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Abstract: A modeling framework was conceptualized for capturing the complexities in resilience 

and sustainability associated with integration of centralized and decentralized water and energy 

systems under future demographic, climate, and technology scenarios. This framework integrates 

survey instruments for characterizing individual preferences (utility functions) related to 

decentralization of water and energy infrastructure systems. It also includes a spatial agent-based 

model to develop spatially explicit adoption trajectories and patterns in accordance with utility 

functions and characteristics of the major metropolitan case study locations as well as a system 

dynamics model that considers interactions among infrastructure systems, characterizes measures 

of resilience and sustainability, and feeds these back to the agent-based model. A cross-scale spatial 

optimization model for understanding and characterizing the possible best case outcomes and for 

informing the design of policies and incentive/disincentive programs is also included. This 

framework is able to provide a robust capacity for considering the ways in which future 

development of energy and water resources can be assessed. 

Keywords: infrastructure interdependence; choice experiment; agent-based modeling; system 

dynamics modeling; spatial optimization; decentralization 

 

1. Introduction 

During the last decade, a transition in the water and energy supply paradigm is emerging in 

many places across the nation and the world, which is primarily driven by resource scarcity and 

environmental concerns. Decentralized and alternative water and energy systems such as rainwater 

harvesting systems and solar panels are increasingly being integrated into the existing centralized 

water and energy supply networks to supplement the current supply. While such integrations could 

potentially increase the resilience of our water and energy supplies to natural and anthropogenic 

security threats [1], decentralized systems often lack economies of scale and, therefore, could present 
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increased environmental consequences and socioeconomic costs depending on technologies and 

geographic locations [2]. Without careful planning of such integrations and accurate understanding 

of the infrastructure system interactions and impacts including the important role of human decision-

making, unintended consequences are likely to occur. For instance, Germany had to reduce its feed-

in tariffs for rooftop solar because a surge in adoption overloaded the existing power grid [3]. 

Therefore, decision making for future water and energy supply has to take into account complexity 

at multiple scales and viable solutions can only be obtained with a systematic understanding of these 

complexities. 

1.1. Complexity at the Centralized Scale 

Centralized systems are the current dominant form of water and energy supply in the US. 

Management of centralized supplies is inherently complex and many notable issues have surfaced in 

the last decade. The existing and potential resource stress and shortage contributed by the increasing 

demand and the water-energy nexus. Increased system failure and management cost results from 

aging infrastructure. Increasingly stressed system capacity due to population growth and new 

developments is included as well as more stringent water and wastewater treatment regulations that 

require substantial cost and space to accommodate and high vulnerability and lack of adaptability to 

natural threats (e.g., heavy storm, tornado, and extreme heat event), climate change, and decision 

mistakes [4]. Water and energy systems are highly interdependent one resource cannot be supplied 

without the other). This “water-energy nexus” underscores the importance of integrated water and 

energy governance and management, which simultaneously considers multiple objectives related to 

both water and energy resources (e.g., measures of resilience, sustainability, and social justice in 

addition to cost). One example of such integrated management is to recognize the varied water-

energy interdependence levels of different water and energy supply methods/technologies and to 

intentionally decouple the interdependence when planning and selecting future sources of supply. 

Furthermore, much of the US water and energy infrastructure is older and approaching the end of its 

useful life. An estimated 240,000 water main breaks happen per year in the US with an expected 

cascading replacement cost of more than $1 trillion over the coming decades [5]. Similarly, energy 

infrastructure is experiencing an increasing number of failures and power interruptions due to 

extreme weather events and limited maintenance [6]. Centralized supply networks are especially 

vulnerable to these system failures and interruptions as they lack diversity in source of supply, 

transmission mode, and system scale. 

1.2. Complexity at the Individual Scale 

A shift in the current water and energy supply paradigm and its influence on water and energy 

resources depend largely on adoption decisions and consumption behavior at the individual scale. 

Simulation and prediction of individual decision making is especially difficult given its stochastic 

and heterogeneous nature and the bounded rationality of individual decision makers [7–9]. However, 

it is critical for informing policy making and development of incentive/disincentive programs [10]. 

