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What Drives the Spatio-Temporal Patterns of Energy 
Technology Diffusion? 

Agent-Based Modeling of the Rate and Structure of Solar Adoption 

Model Scope:  
 City of Austin, TX 
 
 ~170,000 households 
 
 ~3,000 PV Adopters (1.8%) as of Q2 2013  

 
Initialization Time Period: 
 Through Q4 2007 
 
Validation Time Period: 
 Q1 2008 – Q2 2013  
     + Q3 2013 – Q4 2014 
  
  



Solar Agent-Based Model (ABM) 

Agents 

 Autonomous decision-
makers + Attributes 

 

 

 

 

 

 

 

Figure 1: Flowchart describing the solar ABM structure, emphasizing the agent decision process

to install solar. Agent states are init ialized using a populat ion-wide empirical process using data

through Q4 2007. Thus, the first model cycle occurs in Q1 2008. Agents’ at t itudes (sia) and

uncertainty regarding those at t itudes (U) are modified through interact ions with other agents in

their small-world social network through the Relat ive Agreement algorithm, and compared to a

global threshold (siathr esh). Individual cont rol beliefs (pbc) regarding ability to afford solar are

compared to current payback periods (PP ), which are influenced by house locat ion, elect ricity

prices and available incent ives. Adopt ion occurs only when both the at t itudinal and the economic

criteria are met.
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Explicitly coded composite (theoretical) 
decision rules: 

D1) I only adopt if I think going solar is a good 
thing (beliefs): Attitudei > Global threshold (Φ) 

D2) I only adopt if I can afford solar (controls): 

I get information about solar through my social 
network (Relative agreement model) 



Which Model Components are Most Critical for 
Accuracy? Four Model Variations 

Social interactions | Structure of social networks | Resolution of irradiance data 
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Determinants of Spatio-Temporal Patterns in Adoption 
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• Financial aspects of the 
solar-adoption decision 
performs well in predicting 
the rate and scale of 
adoption 
 

• Accounting for agent-level 
attitude and social 
interactions are critical for 
predicting spatial and 
demographic patterns of 
adoption with high 
accuracy  

Fit to minimize cumulative 



Demographic Validation 



Prediction 
Accuracy 

~5% 
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Predicted Capacity and Spatial Density of Residential Solar PV 
Adoption in Austin by 2025 (Scenario: Baseline) 

Model 1709 parameters: FITC declines to 0.10 in 2017, VoS 11.3c/kW, Rebates decline by 20% annually ending 
12/2020, Installed costs decline by 4% annually 

Total Capacity 2020: 26,623 kW 
Total Capacity 2025: 29,418 kW  
  

Total Adoptions 2020: 5,147 
Total Adoptions 2025: 5,452 
  



Predicted Capacity and Spatial Density of Residential Solar PV 
Adoption in Austin by 2025 (Scenario: Optimistic) 

Model 1712 parameters: FITC stays at 0.30, VoS 11.3c/kW, Rebates decline by 20% annually ending 12/2020, 
Installed costs decline by 10% in 2015 & 2016, by 4% otherwise1 

Total Capacity 2020: 37,836 kW 
Total Capacity 2025: 43,436 kW  
  

Total Adoptions 2020: 6,705 
Total Adoptions 2025: 7,330 
  

CAGR ~15% across a range of scenarios 



Buyers: 
Mean: $6.2/W 

SD: $1.4/W 

 

Leasees: 
Mean: $8.3/W 

SD: $0.53/W 
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Cost of Ownership (After Rebates) 
Buyers: 
Mean: $2.6/W 

SD: $0.95/W 

 

Leasees: 
Mean: $0.70/W 

SD: $0.13/W 

Installed Cost vs. Cost of Ownership 

Source: Rai & Sigrin, “Diffusion of environmentally-friendly energy technologies: buy versus lease differences in 

residential PV markets,” Environmental Research Letters, 8(1), 014022 (2013). 



Non-Adopter Survey (Aug-Sep 2014) – Overall Conclusion 
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• Huge gap between attitude (5.31/7) and perceived 
affordability (3.15/7) of solar 
– Perception of ability to afford solar low (3.15 on a 7-pt Likert scale) 

– Solar perceived as expensive due to incomplete information about 
performance, leasing, and incentives 

• Only 16% reported awareness of any incentives 

– Addressing info gap could open up large potential demand 
 

 

• We conducted a game-based experiment (“Energy Games”) 
primarily targeted at the perception of affordability and 
financial aspects of solar 



Workforce Training and Reinforcement: 
 90% engagement / 90% accuracy 

Data Proof of knowledge and skill retention 
Reinforce critical information without taking time away from work 

Multiple interactions daily 

Residential EE & Solar Adoption Behavior: 
An Online Gamification Study 



“Energy Games” Content 

• Topics: Energy conservation and solar PV 
– Energy Efficiency Behavioral Measures: thermostat setting, water 

heater setting, vampire power, washing machine water temperature  

– Energy Efficient Equipment Upgrades: ENERGY Star appliances, LED 
lighting, Insulation, Ductwork, Door and window seals 

– Solar PV Systems: Technology basics, Cost, Leasing option, 
Incentives/rebates 

 

• Length – 2 Weeks 
– Week 1: Small Changes, Big Savings! (15 questions: 5q x 3days) 

– Week 2: Big Changes, Bigger Savings! (15 questions: 5q x 3days) 

