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Å Interdependencies of subsystems 

ï Input/output (e.g. biofuel production 

transportation refineries) 

ï Proximity (e.g. refineries & farms, 

refineries & water supply) 

ï Common environmental (e.g., climate, 

land, water quality etc.) and social factors  

(community support, institutional  settings) 

Å Infrastructure resilience and 

sustainability  

ï The emerging bio-economy will increase 

the interdependencies among infrastructure 

systems and interactions among 

engineered infrastructures, social 

communities and the natural environment. 

ï Physical resilience vs. social resilience 

Å 3-D approach to assess system 

sustainability 
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System of Systems  
(a coupled human-natural system) 
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 A generic mathematical framework to address 

interdependence, resiliency and sustainability: 

Recovery time Interdependency: 

Sustainability: 

Resiliency & Sustainability  

Conceptual Development 

The dependency of subsystem i on 

subsystem j is defined as the change in  

system i resulted from one unit change in 

subsystem j. 

The resiliency of an infrastructure system is its 

capability to get back to its operational boundary 

after being affected by disruptions.  

Measures of resiliency include functionality 

degradation, recovery time, recovery speed and 

adaptability . 

System sustainability is its long-term 

capability to use its limited resources 

effectively to maintain its functionality 

and to endure stresses. 

Nguyen, Cai and Ouyang (2011), Modeling Infrastructure Interdependencies, Resiliency and Sustainability 



Numerical Work: Resiliency Metrics 

We deal with both long-term stress and short-term press 

events:  

Long-term stress metrics to describe system response to 

trends due to environmental change and infrastructure 

degradation 

o Adaptation in land use (e.g., new biofuel crops) and 

engineering development (e.g., optional transportation 

systems)  

o Community change to adjust to new environment and 

technology  

Short-term press metrics to describe response to extreme 

events: weather (flooding and drought),  transportation 

accidents, etc.:   

o Vulnerability (the worst case)  

o Recover time and speed 

o Propagation extent: element vs. system  



Numerical Work: Sustainability Metrics 

Environmental metrics: 

o Flow regime 

o Water quality (e.g., nitrate load to streams) 

o Soil and sediment 

o CO2 emissions 

 

Engineering infrastructure metrics: 

o Structure and service survivability  

o Benefit/cost balance, especially the reliable financial 

 sources for capital investment and O&M 

o Bottleneck infrastructures over space and time 

 

Socio-economic metrics: 

o Biomass and biofuel productivity  

o Income and social welfares  

o Community development  

o Policy incentives and market development 



Incorporate Metrics in Modeling Analyses 

Ç Quantify the connectedness and interdependences 
between the sub-systems 

 

Ç Conduct the modeling analysis between the sub-systems, 
such as refinery and  biomass production systems, 
transportation and market systems, water and refinery 
systems etc.  

 

Ç 5ŜǾŜƭƻǇ ŀ ƳƻŘŜƭ ƻŦ ǘƘŜ άǎȅǎǘŜƳ ƻŦ ǎȅǎǘŜƳǎέΣ ǿƘƛŎƘ 
integrates all the essential inter-relationships into a 
consistent model, and compute the SRR metrics from the 
model outputs 



Optimization Model Overview 
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Scope of Model 
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Refinery types 

Corn ethanol 

Cellulosic ethanol 
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Objective Function: To maximize the overall net profitability of the 
system 

o Profit from selling products 

o Capital and operation cost 

o Production cost 

o Transportation cost 

Constraints: Environmental, resources, and infrastructure 
constraints 

Decisions variables 

o  Allocation of land to crops 

o  Refinery locations and capacities  

o  Traffic flow capacities 

o  Water supply capacities 

Overview of Model 



Application to Sangamon Watershed, Illinois 



Input Data 

Crops Cost- e.g. Corn 

Crops Yield- e.g. Corn 

Crops mix pattern-e.g.  Corn/soybeans 

Transportation Cost 

Monthly nitrate load 

Monthly water drainage- e.g. miscanthus 

Water Yield Miscanthus 



Model Runs 

ÅBusiness as usual scenario (BAU) 

Å Impact of Mandate:  
ïRFS mandate (minimum annual production, maximum miscanthus 

fraction) 

ÅTransportation infrastructure:  
ïno infrastructure expansion 

ïno congestion consideration 

ÅEnvironmental constraints:  
ïmonthly flow constraint on the watershed outlet 

ïmonthly flow constraint on the upper Sangamon outlet 

ïmonthly nitrate constraint on the watershed outlet 

 