To obtain such an understanding, some key knowledge needs to be obtained including individual 

amenities/utilities (i.e., the perceived values to an individual) of specific water and energy 

technologies, the link of utility value to socioeconomic variables such as socioeconomic status, 

culture, geographic location of the individual, and individual attitudes towards resilience and 

sustainability metrics and tradeoffs associated with water and energy technologies. An important 

component of developing this understanding requires identification of a set of comprehensive 

resilience (related to the capability to withhold and recover from shocks) and sustainability (related 

to sustainable use of resources) metrics that are relevant and interpretable to individual decision 

makers, applicable and tailored to infrastructure systems, and quantitative and measurable to 

support decision-making about infrastructure systems. Furthermore, decentralized systems change 

the interaction of end users with their water and energy supply, which may change their 

consumption and management behavior and alter water and energy conservation dynamics. 
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1.3. Complexity at the Interaction of Multiple Scales 

Complexity also exists at the interaction of multiple scales. While we often purposely separate 

centralized and decentralized systems conceptually, the difference can be vague and more accurately 

represents a continuum. Difficult decisions often have to be made on the scale of new construction 

and/or redevelopment along political boundaries or scales associated with the electrical grid and 

water management utilities [11–13]. These adoption decisions should ideally reconcile individual 

interests with the common interests of a community, a city, or even a nation. Finding an ideal solution 

for a system-wide social optimum can inform the design of management interventions to align 

individual interests with common interests. Other tradeoffs and synergies may be understood by 

considering interactions among multiple decentralized water and energy systems. For instance, the 

need of centralized electricity supply for rainwater harvesting or greywater recycling can be reduced 

by utilizing the excess electricity generated by onsite solar panels, which could, in turn, increase the 

utilization rate of solar energy, level energy demand, and reduce energy transmission loss. 

2. Moving Toward Sustainable and Resilient Design of Water and Energy Systems at the 

Infrastructure-Human-Resource Nexus 

Water and energy infrastructures are essential for human well-being. In turn, preference for and 

choice of water and energy systems and technologies (a function of price, regulation, availability, 

among other perceptions) largely influence the transformation of our water and energy supply and 

infrastructures [14–17]. Additionally, construction and operation of infrastructure systems require 

substantial resources [18–21] while availability of resources constrains our choice of infrastructure 

[22–25]. These complex feedbacks and thresholds and the system’s emergent behavior typify what 

we call the “infrastructure-human-resource nexus.” Despite being able to name it and provide 

examples of meaningful interactions, our understanding of the complex thresholds, constraints, and 

feedbacks embedded in the infrastructure-human-resource systems is still very limited. While many 

tools such as Choice Experiments (CE; an experiment to learn how individuals value various 

attributes of a system by analyzing individuals’ preferences among a set of hypothetical choices) and 

agent-based modeling are increasingly applied in the fields of agriculture and renewable energy 

development, very few applications have been developed to understand decentralized water systems 

[17,26–28]. There is a need to capture more quantifiable evidence on end users’ behavioral patterns 

as they relate to the design of urban water and energy infrastructures. On the other hand, typical 

methods that have been used to quantify the water-energy nexus, such as audits [29,30] and life cycle 

assessments [12,31], are often criticized for their limited consideration of spatially-explicit and 

temporally-explicit information (e.g., temporal and spatial changes in policy, user adoption, spatial 

distribution, etc.), negligence of system feedback and stochastic properties (e.g., randomness in 

system adoption, land development, and utility management), and inability to provide 

understanding of future trends [32,33]. There is still a lack of a comprehensive modeling framework 

that captures the dynamic interactions of infrastructure, humans, and resources to guide the future 

transition/decentralization of our water and energy systems. Therefore, the development of a 

framework that allows simultaneous simulation, prediction, and assessment of infrastructure 

sustainability and resilience, human preferences and behavior, and resource availability could 

greatly transform and advance our current understanding and practice of integrated water and 

energy management. 

3. A Modeling Framework to Address the Knowledge Gaps 

To address the aforementioned knowledge gaps, we propose a systematic and predictive 

framework integrating stakeholder CE survey, spatial agent-based modeling, system dynamics 

modeling, and cross-scale spatial optimization (Figure 1) to provide an enhanced understanding of 

the resilience and sustainability of future water and energy supplies. Scenarios can be used to test the 

effectiveness of potential management actions for increasing resilience and decreasing environmental 

costs. CE survey aims to tackle the complexity at the individual scale by describing individual 
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behavior (i.e., choice of water and energy supplies) through mathematical models (i.e., utility 

functions). Incorporation of CE allows us to evaluate the users’ choice of multiple water and energy 

supply technologies simultaneously including both centralized and decentralized technologies [34]. 

Utility and behavior functions obtained from the CE survey can inform a coupled spatial agent-based 

and system dynamics (ASD) model for simulation, prediction, and assessment of various 

decentralized adoption trajectories and their influences on the existing centralized water and energy 

supply. For instance, adoption of decentralized greywater recycling systems could potentially reduce 

the amount of water needed from the centralized drinking water system as well as the amount of 

wastewater being discharged into the centralized wastewater system. Therefore, the ASD model is a 

key component that tackles the complexity at the interaction of multiple scales. Specifically, outputs 

from the spatial agent-based model are primarily adoption rates of the emerged water and energy 

infrastructure networks. These outputs can be used in a system dynamics model that captures the 

dynamic water and energy interactions across centralized and individual scales to evaluate the 