 

• Communication 
– Reminders to play 

– Follow-up emails (1/week) summarizing key info 
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Energy Games: Impact 

• The interactive nature of a trivia game tests respondents 
perceived knowledge 

– More “aha” moments (vs. say a newsletter) with the 
gamified version  Higher perceived affordability 
 

• Awareness of incentives significantly increased, which 
indicates that incentive programs may not be well 
publicized for passive audiences 
 

• Likelihood of calling to request a solar quote increased 
following the game. This is one of the key factors to 
influence as it is a critical and necessary hurdle in the 
solar adoption process 
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Other Emerging Drivers 
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• Increasing awareness of solar driven by 
– Social processes 

– Active marketing by installers 

 

• New products 
– Low-interest and “lease-like” loan products 

– Innovative rate plans 

• MP2/Solarcity, “true net metering” residential plan around Dallas-
Fortworth 



Acknowledgements 

• Research funded by the Department of Energy’s SunShot 
Initiative under the Solar Energy Evolution and Diffusion 
Studies (SEEDS) program 
 

• Austin Energy 
 

• Texas Advanced Computing Center (TACC) 

16 



References 

• Two ABM papers on the predictive modeling of solar diffusion are available at: 

• Robinson, S.A. and Rai, V. (2014). Determinants of Spatio-Temporal Patterns of Energy 
Technology Adoption: An Agent-Based Modeling Approach. 

– http://bit.ly/PatternsOfAdoption 

• Rai, V. and Robinson, S.A. Agent-Based Modeling of Energy Technology Adoption: Empirical 
Integration of Social, Behavioral, Economic, and Environmental Factors. 

– http://bit.ly/solarDiffusion 

• Rai, V. and Robinson, S. A. Effective Information Channels for Reducing Costs of 
Environmentally-Friendly Technologies: Evidence from Residential PV Markets, Environmental 
Research Letters, 8(1), 014044(1-8), 2013.  

• Noll, D., Dawes, C. and Rai, V. “Solar community organizations and active peer effects in the 
adoption of residential PV,” Energy Policy, 67:330–343, 2014.  

• Blackburn, G., Magee, C., and Rai, V. Solar Valuation and the Modern Utility's Expansion into 
Distributed Generation, The Electricity Journal, 26(11), 18-32, 2014.  

• Rai, V. and Sigrin, B. Diffusion of Environmentally-friendly Energy Technologies: Buy vs. Lease 
Differences in Residential PV Markets, Environmental Research Letters, 8(1), 014022 (1-8), 
2013.  

http://iopscience.iop.org/1748-9326/8/1/014044/
http://iopscience.iop.org/1748-9326/8/1/014044/
http://iopscience.iop.org/1748-9326/8/1/014044/
http://iopscience.iop.org/1748-9326/8/1/014044/
http://iopscience.iop.org/1748-9326/8/1/014044/
http://www.sciencedirect.com/science/article/pii/S0301421513013141
http://www.sciencedirect.com/science/article/pii/S0301421513013141
http://www.sciencedirect.com/science/article/pii/S0301421513013141
http://www.sciencedirect.com/science/article/pii/S0301421513013141
http://www.sciencedirect.com/science/article/pii/S1040619013002868
http://www.sciencedirect.com/science/article/pii/S1040619013002868
http://www.sciencedirect.com/science/article/pii/S1040619013002868
http://www.sciencedirect.com/science/article/pii/S1040619013002868
http://www.sciencedirect.com/science/article/pii/S1040619013002868
http://www.sciencedirect.com/science/article/pii/S1040619013002868
http://iopscience.iop.org/1748-9326/8/1/014022
http://iopscience.iop.org/1748-9326/8/1/014022
http://iopscience.iop.org/1748-9326/8/1/014022
http://iopscience.iop.org/1748-9326/8/1/014022
http://iopscience.iop.org/1748-9326/8/1/014022


Integrated Decision-Making Framework Based on 
Deep Data and a Suite of Analytical Tools 
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• Household-level Data 

 Adopter and non-adopter 

 Surveys 

 Appraisal district rolls 

 Solar program data 

• Multi-method 

 Econometric analyses 

 Financial modeling 

 GIS-integration 

 Agent-based modeling (ABM) 



Multiple, Matched Datasets 



Application: Scenario, Tiered Rebates 

Lower income quartile, 
everywhere, $0.25/W more 

Everyone in a target zip 
code, $0.25/W more 

Localized adoption increases 
from <1% in base-case to 

~11% in Sc.328 



Experiment Overview 

• Use initial survey to capture existing 
attitudes and intentions regarding energy 
conservation and solar, as well as other 
controls 

• Create two randomized cohorts: 

– Control 

– Treatment (Gamified information) 

• Employ trivia-style mobile gaming platform 
to succinctly deliver key information to the 
Game cohort 

• Use final survey to capture changes in 
attitudes and intentions regarding energy 
conservation and solar, and perceived 
effectiveness of gamified platform 
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Game Platform: Ringorang® 

• A clue gives a little hint for 
players new to energy topics  

• A question conveys actionable 
or educational information  

• An insight provides more 
context or information about 
the topic                  < 1min 
 

• A “learn more” link to a web 
site for additional research or 
information on incentives 

• A sliding scale for points based 
on how quickly you answer 

• A leaderboard to compete with 
other players  22 
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