire a certified contractor to develop and implement an O&M plan to 

ensure the effluent water quality standards are regularly met. Such is not the case in Belize, 

likely due to resource and personnel limitations.  
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Lastly, each of these coastal areas is vulnerable to climate change and its impacts, namely 

sea level rise, storm surge, flooding, and infrastructure damage from high winds. Furthermore, 

extreme weather events in these areas are projected to occur more frequently, with greater 

intensity, and cause longer durations of failure to wastewater systems. However, each area has 

developed climate action plans to institutionalize approaches to reduce vulnerability and build 

resilience across sectors. The goals of these plans are essentially the same – to integrate climate 

adaptation and mitigation measures into existing institutions, governance processes, and 

development planning. However, the plans are distinctly different in scope due, in part, to the 

perspectives of those constructing the documents and their long-term access to resources (i.e. 

finances, technical capacity, human resources, political will), among other things. In particular, 

the Belize Climate Action Plan (BCAP) represents a national perspective on the rationale, 

strategies, actionable steps, time frame, and expected resources (i.e. estimate cost) necessary to 

achieve the aforementioned goals. The areas encompassed in the BCAP cross a broad range of 

sectors such as agriculture, forestry, fisheries and aquaculture, coastal and marine resources, 

water resources, land use and human settlements, human health, energy, tourism, transportation, 

and solid waste. However, the plan fails to specifically consider wastewater infrastructure 

planning. On the other hand, the Monroe County Climate Action Plan (MCCAP) is more 

narrowly focused on the sub-regional (i.e. county) level.  As such, the sectors addressed in the 

MCCAP are more specific – risk identification and monitoring, policy, education and business, 

natural environment, built environment, water and wastewater, solid waste and recycling, and 

renewable energy. In the context of wastewater planning, areas recommended for projects are 

energy recovery, water efficiency, mitigation of saltwater intrusion, and prevention of leakages 

and infiltration. Even with the specificity of MCCAP’s climate-informed lens to wastewater 
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infrastructure planning, there remains a gap in decision making about infrastructure installations, 

particularly across technology scales (i.e. onsite, community, or centralized levels). Instead, the 

plan simply echoes the Monroe County Wastewater Master Plan (MCWMP) for transitioning all 

existing and unimproved wastewater systems to improved technologies.  

5.3 Analytical Methods 

 This study critically reviews the structures of the SD models, methods for model 

building, and themes of strategies used to improve the system’s behavior over time (i.e. 

performance measures). Furthermore, the model from each case study is situated within the 

context of the MLP framework to consider the relationships between the top-down and bottom-

up approaches.  

5.3.1 Structural Comparison  

5.3.1.1 Structural Components: Purpose, Theory, Factors 

The components of a model – purpose, theoretical underpinnings, and interconnected 

factors – are used as aspects for framing the comparison. When comparing model structures, it is 

important to first understand the purpose of the model and its performance measures. The 

model’s purpose is the dynamic problem that is being addressed; the performance measures are 

the key factors that represent the system’s behavior over time. Next, the factors, causal linkages, 

and feedbacks make up the model’s structure which, oftentimes, is rooted in literature-based 

theories or frameworks.  
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Figure 5-1: Map of geographical locations of case study areas – Placencia, Belize and Florida Keys, Florida. 
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5.3.1.2 Structure Situated within the Multi-Level Perspective Framework 

 The MLP framework is used to characterize the factors and dynamics at various levels – 

niche, regime, and landscape –that influence the decision making process about technologies 

within the wastewater portfolio. The landscape is the macro-level (e.g. institutional, global) 

where exogenous pressures such as culture, political will, public opinion, and population growth 

influence the dynamics within regimes and niches (Elzen et al., 2004; Geels and Kemp, 2007; 

Savacool and Hess, 2017). Regimes are the prevailing physical, social, and institutional networks 

(e.g. municipal economics, incumbent and new wastewater infrastructure, and policies) that 

interact to formulate the majority of the system’s decision making structure (Quezada et al., 

2016). Lastly, niches, represent the micro-level where technologies that are not yet in the 

mainstream market exist. Overall, the MLP is an effective approach for blending top-down and 

bottom-up perspectives.  

5.3.2 Methodological Comparison 

Table 5-1 describes the type, source, and method of collecting site-specific data from 

Belize and the Florida Keys. The comparison describes the level of detail used to contextualize 

the model based upon each geographical location.  

5.3.3 Behavioral and Strategy Comparison 

Finally, because an SD model’s structure governs the system’s behavior (Sterman, 2000; 

Stave, 2003), the structures will be compared and linked to the simulated behavior over time. 

When the model is simulated, the behavior is depicted as changes in the performance measures 

(along the y-axis) over time (across the x-axis). Furthermore, the SD models’ strategies are 

implemented to improve the performance measures; they will be considered based upon their 
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themes, the specific parameters they influence (i.e. leverage points), and their effectiveness at 

improving the performance measures. 

Table 5-1: Types, sources, and methods of data collection for Belize and the Florida 

Keys 

Type Source Method 

Location 

Belize 

Florida 

Keys 

Social Science 

Community-based 

survey 

Kobo digital tool; 

relevant questions in 

Appendix B X  

Social Science 

Semi-structured 

interview 

Interview guide; 

Appendix B X  
Social Science Participant observation Daily, weekly field notes X  

Measured Water quality analysis 

standard analytical 

methods for biochemical 

oxygen demand (BOD) 

and total suspended 

solids (TSS) X  

Simulated Mass balance model 

Steady-state, physio-

chemical modeling X  

Literature 

Local, state, national-

level government 

documents and policies, 

academic journals, 

engineering reports, 

public records Online database search X X 

 

5.4 Results and Discussion 

5.4.1 Structure of Placencia, Belize and Florida Keys, Florida Models 

5.4.1.1 Purpose 

The purpose of the Belize model is to improve the adoption and sustainability of 

wastewater-based resource recovery (RR) technologies through identification and use of 

technology implementation strategies. The strategies influence growth in the performance 

measures – stocks of adopted and sustained RR systems. On the other hand, the purpose for the 

Florida Keys’ model is to anticipate the impacts of climate change within the decision making 

process about wastewater infrastructure transitions to determine approaches for implementing a 
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portfolio (i.e. combination of centralized, community, and onsite systems) that improves nutrient 

loading and reliability (i.e. the performance measures). In the case study of the Florida Keys’, the 

performance measures show improvement when one value increases (reliability) and the other 

decreases (nutrient loading). The broader purpose for each of these models is to provide decision 

makers, whether at the landscape, regime, or niche level, with a tool (i.e. a model representing 

their decision making structure) to consider the dynamics of their wastewater adoption or 

transition scenario to test possible solutions (i.e. strategies).   

5.4.1.2 Theories’ and Frameworks’ Influence on the Model Structures 

 In the Belize case study, the Theory of Diffusion of Innovations is used to develop the 

SD model of the adoption process (Rogers, 2003). First, its sequential structure – awareness, 

persuasion, adoption, confirmation – reflects individuals’ transitions from an initial knowledge 

about the RR system through the final phase where adopters demonstrate behaviors of sustaining 

the wastewater technology. Next, Rogers’ (2003) generic structure for the adoption rate was 

adapted by using some of its influential factors (i.e. word of mouth, advertising) along with other 

site-specific parameters determined using social science field methods. Additionally, the 

persuasion rate was formulated by adapting the concept of behavioral intentions from the Theory 

of Planned Behavior. In this portion of the model, stakeholder power and stakeholder attitudes 

influence the rate by which individuals move from an awareness of RR systems to being 

persuaded to adopt the technology. Finally, the Theory of Mass Conservation informed the 

model’s representation of the RR system’s efficiency at treating nutrients based upon household 

behaviors. Overall, the theories that influenced the structure are reflective of a bottom-up, 

household- or consumer-driven approach to adoption of a niche level technology.  
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 On the other hand, the Florida Keys structure represents a top-down approach that 

emphasizes landscape level efforts to affect change in the regime. The model is built on the 

foundational frameworks of a multi-level perspective of a socio-technical transition. The MLP 

approach has previously been described, but in this model its particular focus is on the dynamics 

of transitioning wastewater systems throughout Monroe County to an improved portfolio.  