influences of predicted adoption trajectories on infrastructure-human-resource sustainability and 

resilience. These emergent sustainability and resilience measures further provide feedback to the 

agent-based model to inform the agents’ decision-making in the subsequent discrete time step. The 

spatial agent-based model is selected because it can account for heterogeneous and adaptive 

behaviors, information asymmetry, and uncertainty in the adoption of water and energy 

technologies. The system dynamics model allows simulation of the consequences and constraints of 

coupled systems, which are comprised of dynamic environmental and socioeconomic processes, 

signals/feedbacks, and human and governance interventions across salient temporal and spatial 

scales [35]. Outcomes from the ASD model can be compared to an optimized scenario generated from 

cross-scale spatial optimization, which creates a scientifically optimal condition based upon local 

characteristics. This comparison can guide the development of future policy and 

incentive/disincentive programs. 

 

Figure 1. Conceptual framework to address the knowledge gaps at the infrastructure-human-resource 

nexus. 
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3.1. Addressing Individual Complexity: Elicitation of Stakeholder Preferences and Development of Utility 

Functions via a CE Survey 

The emergence of a more sustainable and resilient water and energy supply paradigm at the city 

level depends on how we design urban infrastructure systems that can lead to a higher adoption of 

appropriate technologies and promote the overall conservation of resources. The CE survey is critical 

for gathering information in four areas including (1) socioeconomic conditions of survey 

respondents, (2) attitudes towards the sustainability and resilience measures of the water and energy 

supply, (3) choices among alternative water and energy supply technologies that are distinguished 

by different levels of technology attributes, and (4) potential changes to consumption behavior post-

adoption. The CE survey can also assist the selection of a combination of sustainability and resilience 

metrics that are easily interpreted by individual decision makers and influential in their adoption 

decisions. Such sustainability and resilience metrics should involve environmental, economic, and 

social aspects. Additionally, they need to be measurable with available data, capable of identifying 

significant threats and/or drivers for human and environmental well-being, representative of what 

people care about, and  provision of an enhanced understanding of multiple consequences driven 

by a collection of actions [36]. Figure 2 presents an example set of resiliency and sustainability metrics 

for evaluating decentralized water and energy systems [37]. 

 

Figure 2. Potential resilience and sustainability metrics for water and energy technologies (adapted 

from WERF, 2014). 

3.2. Intermediate Complexity: Development of a Coupled Spatial Agent-Based and System Dynamics (ASD) 

Model and Evaluation of Multiple Scenarios 

A tightly coupled spatial agent-based and system dynamics (ASD) model can be used to 

dynamically simulate and assess the resilience and sustainability of varied decentralized water and 

energy adoption trajectories. Based on utility and behavioral functions estimated from the CE 

surveys, an agent-based model can simulate the decision making and behavior of a selection of 

primary types of agents such as homebuyers, homeowners, home/commercial building developers, 

utilities, and governments. These types of agents vary in their social functions and act based on their 

own rules. Utilities provide centralized water and energy services and set their prices. Governments 

provide incentives or disincentives on decentralized water and energy systems. Home/commercial 

building developers convert undeveloped land into residential subdivisions or commercial buildings 

to satisfy housing demand and sell the properties to homebuyers. Developers also decide whether or 

not to adopt decentralized water and energy systems in their new buildings or home designs. 

Homeowners make decisions on whether or not to redevelop their homes to include decentralized 
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water and energy systems. One advantage of the agent based model is that it captures the dynamic 

evolution of critical system variables (e.g., decentralized system adoption rates) over time driven by 

choices made by individual agents at each time step and the dynamics of each climate and population 

(and, therefore, land use) scenario. The system dynamics model can capture the interaction among 

water and energy systems and enables the derivation and estimation of resilience and sustainability 

metrics. In the system dynamics model, all water and energy sources of a region can be identified as 

critical resource components and simulated as stocks (temporal cumulative levels of source 

availability) and the inflows (e.g., precipitation, importation, mining) and outflows (e.g., evaporation 

and consumption/withdrawal) of each stock are identified. Figure 3 illustrates a few selected critical 

water and energy interactions that could be modeled using the system dynamics model. Multiple 

sustainability and resilience metrics can be assessed using the system dynamics model such as short-

term and long-term water and energy availability and shortages, the degree of water-energy 

interdependence, and the resilience of water and energy supplies under interruptions of centralized 

or decentralized systems. The sustainability and resilience measures derived from the system 

dynamics model can feed back to the agent based model to inform the decision making/behavior of 

the different types of agents at the next time step. 