Land allocation: BAU  Scenario and RFS Scenario in Year 1, Years 2-3, Years 4-5*, years 
6-7*, Years 8-10. 
* Land allocation in successive years is approximately the same.  
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Miscunthus

Corn Stover

Corn

System development at year 10: BAU (Left) and RFS (Right). The subfigures show the 
history of the development for sites A and D (Left to right) 
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Miscanthus Corn Stover Corn Soybeans

Legend
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Corn stover utilization in RFS Mandate scenario. The subfigures show the 
history of the corn stover use in four land parcels L1-L4 (left to right) 



Flow (left) and Nitrate yearly reduction (right) in year 10 compared to BAU 

  
 



Refineries development at year 10 for RFS 60%, no-expansion, no-congestion (left 
to right) and the land allocation at year 10 for the environmental scenario 
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Imposing different levels of nitrate reduction to examine profit loss 

 of Environmental PoliciesEconomical Impacts  
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Price, Feedstock Choice and Impact on Flow and 
Water Quality 

ωBase run is the optimized land use case under current prices and 
conditions (left)  

ωRun 1: an increase of 15% in the price of ethanol (center) 
ςEconomic change that causes Miscanthus to become a profitable crop, and 

thus areas of high Miscanthus yield switch to the new crop. 

ωRun 2: a ƳƛƴƛƳǳƳ Ŧƭƻǿ ǊŜǉǳƛǊŜƳŜƴǘ όάƘƛǎǘƻǊƛŎŀƭέ ƳƛƴƛƳǳƳΤ ƘŜǊŜΣ 
the Base case) placed at the Monticello gauge (right).  
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(Source: X. Cai group) 



Coupled System Trajectory 

ω Shifting the location of Miscanthus within the basin (Run 1 to Run 2) reduced 
deficit volumes relative to Run 1 (variable response) 
ςEffect is shown as percent change in mean deficit volume using Q85 

threshold. 
ω In the south, Miscanthus did not appear to have a large effect on the 

headwater streams in which it was planted. 
ςEffects showed up downstream.   
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¸ Interdependencies between biofuel 
production facility location and 
(marginal) farm land use under 
government regulation  

22 

Competitive Biofuel Supply Chain 
Design under Farmland Use 
Regulation and Equilibrium 
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Game Theoretic Model Framework 
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¸ Comparison with and without land use regulation 

 

 

 

 

 
 

¸ Corn supply/demand pattern to elevators and refineries for the 
(10,10,10)-50MGY case 

 

Numerical Results 



Applications of the Integrated Model 

ÅSensitivity analysis to model parameters and assumptions 

ÅScenario analysis 
ÅAnalysis of various scenarios of water availability, possible locations 

of refineries, climate, etc. 
ÅIn particular, scenarios on system failures for the Insights into how 

the failure of one sub-system (or a part of it) might affect other sub-
systems 
 

ÅPolicy analysis 
ÅStrategic changes in water supply, transportation system and 

feedstock production  
ÅImpact of environmental regulations, climate control policies and 

technology advances  
ÅThe need of the mix of knowledge, resources and social networks to 

enable social resiliency  
ÅBottlenecks and areas of possible investment/ expansion 
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System of Systems 

Water Supply 

Refinery Biofuel Economics 

Biofuel 
Shipment 

+ Facility cost 
+ Traffic load Traffic load 

Biomass 
Production 

Yields Benefit/Cost 

Environment Communities 

Water supply Water supply 

Waste water 

ω Bottleneck infrastructure 

ω Perturbation propagation 

ω Social resilience  



Key Community Aspects 

ÅSocio-economic metrics: 

o Biomass and biofuel productivity  

o Income and social welfares  

o Community development  

o Policy incentives and market development 

 



Risk and Communities in Ethanol 
Development  

ÅRenewable Energy Technologies involves a 
calculation of risk by actors in the process:  
ïinvestors 

ïdevelopers 

ïcommunity residents and leaders 

ÅRisk assessment changes over time based on:  
ïinternal and external events (including policy 

changes and market fluctuations) 

ïinformation flows 



4 Factors in perceived community risk 

1. Support for ethanol in general (political 
acceptability of ethanol) 

2. Support for the community specific process 
of siting the facility  

3. Readiness of the community to recognize and 
mitigate risks from siting 

4. Impacts of ethanol on community over time 



Defining Community Level Outcomes 
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