However, when the MLP was adapted to appropriately reflect the Florida Keys, the niche level 

factors were not relevant and thus removed from the SD model. However, the transition process 

involves social and technical factors within the landscape and regime levels such as the Rate of 

Growth Ordinance, updated water quality standards, federal and state funding for the wastewater 

transitions, and climate change-induced extreme events (CH2MHILL, 2000).  

5.4.2 Multi-Level Perspectives: How Do the Models Fit Together? 

The grassroots perspectives of the Belize model and the landscape and regime efforts 

from the Florida Keys model are integrated in Figure 5-2 for a holistic, top-down and bottom-up 

approach to decision making. Consider the niche level, where one of the performance measures 

from the Belize model – the stock of those who have decided to adopt RR systems – is linked to 

the influent nutrient concentration of domestic wastewater. This link shows the influence that a 

niche-level innovation, such as a urine diversion (UD) system, could have on a sensitive 

parameter like the influent nutrient concentration. Specifically, as the stock of niche technologies 

that are adopted increases, the average influent nutrient concentration decreases and the 

performance measures (i.e. reliability and nutrient loading) improve. At the same time, 

integrating these two models leverages the ability of landscape and regime level factors (i.e. 

economic policies, access to funding, or technology options) to facilitate appropriate 

circumstances for niche-level technologies to break into the broader wastewater regime.  
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Figure 5-2: The causal loop diagram (CLD) of a multi-level perspective of the socio-technical transition to an improved 

wastewater portfolio that integrates top-down and bottom-up approaches  
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5.4.3 Community-Informed Approaches vs. Historic Data and Literature Review 

When comparing the methodologies associated with each model, the differences are 

stark. The Belize model draws upon a mixed methods approach – surveys, interviews, focus 

groups – to build the SD model. The Belize model is particularly unique in that it is community-

informed and highly contextualized with first-person participant observations derived from 

experiences working alongside community groups and interdisciplinary researchers in Placencia. 

Additionally, the qualitative perspectives from community members fill a critical gap that is 

lacking in previous systems models (USAID, 2014). Shifting to consider the methods employed 

for developing and populating the Florida Keys model, a historical literature review and analysis 

of state-level data, government documents, engineering reports, and public records was 

conducted. In addition to these methods, academic journals and engineering textbooks were also 

used for developing equations, assigning ranges or initial values for parameters, and justifying 

relationships between factors within the model. Obviously, the process of contextualizing the 

Florida Keys model was more superficial than the Belize model (i.e. reading about an area rather 

than first-person experience in the location), but the amount of data and the timespan it covered 

was greater for the Florida case study than for Belize.  

5.4.4 Model Behavior and Strategies: Behavior Change at What Level? 

The strategies that were implemented in the Belize model were marketing, social, and 

technology-based approaches. Each represented a grassroots-level (niche) perspective because 

the agents of change upon which the strategies focused were individual households. However, 

the study concluded that the outcomes from these strategies influence incremental improvements 

to the adoption and sustainability performance measures. On the other hand, when the structure 

of the model was changed, demonstrating a paradigm shift or behavior change (i.e. also at the 
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niche level), transformative effects occurred to the system’s sustainability. The behavior changes 

emphasized community training on appropriately sizing RR systems, behavior change that 

improved system adopters’ or local entrepreneurs’ understanding of the value of recovered 

resources (i.e. frequent harvesting of nutrient-rich biosolids for a profit), and better wastewater 

planning and financing to avoid future economic and environmental impacts. However, the 

strategies lacked supportive policies from the landscape level and institutional influence from the 

regime, so the potential impact of the strategy (i.e. to increase RR system diffusion) is truncated 

such that the scope of change remains predominantly at the niche level without considering the 

regime or landscape level policy levers that are needed to level the playing field for transforming 

the wastewater regime. Fuenfschilling and Truffer (2016) arrived at similar findings about the 

successful breakthrough from the niche to regime levels of two different innovations that 

mitigate water scarcity in Australia. Wastewater recycling, in comparison to desalination, did not 

have the same kind of institutional supports (i.e. historic technological familiarity, lower demand 

for system reconfiguration, cost effectiveness), observed little leverage from the regime, and was 

hindered in diffusing out of the niche level. Conversely, the desalination system was highly 

influenced by regime level structures and landscape policies such that its installation was 

observed more broadly within the regime level portfolio as a long-term water source 

(Fuenfschilling and Truffer, 2016).  

Conversely, in the Florida Keys the strategies are mostly from a top-down perspective, 

driven by municipal officials with decision making power to improve the water quality 

standards, restrain the area’s environmental carrying capacity by reducing the population growth 

rate, allocate funds for updates and expansions to the existing wastewater systems, alter the 

socio-economic decision making approach, and develop an economic policy that disincentivizes 
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centralized systems to facilitate alternative community-scale technologies. However, a final 

strategy makes the most significant impact to the performance measures (i.e. reliability and 

nutrient loading) by focusing on a socio-technological plan that couples behavior change at the 

niche-level with a technological innovation (i.e. urine diversion system) to reduce the influent 

nutrient concentration of domestic wastewater. A limitation of this strategy in the current 

structure is that it assumes different amounts of nutrient reduction in the influent concentration 

based on hypothetical portions of the population adopting UD innovations; it lacks a 

consideration of the site-specific factors and dynamics that influence the adoption and sustained 

use of these technologies. Without integrating the community-informed SD model of technology 

adoption into the MLP framework, the MLP misses the contextualized bottom-up behavior 

change dynamics that are critical to actualizing long-term, sustained change in the system (i.e. 

adoption and sustained use of UD systems and breakthrough into the regime). In particular, the 

United States Agency for International Development’s (USAID) Framework for Supporting 

Sustained Development (2014) explains that, “Local people understand their situations far better 

than external actors. They will understand the ways that multiple layers of history, politics, 

interests and formal and informal rules shape the current situation and what is possible to change. 

They will have views, perhaps divergent, on the contours of a local system.” As such, the 

importance of community-based knowledge of a system cannot be undervalued when 

considering the diffusion dynamics of wastewater innovations from the niche level into the 

regime.   

5.4.5 Combining Model Structures to Transform the Wastewater Regime 

In these case studies, viable technologies exist to address the models’ goals (i.e. adoption 

and sustainability of RR systems in Belize and improved values for nutrient loading and 
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reliability in the Florida Keys), but a challenge for each scenario is the need for incorporating 

factors from multiple perspectives (i.e. niche, regime, landscape) to ensure long-term 

transformations in the wastewater regime.  Consequently, a viable path for transforming the 

wastewater decision making process is to blend the top-down and bottom-up efforts (i.e. 

pursuing an MLP socio-technical transition) that to promote suitable environments for context-

appropriate wastewater systems to be installed (i.e. of all scales – onsite, centralized, and 

community). The function of this improved wastewater portfolio is, not only, to meet regulatory 

and public health expectations, but to productively reuse resources from domestic waste streams 

and to reduce the nutrient loading to vulnerable coastal environments. Within the combined 

model structure, sensitive parameters from the community and national levels (i.e. niche, 

landscape, respectively) should be used as policy levers to facilitate broader adoption. 

For instance, in Belize, the investment in an improved niche level wastewater system is 

occurring, typically by adopters who own their own business and have ample disposable income. 