 

Figure 3. Selected critical interactions between water and energy systems for illustration (red arrows 

show the causal relationships that determine how much water is used by electricity supply; blue 

arrows show the causal relationships that determine how much electricity is used by water supply 

and treatment). 
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possible choices of water and energy supply technologies will be considered. In particular, the 

possibility exists for each community to choose either centralized, community-level decentralized, or 

home-level decentralized supply technologies for water, energy, or both. Each of such configurations 

can be evaluated using the system dynamics model to measure the resulting resilience and 

sustainability metrics. In the complex infrastructure-human-resource systems, it is likely that there is 

no single configuration that maximizes all relevant metrics or objectives. Therefore, it is reasonable 

to approach this as a multi-objective optimization problem seeking to find multiple Pareto optimal 

configurations/solutions that characterize non-dominated tradeoffs between the metrics of interest. 

The final output of the optimization process will result in several alternative adoption scenarios that 

optimize different tradeoffs between desired metrics. The values achieved for the resilience and 

sustainability objectives in these optimized adoption scenarios will provide an upper bound when 

exploring policy and incentive programs to be evaluated using the ASD model. Additionally, the 

spatial distributions of the different types of water and energy supply in the optimized adoption 

configurations can provide critical insights into what desirable properties to promote. For example, 

one might observe that in certain parts of the city, community-level decentralized water adoption 

appears more common in optimized configurations, which suggests that a targeted incentive 

program for this technology could be useful. 

4. Potential Applications of the Modeling Framework 

The modeling framework described in this study can be applied toward investigating the 

integration of single or multiple types of decentralized water and energy systems into the existing 

urban landscape. Some examples of such decentralized systems are rainwater harvesting systems, 

solar panels, and greywater recycling systems. The types of decentralized systems to be included 

usually depend on local stakeholder interests and research needs. Different types of decentralized 

systems present different economic and environmental characteristics (e.g., capital investment, 

savings, carbon footprint, etc.), which could further influence users’ preferences of centralized versus 

decentralized systems as well as their choices among different decentralized technologies. Therefore, 

a CE survey should be designed to elicit the utility functions of such choices based upon users’ 

socioeconomic characteristics, environmental consciousness, and living conditions. Outcomes of the 

CE survey will be probabilities of different user groups adopting various types of decentralized 

systems. These utility functions can be further integrated into the ASD model to simulate the 

infrastructure-human-resource interactions across individual and centralized scales. The ASD model 

could run on monthly or yearly steps for a study region based upon the time resolution of data 

available. At each time step, the spatial agent based model will first predict the spatially distributed 

adoption rates of different types of decentralized systems based upon local distribution of 

demographic and household characteristics. The spatial adoption of decentralized systems will then 

be aggregated to a regional/city level and fed into the system dynamics model. The system dynamics 

model links the decentralized system adoptions with the centralized water and energy supply 

systems to investigate their interactions. The type, spatial location, and the amount of decentralized 

system adoptions can have varied effects on the centralized systems. The sustainability and the 

resilience of the adoption can be evaluated using metrics such as reduction of greenhouse gas 

emissions, water storage and availability, the amount of energy used by the water sector, the amount 

of water used by the energy sector, and more. Adoption and the resulted changes of these metrics 

could affect utility water and energy prices, overall environmental outcomes, and/or user costs, 

which could further affect the decision-making of individual users, utilities, and policy makers the 

next time in the spatial agent-based model. Cross-scale spatial optimization takes use of the spatial 

parameters such as the distribution networks of the centralized water and energy systems, spatial 

household characteristics, and flooding risks to create a scientific optimal spatial distribution of 

decentralized system adoptions. Comparison of the ASD and the scientific optimal outcomes could 

inform the design of incentive/disincentive programs such as carbon tax and infrastructure rebate on 

certain decentralized systems. Based upon the needs of individual case studies, researchers could 
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choose to apply either the entire modeling framework or a part of it to obtain tailored outcomes for 

specific decision-making. 

The modeling framework is designed to answer questions such as whether integrating 

decentralized water and energy supply systems into the existing centralized network will increase 

the resilience and sustainability of water and energy supply, reduce water and energy 

interdependence, delay or decrease local water and energy shortage and whether policy and 

management control of decentralized water and energy systems will lead to more resilient and 

sustainable solutions than the business as usual (BAU) scenario. Other questions include whether 

policies and incentive programs can reconcile individual interests with community interests to shift 

the BAU scenario towards a more sustainable and the resilient scenario as well as whether local 

context (e.g., climate, energy and resources, population etc.) plays a significant role in optimal 

technologies and degree of decentralization as well as the incentive structure for decentralized water 

and energy supplies. Overall, this modeling framework is capable of informing decision-making 

about possible outcomes and tradeoffs in different decentralized water and energy adoption 

scenarios and critically guide policies and incentives design. It will also build more knowledge about 

the impact of water-energy interdependence on resilience and sustainability measures, facilitate the 

planning and design of decentralized systems, and create a more sustainable and resilient 

infrastructure system for urban communities. 
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