At the same time, landscape pressures (i.e. population growth constraints, water quality 

regulation and enforcement, or rules allocating funds for wastewater improvements) are not 

asserting enough emphasis on the regime to facilitate household behavior change where 

individuals see the RR systems as economically or environmentally advantageous to the existing 

regime (i.e. septic tanks). Consequently, the innovations do not break out of the niche level 

through widespread investment and installation. However, the paradigm shifting strategy in the 

Belize model emphasized the benefit to performance measures when community members were 

trained in RR system design and O&M efforts. A bottom-up information campaign (i.e. to build 

community members’ consistent resource recovery behaviors) should be coupled with landscape 

level resources (i.e. financing, technical planning information, water quality enforcement) to 
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collaboratively develop and implement a comprehensive wastewater plan for Placencia. Such 

landscape pressures may be helpful in breaking open the wastewater regime for RR systems to 

become a part of a mainstream, improved portfolio. Literature shows that similar roadblocks 

were mentioned in other studies such as McConville et al.’s (2017) work that assessed the status 

of source separation technologies (i.e. urine diversion systems among other technologies) 

making progress towards a mainstream presence in Sweden’s wastewater regime. McConville et 

al. (2017) concluded that a significant amount of work must still be done at the niche level by 

dispelling false perceptions of risk, building knowledge through education, and improving 

transparency of treatment throughout technical and informal social networks in order to see 

transformational change in the regime (McConville et al., 2017). 

On the other hand, in the Florida Keys, a sort of technology “lock in” is occurring. 

Technology lock-in or historical entrenchment occurs when the needs (i.e. wastewater treatment) 

are currently being met with little foresight, incentive, or pressure (e.g. from the landscape 

levels) to influence regime change away from the status quo (Fuenfschilling and Truffer, 2016). 

In the case of Monroe County, the technology paradigm into which the region is “locked in” is 

the widespread installation of community- and centralized-level systems (i.e. extended aeration 

and sequencing batch reactors, respectively). As such, alternative niche level technologies (i.e. 

UD systems) and advanced onsite technologies that better manage nutrients are not present 

because multiple barriers are preventing their transition into the mainstream wastewater regime. 

However, if a landscape level nutrient exchange policy (i.e. economically incentivizing Monroe 

County’s partnership with nearby agricultural markets) was coupled with the niche level socio-

technical approach that encourages urine diversion technologies and behaviors (i.e. diverting 

urine for fertilizer), then UD systems may move into the regime. McConville et al.’s study 
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(2017) explained similar landscape level barriers for UD breakthrough in Sweden which 

influenced the nutrient exchange policy. In their study, McConville et al. (2017) emphasized the 

importance for market analysis to increase the economic feasibility of recovered resources and 

standardizing guidelines for agricultural applications to institutionalize practices that ensure 

safety and mitigate risk. Furthermore, the authors consciously used the MLP approach to couple 

bottom-up (i.e. behaviors at the niche-level) and top-down (i.e. policies at the landscape level) 

efforts to drive socio-technical transitions in the wastewater regime. Hopkins et al. (2012) further 

echo the value of a coupled approach (i.e. top-down and bottom-up efforts) by explaining that 

top-down regulations are essential but should be balanced with self-regulation and engagement 

through bottom-up initiatives. Simultaneous efforts emphasizing landscape and regime level 

characteristics along with contextualized (i.e. site-specific perspectives) niche level behavior 

changes provide the greatest opportunity to facilitate long-term, transformative change in 

wastewater decision making that improves nutrient management through context-appropriate 

wastewater technologies. 

5.5 Conclusion 

Models of two coastal communities, in Belize and the Florida Keys, that consider 

adoption, sustainability, and transitions to improved wastewater technologies –advanced onsite, 

community, and centralized wastewater systems—are compared based on the structures of the 

SD models, methods for model building, and types of strategies used to improve the system’s 

behavior over time. Key principles found in each model are their dependence upon behavior 

change to facilitate transformative effects to the performance measures. For instance, the Belize 

model relies upon behavior change at the individual level such as training on appropriately sizing 

RR systems and understanding the value of recovered resources to facilitate diffusion of the 
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niche level technologies. Furthermore, behavior change was also important in the Florida Keys 

model; its influence was implied and simulated through various levels of nutrient reduction 

through the adoption of a niche UD technology. As such, this study gleaned best practices from 

each case study and proposed an integrated approach. The MLP approach was used to show the 

ways bottom-up (i.e. behaviors at the niche level) and top-down (i.e. policies or institutional 

support from the landscape level) efforts can be coupled to drive socio-technical transitions 

where niche innovations are facilitated to move into the wastewater regime.  

Simultaneous efforts in these areas will help to remove the barriers for widespread 

transition to context-appropriate technologies that manage nutrients and protect resources in 

coastal communities. These approaches are realistic for two reasons— (1) previous studies 

(Hopkins et al., 2012; McConville et al., 2017) have championed similar, combined efforts for 

wastewater regime transitions, and (2) the insights gained from previous studies are combined 

with contextualized information from Belize and the Florida Keys to develop site-specific 

grassroots efforts and policy levers. Finally, to best operationalize these simultaneous efforts, 

stakeholders from each level (i.e. niche, regime, and landscape) must be informed of the MLP 

approach to socio-technical transitions and incorporated into the process of context-appropriate 

strategy development.  
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CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE 

RESEARCH 

 

6.1 Summarizing Key Conclusions 

Adoption or transition to improved wastewater systems is particularly beneficial to 

coastal locations because these areas and the communities therein are critically linked to the 

health of the nearby aquatic ecosystems and vulnerable to threats associated with climate change.  

Decision making about technology adoption and transitions in wastewater treatment, regardless 

of the technology’s scale— onsite, community, or centralized— requires the navigation of 

complex interactions between human, engineered, and environmental systems (Roomratanapun, 

2001; Walker et al., 2012; Kiparsky et al., 2016; Mihelcic et al., 2017). Because decision making 

within a complex system is often siloed (Mihelcic et al., 2017), lacks innovation (Kiparsky et al., 

2016), and is performed using the reductionist approach (Zhang et al., 2016) this work fills the 

knowledge gap by using a systems-based approach to investigate the factors and relationships 

that influence technology adoption, sustainability, and transitions to provide decision-makers 

with tools that simulate system-level responses to strategies promoting context-appropriate 

wastewater systems. Strategies that were developed were contextualized for their study sites (i.e. 

Belize and the Florida Keys) and include socio-technical, policy, economic, and behavior change 

approaches.  Overall, the key principle from each study site was that behavior change is both 

necessary and effective in facilitating transformative impacts to the systems’ performance 

measures. Moreover, when a holistic view of the system (i.e. niche, regime, and landscape) is 
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considered and behavior change is facilitated from multiple levels, it is possible to break open 

the wastewater regime such that RR innovations can become a part of the mainstream treatment 

portfolio. 

6.1.1 Conclusions from Belize 

A system dynamics (SD) model of factors that influence the adoption and sustainability 

of wastewater-based resource recovery systems was developed for a site in Placencia, Belize. 

Therein, the study determined the most sensitive parameters were site demonstrations and tank 

options (i.e. variations in tank configurations). Strategies were developed and focused on 

bottom-up efforts such as marketing (i.e. site demonstrations) and technical (i.e. new tank 

configurations) approaches. However, the study found the most transformative impact to the 

system’s performance (i.e. adopted and sustained resource recovery systems) to be rooted in 

community behavior change (i.e. reporting the correct number of users and reclaiming 

resources). These conclusions were translated into practical applications for wastewater system 

adopters and installers. Unless adopters understand and value the economic and environmental 

benefits of recovering resources as an integral part of wastewater management, the behaviors 

they omit (i.e. routine operation and maintenance and accurate reporting of wastewater users for 

design purposes) will continue to cause frequent system failures and threats to their coastal 

environment. Additionally installers and wastewater managers can meaningfully contribute to 

transformational changes by working together to develop markets for selling recovered 

resources, expanding the services of collecting recovered resources, and developing multimedia 

tools that teach context-specific O&M practices.  
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6.1.2 Conclusions from the Florida Keys 

A causal-descriptive SD model was developed for Monroe County’s decision making 

process to develop strategies to determine an appropriate portfolio that improves nutrient loading 

and treatment reliability (i.e. meeting regulated effluent wastewater concentrations). A multi-

level perspective of socio-technical transitions was adapted to the context of the Florida Keys to 

develop the SD model. Sensitive parameters within the model – duration and intervals between 

extreme events, flow rate, and influent nutrient concentration of domestic wastewater – were 

used as leverage points to develop strategies. These strategies represented socio-economic 

decision making, technology and economic policies, and socio-technical behavior change 

approaches. This study concluded that the best impacts to the reliability and nutrient loading 

performance measures were the socio-technical strategy (i.e. implementing urine diversion 

technologies that reduce the influent wastewater concentration of nitrogen) which influenced the 

most change to the nutrient loading and the technology and economic policy (i.e. using the land 

cost factor (LCF) to disincentivize centralized investment and changing the community-level 

treatment to a membrane bioreactor) which improved the reliability performance measure. 

6.2 Summarizing Limitations and Recommendations 

6.2.1 Limitations from the Studies 

Across each of the study sites, limitations exist most notably in the access to and amount 

of data necessary for developing the models. Depending upon the scope and purpose of the SD 

model, the amount of data used for its development is limited due to resource constraints (e.g., 

time, funds, equipment). Particularly in these studies, resources were limited such that collecting 

an extensive range of various types of data (i.e. water quality, surveys, focus groups, interviews, 

historic onsite installations) was unrealistic. For instance, the water quality data for the onsite 
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resource recovery systems in Belize were not measured at each point of the treatment processes 

over time. Additionally, the time series data for onsite installations (both in Belize and in the 

Florida Keys) used for evaluating the model's behavior was limited (i.e. only 10 and 20 years, 

respectively). Furthermore, when collecting various forms of social science data, there was not a 

consistent timeframe over which each type of data was collected (i.e. surveys and semi-

structured interviews occurred over a 5 year span, whereas informal interviews occurred over 4 

months). Lastly, the breadth and depth of data focusing on the power structures (i.e. landscape, 

regime, and niche levels) that facilitate or block strategy implementation in both sites was also 

limited due, in part, to the resource constraints previously mentioned. 

6.2.2 Recommendations Based on Limitations 

Mihelcic et al. (2017) explain that engineers have historically developed solutions to 

global problems such as wastewater treatment and resource management that oftentimes meet a 

community-identified need, but result in unsustained system performance due to the exclusion of 

local stakeholders from discussions about system design, adoption, service standards, and 

ongoing governance practices. The inclusion of multiple perspectives (i.e. institutions and 

communities) was found not only to improve engineers’ understanding of the dynamics between 

the human, engineered, and environmental systems, but also projected to increase levels of 

sustainability (i.e. determined via strategy development and simulation) (Prouty et al., 2017).  

Incorporating these perspectives with system-based approaches (i.e. systems thinking, system 

dynamics modeling, community-based system dynamics modeling) serves as a fruitful 

opportunity for interdisciplinary partners (i.e. engineers, social scientists, public health 

professionals, educators) to consider the mechanisms that influence decision making processes 

about critical infrastructure (i.e. adoption, sustained use, and transitions of wastewater 
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technologies). Such interdisciplinary teams can more efficiently and effectively develop tools, 

collect information, and process data to build context-specific, dynamic models that aid in 

managing complexity and translating theoretical strategies into practice. However, for these 

interdisciplinary opportunities to come to fruition, particularly within the engineering discipline, 

the amount of resources (i.e. academic courses, field experiences, funding, research 

opportunities) and incentives (i.e. valuing interdisciplinary publications, community-engaged 

work esteemed during promotion and tenure process) for learning about and incorporating social 

science into their work must be increased. Doing so would facilitate global and domestic 

situations where those within the engineering discipline are not simply “performing” community 

engagement skills as a means to accomplish a job task, but are cultivating impactful partnerships 

to collaboratively develop sustainable solutions and long-term systemic change. 
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APPENDIX B: TABLE OF DEFINITIONS, UNITS, EQUATIONS, AND QUESTIONS INFORMING THE SYSTEM 

DYNAMICS MODEL 

Table B1: Definitions, units, equations, and questions that inform the system dynamics model. 

Factors within 

the System 

Dynamics 

Model Units Equations and Definitions 

Data Collection Method: 

Survey and/or Interview Questions 

Unaware of RR 

systems (𝑃𝑜𝑝𝑈𝑁) household 

𝑃𝑜𝑝𝑈𝑁 =    −𝐴𝑤𝑅𝐴𝑇𝐸 𝑑𝑡 

A stock comprised of the initial unaware 

population that is reduced by the Awareness 

rate (𝐴𝑤𝑅𝐴𝑇𝐸). Calculated 

Awareness rate 

(𝐴𝑤𝑅𝐴𝑇𝐸) 

household / 

time 

𝐴𝑤𝑅𝐴𝑇𝐸 = 𝐴𝑑𝑣 ×   1 − 𝐴𝑤𝐹  

A rate function that is driven by advertising 

(𝐴𝑑𝑣) and the fraction of the population 

becoming aware of RR systems (𝐴𝑤𝐹).   

Fraction 

becoming aware 

(𝐴𝑤𝐹) dimensionless 

𝐴𝑤𝐹 =  
𝑃𝑜𝑝𝐴𝑊

𝑃𝑜𝑝𝑇𝑂𝑇𝐴𝐿
 

The fraction of the total population (𝑃𝑜𝑝𝑇𝑂𝑇𝐴𝐿) 

that is aware of the RR systems.  

Aware of RR 

systems 

(𝑃𝑜𝑝𝐴𝑊) household 

𝑃𝑜𝑝𝐴𝑊 =   𝐴𝑤𝑅𝐴𝑇𝐸 − 𝑃𝑒𝑟𝑅𝐴𝑇𝐸 𝑑𝑡 

The stock of households that become aware of 

RR systems each year.  
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Table B1 (Continued) 

Advertising 

(𝐴𝑑𝑣)  

household / 

time 

𝐴𝑑𝑣 = 𝐴𝑑𝐸𝐹𝐹 × 𝐴𝑑𝐹𝑅𝐸𝑄  

The rate product of advertising effectiveness 

(𝐴𝑑𝐸𝐹𝐹) and frequency (𝐴𝑑𝐹𝑅𝐸𝑄) derived from 

interviews and participant observations. 

How did you first hear about the RR 

system? 

How often does EcoFriendly 

Solutions advertise? 

Among the following types of media, 

which have been most influential to 

you when making decisions about 

your household sewage system? 

 Television advertisements,  

 Radio advertisements, 

 Brochure, 

 Word of mouth 

 Site demonstrations, 

 Research on the internet, 

 Other. 

Behavioral 

intentions (BI) 

household / 

time 

BI = 𝑃𝑜𝑝𝐴𝑊 × 𝑆𝑃 × 𝑆𝐴 

A yearly amount of the aware population 

(𝑃𝑜𝑝𝐴𝑊) that believes RR systems are able to 

achieve a particular goal (i.e. reducing the 

impacts of nutrients to the environment or 

reducing wastewater’s impact to human 

health).  

Persuasion rate 

(𝑃𝑒𝑟𝑅𝐴𝑇𝐸)  

household / 

time 

𝑃𝑒𝑟𝑅𝐴𝑇𝐸 = 𝐵𝐼 ×  1 − 𝑃𝑒𝑟𝐹  
This is the rate function by which the aware 

population (𝑃𝑜𝑝𝐴𝑊) becomes persuaded about 

adopting RR systems. The rate is relative to 

their behavioral intentions (𝐵𝐼) and the fraction 

of the total population that has already become 

persuaded (𝑃𝑒𝑟𝐹).  
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Stakeholder 

power (𝑆𝑃)  dimensionless 

𝑆𝑃 = 0.48 
A value derived from interviews representing 

the stakeholder's assurance of possessing the 

necessary resources (i.e. information and 

power in decision-making) to achieve a desired 

outcome (i.e. adopting a wastewater 

technology). A percentage represented as a 

decimal value between zero and one. 

Have you heard about the proposed 

wastewater system? 

Who do you think makes decisions 

about the proposed wastewater 

infrastructure on the peninsula? 

 

Who do you think should be in 

charge of seeing that sewage is 

properly disposed of? 

 Community, 

 Tourism industry,  

 Individual tourists,  

 Individual community members,  

 Others 

What forms of information (has 

Belize Water Services Ltd.), if any, 

have you been provided about the 

new water and wastewater 

management system? (e.g., 

pamphlets, meetings, etc.) 

Fraction 

becoming 

persuaded 

(𝑃𝑒𝑟𝐹) dimensionless 

𝑃𝑒𝑟𝐹 =  
𝑃𝑒𝑟𝐴

𝑃𝑜𝑝𝑇𝑂𝑇𝐴𝐿
 

The fraction of the total population (𝑃𝑜𝑝𝑇𝑂𝑇𝐴𝐿) 

that has become persuaded to adopt a RR 

system.  

Persuaded about 

adopting RR 

systems (𝑃𝑒𝑟𝐴) household 

𝑃𝑒𝑟𝐴 =   𝑃𝑒𝑟𝑅𝐴𝑇𝐸 − 𝐴𝑑𝑝𝑡𝑅𝐴𝑇𝐸 𝑑𝑡 

The population of individuals that are 

positively persuaded about adopting a RR 

system.  
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Stakeholder 

attitudes (SA)  1 / time 

𝑆𝐴 = 𝑃𝐸 + 𝑃𝑅 

A value derived from interviews and survey 

data that combines stakeholders’ previous 

experiences (PE) with wastewater systems and 

previous research (PR) about RR technologies. 

How did you first hear about the RR 

system? 

Do you have any prior experience 

with RR systems? 

Among the following types of media, 

which have been most influential to 

you when making decisions about 

your household sewage system? 

 Television advertisements,  

 Radio advertisements, 

 Brochure, 

 Word of mouth 

 Site demonstrations, 

 Research on the internet, Other. 

Site 

Demonstrations 

(SiteDemo) 1 / time 

𝑆𝑖𝑡𝑒𝐷𝑒𝑚𝑜
= 𝑓 𝐷𝑒𝑚𝑜𝐹𝑅𝐸𝑄, 𝐷𝑒𝑚𝑜𝐸𝐹𝐹 , 𝐷𝑒𝑚𝑜𝐼𝑁𝑇𝐸𝑅𝑉𝐴𝐿  

A composite factor based on surveys, 

interviews, and participant observations that 

incorporates a demonstration frequency 

(𝐷𝑒𝑚𝑜𝐹𝑅𝐸𝑄), non-uniform interval between 

demonstrations (𝐷𝑒𝑚𝑜𝐼𝑁𝑇𝐸𝑅𝑉𝐴𝐿), and the 

demonstration’s effectiveness (𝐷𝑒𝑚𝑜𝐸𝐹𝐹). 

How did you first hear about the RR 

system? 

What led you to adopt this kind of 

[wastewater] system? 

Among the following types of media, 

which have been most influential to 

you when making decisions about 

your household sewage system? 

 Television advertisements,  

 Radio advertisements, 

 Brochure, 

 Word of mouth 

 Site demonstrations, 

 Research on the internet, 

 Other. 
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Relative 

Advantage (𝑅𝐴) 1 / time  

𝑅𝐴 =  𝑤1𝐸𝑛𝑣 + 𝑤2𝐸𝑐𝑜𝑛 + 𝑤3𝐻𝑒𝑎𝑙𝑡ℎ  
/𝑇𝐼𝑀𝐸𝑆𝑇𝐸𝑃 

Survey data was used to develop site-specific 

weights (𝑤1−3) applied to stakeholders’ values 

for the environmental (𝐸𝑛𝑣), economic(𝐸𝑐𝑜𝑛), 

and health (𝐻𝑒𝑎𝑙𝑡ℎ) benefits associated with 

the RR system. The economic benefits are 

reflected by the payback period (𝑃𝑃). 

Rank the following 3 things based on 

their importance to you when making 

decisions about your household 

sewage system (most valued first—

least valued third). 

 Economics, 

 Environment, 

 Health. 

Word of mouth 

(𝑊𝑂𝑀) 1 / time 

𝑊𝑂𝑀 = 𝐶𝐶 × 𝑊𝑂𝑀𝐸𝐹𝐹 × 𝐴𝑑𝐹 

The rate by which community members come 

into contact with one another to share 

information (community connectivity – 𝐶𝐶), 

the effectivness of the information being 

shared (𝑊𝑂𝑀𝐸𝐹𝐹), and the fraction of people 

who have already adopted an RR system 

(𝐴𝑑𝐹 .  

How did you first hear about the RR 

system? 

What led you to adopt this kind of 

[wastewater] system? 

Among the following types of media, 

which have been most influential to 

you when making decisions about 

your household sewage system? 

 Television advertisements,  

 Radio advertisements, 

 Brochure, 

 Word of mouth 

 Site demonstrations, 

Research on the internet, Other. 

Fraction of 

adopters  𝐴𝑑𝐹  dimensionless 

𝐴𝑑𝐹 =  
𝐷𝐴

𝑃𝑜𝑝𝑇𝑂𝑇𝐴𝐿
 

The fraction of the total population (𝑃𝑜𝑝𝑇𝑂𝑇𝐴𝐿) 

that has decided to adopt a RR systems (𝐷𝐴).  
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Stakeholder 

Learning (𝑆𝐿) 

household / 

time 

𝑆𝐿 = 𝑃𝑒𝑟𝐴 ×  𝑆𝑖𝑡𝑒𝐷𝑒𝑚𝑜 + 𝑅𝐴 + 𝑊𝑂𝑀  
The combined effect on individuals who are 

persuaded to adopt (𝑃𝑒𝑟𝐴) from onsite learning 

(SiteDemo) about RR sytems, implicit 

perception of the systems’ relative advantage 

(RA) over an alternative option, and their 

conversations with system adopters (𝑊𝑂𝑀) .   

Adoption Rate 

(𝐴𝑑𝑝𝑡𝑅𝐴𝑇𝐸) 

household / 

time 

𝐴𝑑𝑝𝑡𝑅𝐴𝑇𝐸 = 𝑆𝐿 

The rate at which individuals adopt RR 

systems based upon the stakeholder learning.  

Decided to adopt 

RR systems 

(𝐷𝐴) household 

𝐷𝐴 =    𝐴𝑑𝑝𝑡𝑅𝐴𝑇𝐸 𝑑𝑡 

The population of individuals that have 

decided to adopt RR systems (𝐷𝐴).  

User 

discrepancy 

(𝑈𝑠𝑒𝑟𝑠𝐷𝐼𝑆𝐶) person 

𝑈𝑠𝑒𝑟𝑠𝐷𝐼𝑆𝐶 = 5 
Interviews and participant observation showed 

that system adopters, on average, reduce the 

actual number of users (𝑈𝑠𝑒𝑟𝑠𝐴𝐶𝑇) by a value 

of 5 people.  

For how many people was the RR 

system designed to accommodate? 

What is the difference in price 

between the two types (i.e. small and 

large) of RR systems? 

Tank options 

(𝑇𝑘𝑂𝑝𝑡) dimensionless 

𝑇𝑘𝑂𝑝𝑡 = 2 

The number of options for tanks that comprise 

the RR systems. Interviews and participant 

observations show this value, on average, to be 

2 which, based on the reported number of users 

(𝑈𝑠𝑒𝑟𝑠𝑅𝐸𝑃), results in installation of either a 

small (1750 L) or large system (3000 L). 

How many types and what sizes 

tanks are available in Belize for 

constructing RR systems? 
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Actual number 

of users 

(𝑈𝑠𝑒𝑟𝑠𝐴𝐶𝑇) person 

𝑈𝑠𝑒𝑟𝑠 = 𝑅𝐴𝑁𝐷𝑂𝑀 𝑁𝑂𝑅𝑀𝐴𝐿  5, 30, 9  

A random normal distribution reflects the 

minimum, maximum, and seed values used to 

represent the actual number of users of RR 

systems known, in truth, only to the system 

adopters. Interviews and participant 

observations confirm that RR systems were 

typically designed based on the reported users 

(𝑈𝑠𝑒𝑟𝑠𝑅𝐸𝑃) rather than the actual number of 

users (𝑈𝑠𝑒𝑟𝑠𝐴𝐶𝑇) because system adopters 

wanted to save money. 

Typically, how many people use the 

RR system? 

What is the difference in price 

between the two types (i.e. small and 

large) of RR systems? 

Reported users 

(𝑈𝑠𝑒𝑟𝑠𝑅𝐸𝑃)  person 

𝑈𝑠𝑒𝑟𝑠𝑅𝐸𝑃 = 𝑈𝑠𝑒𝑟𝑠𝐴𝐶𝑇 − 𝑈𝑠𝑒𝑟𝑠𝐷𝐼𝑆𝐶 

Interviews with system installers/adopters and 

participant observation reveal this value as the 

self-reported number that system adopters gave 

to installers. This value was then used by 

installers to determine the RR system’s design 

scale (𝐷𝑠𝑛𝑆𝑐𝑙 . Oftentimes the number was 

smaller, by some discrepancy (𝑈𝑠𝑒𝑟𝑠𝐷𝐼𝑆𝐶), 

than the actual number of users (𝑈𝑠𝑒𝑟𝑠𝐴𝐶𝑇). 

Typically, how many people use the 

RR system? 

For how many people was the RR 

system designed to accommodate?  

Do you think if your household or 

business grew that you'd be able to 

alter the size/capacity of the system 

to fit your new needs? 

Design scale of 

RR system 

(𝐷𝑠𝑛𝑆𝑐𝑙   
liters / 

household  

𝐷𝑠𝑛𝑆𝑐𝑙 = 𝑓 𝑈𝑠𝑒𝑟𝑠𝑅𝐸𝑃, 𝑇𝑘𝑂𝑝𝑡  
This function represents the average volume of 

an RR system per household (assuming only 

one system per household) based upon the 

reported number of users (𝑈𝑠𝑒𝑟𝑠𝑅𝐸𝑃) and the 

number of tank options (𝑇𝑘𝑂𝑝𝑡). The baseline 

design scale is based upon the 2 tank options 

where the user threshold is  ≤ 10 users = 1750 

L tank and > 10 users = 3000 L. 

What tank sizes are available in 

Belize for RR systems? 
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Capital cost 

(𝐶𝑎𝑝𝐶𝑜𝑠𝑡) dollars 

𝐶𝑎𝑝𝐶𝑜𝑠𝑡 = 6931.4 ×  𝑈𝑠𝑒𝑟𝑠𝑅𝐸𝑃 
−0.383 

This equation was gleaned from a literature 

review of onsite wastewater articles that 

derived formulas to predict the capital cost of a 

wastewater system based upon the reported 

number of users (𝑈𝑠𝑒𝑟𝑠𝑅𝐸𝑃).   

Payback period 

(𝑃𝑃) time 

𝑃𝑃 =
𝐶𝑎𝑝𝐶𝑜𝑠𝑡

𝑆𝑝𝑒𝑛𝑑𝐵𝑈𝐷
 

The amount of time that RR system adopter 

will take to payback their wastewater 

investment based upon the yearly amount of 

their budget they are willing to spend on their 

system.  

Budget for 

spending on RR 

system 

(𝑆𝑝𝑒𝑛𝑑𝐵𝑈𝐷) dollar / time 

𝑆𝑝𝑒𝑛𝑑𝐵𝑈𝐷 = 𝑓 𝐼𝑛𝑐𝑜𝑚𝑒𝑌𝑅 , 𝐵𝑢𝑑𝑔𝑒𝑡𝑒𝑑𝐹𝑅𝐴𝐶𝑇  

This value is a portion of a household’s annual 

income that they are willing to spend on an RR 

system. The average yearly income for 

Placencia was determined using national 

statistics. Interviews with system 

installers/adopters were used to elicit a range 

for the fraction of their spending that they are 

willing to budget for the wastewater system. 

This value also indirectly influences the 

relative advantage (RA).  

Do you ever call EcoFriendly for 

help and/or servicing of the system? 

If so, how often? 

How often (if ever) do you put 

additives/treatments into the system? 

How much does it cost (if anything) 

for your O&M? 

Do you think this is affordable? 
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Rate of volume 

being added by 

new systems 

(𝑁𝑆𝑉𝑜𝑙𝑅𝐴𝑇𝐸) liters / time 

𝑁𝑆𝑉𝑜𝑙𝑅𝐴𝑇𝐸 = 𝐷𝑠𝑛𝑆𝑐𝑙 × 𝐴𝑑𝑝𝑡𝑅𝐴𝑇𝐸 

A volumetric rate function that averages the 

influent volume of the RR systems based on 

the total new systems that are being installed.    

Total working 

volume of RR 

system 

(

𝑇𝑜𝑡𝑎𝑙𝑉𝑜𝑙𝑊𝑂𝑅𝐾𝐼𝑁𝐺

) liters 

𝑇𝑜𝑡𝑎𝑙𝑉𝑜𝑙𝑊𝑂𝑅𝐾𝐼𝑁𝐺

=   𝑁𝑆𝑉𝑜𝑙𝑅𝐴𝑇𝐸

− 𝑆𝑙𝑢𝑑𝑔𝑒𝐴𝑐𝑐𝑅𝐴𝑇𝐸  𝑑𝑡 
The stock of volume remaining in the RR 

system based upon the difference in the rate of 

volume being added by new systems 

(𝑁𝑆𝑉𝑜𝑙𝑅𝐴𝑇𝐸) and the rate of sludge 

accumulation (𝑆𝑙𝑢𝑑𝑔𝑒𝐴𝑐𝑐𝑅𝐴𝑇𝐸).  

Operation & 

Maintenance 

cost by design 

(𝑂&𝑀𝐷𝐸𝑆) dollars / time 

𝑂&𝑀𝐷𝐸𝑆 = 94.02 ×  𝑈𝑠𝑒𝑟𝑠𝑅𝐸𝑃 
−0.435

× 𝑈𝑠𝑒𝑟𝑠𝐴𝐶𝑇 
This equation was gleaned from a literature 

review of onsite wastewater articles that 

derived formulas to predict the yearly O&M 

costs of a wastewater system based upon the 

reported (𝑈𝑠𝑒𝑟𝑠𝑅𝐸𝑃) and actual number of 

users (𝑈𝑠𝑒𝑟𝑠𝐴𝐶𝑇).  

Education level 

(𝐸𝑑𝐿𝑣𝑙) dimensionless 

𝐸𝑑𝐿𝑣𝑙 =  6 
An average value that represents an 

individual’s total education completed. 

Subsequently, this value is divided by the 

largest possible total education to represent the 

portion of the budget that is used for O&M 

expenditures (𝑂&𝑀𝐸𝑋𝑃).   
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Operation & 

Maintenance 

expenditures 

(𝑂&𝑀𝐸𝑋𝑃) dollar / time 

𝑂&𝑀𝐸𝑋𝑃 =  𝐸𝑑𝐿𝑣𝑙 × 𝑆𝑝𝑒𝑛𝑑𝐵𝑈𝐷  

During interviews with system adopters, some 

explained that, although a certain portion of 

their annual income may be budgeted for 

spending on their RR system (𝑆𝑝𝑒𝑛𝑑𝐵𝑈𝐷), 

oftentimes only a fraction of those funds are 

actually used on routine operation and 

maintenance. An individual’s educational level 

is used to reflect the portion of the budget that 

is actually spent.   

Do you ever call EcoFriendly for 

help and/or servicing of the system? 

If so, how often? 

How often (if ever) do you put 

additives/treatments into the system? 

How much does it cost (if anything) 

for your O&M? 

Do you think this is affordable? 

Operation & 

Maintenance 

rate (𝑂&𝑀𝑅𝐴𝑇𝐸) liters / time 

𝑂&𝑀𝑅𝐴𝑇𝐸 = 𝑆𝑙𝑢𝑑𝑔𝑒𝐸𝑉𝐴𝐶 × (
𝑂&𝑀𝐸𝑋𝑃

𝑂&𝑀𝐷𝐸𝑆
) 

Interviews with system installers/adopters and 

participant observations reveal that sludge is 

being routinely evacuated (𝑆𝑙𝑢𝑑𝑔𝑒𝐸𝑉𝐴𝐶) at a 

fractional rate of the actual O&M expenditures 

(𝑂&𝑀𝐸𝑋𝑃) divided by the system’s O&M by 

design (𝑂&𝑀𝐷𝐸𝑆).  

Do you recover any resources from 

the system? 

Do you ever call EcoFriendly for 

help and/or servicing of the system? 

If so, how often? 

Sludge 

production rate 

(

𝑆𝑙𝑢𝑑𝑔𝑒𝑃𝑟𝑜𝑑𝑅𝐴𝑇𝐸 

) liters / time 

 𝑆𝑙𝑢𝑑𝑔𝑒𝑃𝑟𝑜𝑑𝑅𝐴𝑇𝐸 

= 𝑃𝐶_𝑆𝑙𝑢𝑑𝑔𝑒𝑃𝑟𝑜𝑑𝑅𝐴𝑇𝐸  
×  𝑈𝑠𝑒𝑟𝑠𝑇𝑂𝑇 

The product of a constant per capita sludge 

production rate (𝑃𝐶_𝑆𝑙𝑢𝑑𝑔𝑒𝑃𝑟𝑜𝑑𝑅𝐴𝑇𝐸) and the 

total users of the RR systems  𝑈𝑠𝑒𝑟𝑠𝑇𝑂𝑇).    
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Sludge 

accumulation 

rate 

(𝑆𝑙𝑢𝑑𝑔𝑒𝐴𝑐𝑐𝑅𝐴𝑇𝐸

) liters / time 

𝑆𝑙𝑢𝑑𝑔𝑒𝐴𝑐𝑐𝑅𝐴𝑇𝐸

= 𝑆𝑙𝑢𝑑𝑔𝑒𝑃𝑟𝑜𝑑𝑅𝐴𝑇𝐸 

− 𝑂&𝑀𝑅𝐴𝑇𝐸 

The volumetric rate of sludge being produced 

by users (𝑆𝑙𝑢𝑑𝑔𝑒𝑃𝑟𝑜𝑑𝑅𝐴𝑇𝐸 ) and evacuated 

during system maintenance (𝑂&𝑀𝑅𝐴𝑇𝐸).  

Emergency 

evacuation of 

RR system 

(𝐸𝑚𝐸𝑉𝐴𝐶) liters / time 

𝐸𝑚𝐸𝑉𝐴𝐶 = 𝐼𝐹 𝐻𝑅𝑇
≤ 0 , 𝑇𝐻𝐸𝑁 𝑆𝑙𝑢𝑑𝑔𝑒𝐴𝑐𝑐𝑅𝐴𝑇𝐸

→ 𝑇𝑜𝑡𝑎𝑙𝑉𝑜𝑙𝑊𝑂𝑅𝐾𝐼𝑁𝐺 , 𝐸𝐿𝑆𝐸 𝑆𝑙𝑢𝑑𝑔𝑒𝐴𝑐𝑐𝑅𝐴𝑇𝐸

= 𝑆𝑙𝑢𝑑𝑔𝑒𝑃𝑟𝑜𝑑𝑅𝐴𝑇𝐸 − 𝑂&𝑀𝑅𝐴𝑇𝐸  
In the event that the hydraulic retention time 

(𝐻𝑅𝑇) goes to zero and the wastewater 

entering the RR system spends no time inside 

undergoing biological treatment, a system 

adopter will be required to have a professional 

perform an emergency evacuation of the 

system. This event negates any normal 

operation and maintenance (𝑂&𝑀𝑅𝐴𝑇𝐸), and 

instead removes all the sludge that has been 

accumulating in the system (𝑆𝑙𝑢𝑑𝑔𝑒𝐴𝑐𝑐𝑅𝐴𝑇𝐸 =
 𝑇𝑜𝑡𝑎𝑙𝑉𝑜𝑙𝑊𝑂𝑅𝐾𝐼𝑁𝐺).  

Confirmed by 

sustaining RR 

system (𝐶𝑆) household 

𝐶𝑆 =  𝐷𝐴 × 𝑆𝑢𝑠 𝐿𝑣𝑙 

The population of individuals that have 

sustained their RR system given the current 

level of sustainability ( 𝑆𝑢𝑠 𝐿𝑣𝑙).  

    



 
166 

Table B1 (Continued) 

Hydraulic 

retention time 

(𝐻𝑅𝑇) time 

𝑂&𝑀𝑅𝐴𝑇𝐸 = (
𝑇𝑜𝑡𝑎𝑙𝑉𝑜𝑙𝑊𝑂𝑅𝐾𝐼𝑁𝐺

𝑄
) 

The amount of time determined by dividing the 

total working volume of the RR system 

(𝑇𝑜𝑡𝑎𝑙𝑉𝑜𝑙𝑊𝑂𝑅𝐾𝐼𝑁𝐺) by the volumetric flow 

rate (Q—liter / time). This value reflects the 

amount of time that the wastewater has in the 

RR system to undergo biological treatment.  

TSS 

performance 

(TSS) dimensionless 

𝑇𝑆𝑆
= 𝐼𝐹 𝑇𝐻𝐸𝑁 𝐸𝐿𝑆𝐸 𝑇𝑆𝑆𝑅𝑅 𝑆𝑌𝑆

> 𝑇𝑆𝑆𝑅𝐸𝐺 , 𝑇𝐻𝐸𝑁 0 , 𝐸𝐿𝑆𝐸  1  

The total suspended solids (TSS) are a 

cumulative value of inert, fecal, and bacterial 

solids within the system based upon the mass 

balance model which includes the hydraulic 

retention time. The concentration produced by 

the model is in units of mg/liter. That value is 

compared to the national regulation to produce 

a binary outcome of satisfactory performance 

that complies with the standard (1) or an 

unsatisfactory value due to its exceedance of 

the permitted effluent concentration (0).   

Level of 

Sustainability 

(𝑆𝑢𝑠 𝐿𝑣𝑙) dimensionless 

𝑆𝑢𝑠 𝐿𝑣𝑙 = 𝑤𝑎𝐸𝑐𝑜𝑛𝑉𝐼𝐴 + 𝑤𝑏𝐸𝑛𝑣𝑖𝑟𝑜𝑛𝑉𝐼𝐴 

Participant observations inform a weighted 

(𝑤𝑎−𝑏) sum of the economic (𝐸𝑐𝑜𝑛𝑉𝐼𝐴) and 

environmental (𝐸𝑛𝑣𝑖𝑟𝑜𝑛𝑉𝐼𝐴) viability.  
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Table B1 (Continued) 

BOD 

performance 

(BOD) dimensionless 

𝐵𝑂𝐷
= 𝐼𝐹 𝑇𝐻𝐸𝑁 𝐸𝐿𝑆𝐸 𝐵𝑂𝐷𝑅𝑅 𝑆𝑌𝑆

> 𝐵𝑂𝐷𝑅𝐸𝐺 , 𝑇𝐻𝐸𝑁 0 , 𝐸𝐿𝑆𝐸  1  

The biochemical oxygen demand (BOD) is 

determined by the mass balance model which 

includes the hydraulic retention time. The 

concentration produced by the model is in units 

of mg/liter. That value is compared to the 

national regulation to produce a binary 

outcome of satisfactory performance that 

complies with the standard (1) or an 

unsatisfactory performance due to its 

exceedance of the permitted effluent 

concentration (0).  

Economic 

viability 

(𝐸𝑐𝑜𝑛𝑉𝐼𝐴) dimensionless 

𝐸𝑐𝑜𝑛𝑉𝐼𝐴 =
𝑆𝑝𝑒𝑛𝑑𝑂𝑉

𝑆𝑝𝑒𝑛𝑑𝐵𝑈𝐷
 

The ratio of overall spending (𝑆𝑝𝑒𝑛𝑑𝑂𝑉) to that 

which is budgeted yearly for the RR system 

(𝑆𝑝𝑒𝑛𝑑𝐵𝑈𝐷). When the overall spending is 

greater than the yearly budget, the RR system 

is no longer economically viable.  

How much does it cost (if anything) 

for your O&M? 

Do you think this is affordable? 

    



 
168 

Table B1 (Continued) 

Owner’s overall 

spending on RR 

system 

(𝑆𝑝𝑒𝑛𝑑𝑂𝑉) dollar / time 

The total amount of money spent on the RR 

system, inclusive of routine O&M costs as well 

as the cost of unexpected emergency 

evacuations. 

Do you ever call EcoFriendly for 

help and/or servicing of the system? 

If so, how often? 

How often (if ever) do you put 

additives/treatments into the system? 

How much does it cost (if anything) 

for your O&M? 

Do you think this is affordable? 

Environmental 

viability 

(𝐸𝑛𝑣𝑖𝑟𝑜𝑛𝑉𝐼𝐴) dimensionless 

𝐸𝑛𝑣𝑖𝑟𝑜𝑛𝑉𝐼𝐴 = 𝑇𝑆𝑆 × 𝐵𝑂𝐷 
The product of the environmental performance 

measures yields a binary (pass/fail) result with 

1 meaning the RR systems are performing in 

accordance to both the BOD and TSS 

regulatory standards, or 0 which means that 

either TSS or BOD is under-performing.   
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Table B2: Units, equations, and definitions for factors within the mass balance model. 

Factors within the 

Mass Balance 

Model Units Equations and Definitions 

Effluent inert 

solids mg / liter 

𝑋𝑂𝑈𝑇
𝑖𝑛𝑡 =

𝑋𝑖𝑛
𝑖𝑛𝑡

(1 + 𝑘𝑠𝑒𝑡𝑡
𝑖𝑛𝑡 𝜃)

 

A component of Total Suspended Solids (TSS), this concentration of inert solids does not settle 

to the bottom of the biodigester (based upon the system’s HRT (𝜃) and settling constant 

(𝑘𝑠𝑒𝑡𝑡
𝑖𝑛𝑡 )), but leaves the RR system in the effluent stream.  

Effluent bacterial 

solids mg / liter 

𝑋𝑂𝑈𝑇
𝑏𝑎𝑐𝑡 =

𝑆𝑖𝑛 − 𝑆𝑜𝑢𝑡

(𝜃(1
𝑌
)𝜇𝑚𝑎𝑥

𝑏𝑎𝑐𝑡 (
𝑂2

𝑂2 + 𝑘𝑠
𝑂2

)( 𝑆𝑜𝑢𝑡

𝑆𝑜𝑢𝑡+ 𝑘𝑠𝑎𝑡
𝑠𝑢𝑏)) − (𝛾𝑘ℎ𝑦𝑑𝑟𝑜

′𝑓𝑒𝑐
𝑋𝑜𝑢𝑡

𝑓𝑒𝑐
𝜃)

 

A component of Total Suspended Solids (TSS), this is the effluent concentration of bacterial 

solids that leave the RR system (i.e. what has grown ((1

𝑌
)𝜇𝑚𝑎𝑥

𝑏𝑎𝑐𝑡) and not settled within the 

system). The bacterial solids also contribute to the biochemical oxygen demand (BOD).  

Effluent fecal 

solids mg / liter 

𝑋𝑂𝑈𝑇
𝑓𝑒𝑐

=
𝑋𝑖𝑛

𝑓𝑒𝑐

(1 + 𝑘𝑠𝑒𝑡𝑡
𝑓𝑒𝑐

𝜃) + (𝑘ℎ𝑦𝑑𝑟𝑜
′𝑓𝑒𝑐

𝑋𝑜𝑢𝑡
𝑏𝑎𝑐𝑡𝜃)

 

A component of Total Suspended Solids (TSS), this concentration of fecal solids remains in 

the RR system’s effluent stream (i.e. does not settle or hydrolyze (𝑘ℎ𝑦𝑑𝑟𝑜
′𝑓𝑒𝑐

)).  

Soluble 

Biochemical 

Oxygen Demand 

(BOD) mg / liter 

𝑆𝑜𝑢𝑡 =
[ 𝑘𝑠𝑎𝑡

𝑠𝑢𝑏 (𝜃𝑏 + 𝜃𝑘𝑠𝑒𝑡𝑡
𝑏𝑎𝑐𝑡 + 1)]

[𝜃𝜇𝑚𝑎𝑥
𝑏𝑎𝑐𝑡 (

𝑂2

𝑂2 + 𝑘𝑠
𝑂2

) −  𝜃𝑏 −  𝜃𝑘𝑠𝑒𝑡𝑡
𝑏𝑎𝑐𝑡 − 1]

 

The portion of soluble biochemical oxygen demand (BOD) that is not consumed by bacteria, 

die, or settle within the system, but exits in the effluent stream.  
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APPENDIX C: INSTITUTIONAL REVIEW BOARD APPROVAL LETTER 

The permission below is permission from the University of South Florida’s Institutional 

Review Board (IRB) for the data collected in Chapter 3 of this dissertation.  

 

 

5/20/2013  

Eric Wells, Ph.D. Department of Anthropology SOC 107 4202 E. 

Fowler Ave. Tampa, FL 33620  

RE: Expedited Approval for Initial Review  

IRB#: Pro00012766  

Title: USF Social Science Pilot Season in Placencia, Belize, for the NSF 

PIRE project, Context Sensitive Implementation of Synergistic Water-

Energy Systems  

Study Approval Period: 5/16/2013 to 5/16/2014  

Dear Dr. Wells:  

On 5/16/2013, the Institutional Review Board (IRB) reviewed and 

APPROVED the above application and all documents outlined below.  

Approved Item(s):  

Protocol Document(s):  
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NSF PIRE USF Social Science Research Team Pilot Season eIRB 

Research Protocol_version_3_May_13_2013  

Consent/Assent Document(s)*:  

eIRB Adult Consent Form_Adult Minimal RIsk_ Participatory Mapping 

Collaborator_ver 1_May 12_2013.pdf eIRB Adult Consent Form_Adult 

Minimal RIsk_ Stakeholder Focus Groups_ver 1_May 12_2013.pdf  

eIRB Adult Consent Form_Adult Minimal RIsk_ Stakeholder 

Interviewees_ver 1_May 12_2013.pdf  

Please be advised that the approval was granted with the stipulation that 

no study activities may begin until an amendment is submitted with the 

permit and letter of support from NICH ISCR in Belize.  

 

*Please use only the official IRB stamped informed consent/assent 

document(s) found under the "Attachments" tab. Please note, these 

consent/assent document(s) are only valid during the approval period 

indicated at the top of the form(s).  

It was the determination of the IRB that your study qualified for 

expedited review which includes activities that (1) present no more than 

minimal risk to human subjects, and (2) involve only procedures listed 

in one or more of the categories outlined below. The IRB may review 

research through the expedited review procedure authorized by 

45CFR46.110 and 21 CFR 56.110. The research proposed in this study 

is categorized under the following expedited review category:  

(6) Collection of data from voice, video, digital, or image recordings 

made for research purposes.  

(7) Research on individual or group characteristics or behavior 

(including, but not limited to, research on perception, cognition, 

motivation, identity, language, communication, cultural beliefs or 

practices, and social behavior) or research employing survey, interview, 

oral history, focus group, program evaluation, human factors evaluation, 



 
172 

or quality assurance methodologies.  

As the principal investigator of this study, it is your responsibility to 

conduct this study in accordance with IRB policies and procedures and 

as approved by the IRB. Any changes to the approved research must be 

submitted to the IRB for review and approval by an amendment.  

We appreciate your dedication to the ethical conduct of human subject 

research at the University of South Florida and your continued 

commitment to human research protections. If you have any questions 

regarding this matter, please call 813-974-5638.  

Sincerely,  

Kristen Salomon, Ph.D., Vice Chairperson USF Institutional Review 

Board  

  

 

 

 


