
Shell Center for 
Sustainability

2015 Annual Report2015 Annual Report



Leadership
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Richard Johnson
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We extend our thanks and appreiation for your contribution and 
support. We recognize the collaboration and support of other 
Centers and Institutes at Rice University, as well as many students 
and faculty, partners, collaborators and friends, who participated in 
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Qilin Li
Kenneth Medlock
Albert Pope
Lyn Ragsdale
Evan Siemann
Frazier Wilson
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The Shell Center for Sustainability (SCS) at Rice Uni-
versity is an interdisciplinary program of research, 
outreach and education that addresses actions that can 
be taken to ensure the sustainable development of liv-
ing standards, interpreted broadly, to encompass all 
factors affecting quality of life, including environmen-
tal resources.

2015
This year marks the thirteenth anniversary for the 
Shell Center for Sustainability, a partnership between 
Rice University and Shell Oil Company.
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     Beginning in 2013 the Shell Center 
for Sustainability’s focus shifted from 
its prior mode of the provision of seed 
grants to Rice faculty who conduct re-
search on sustainability-related proj-
ects to one of funding multidisciplinary, 
multi-investigator projects.  In 2015 the 
Center funded projects focused on is-

A Word 
From the 
Academic 
Director
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sues that threaten sustainable growth 
and development of the Gulf Coast Re-
gion.  These include an assessment of 
biochar use and economic assessment; 
risk and resilience assessment of the 
Houston Ship Channel; and measure-
ment and modeling of natural gas leak-
age in the Houston area.    We also com-
pleted the final phase of our Houston 
Indicators project.   I am extremely proud 
of our achievements, in particular the 
engagement of such a diverse group of 
Rice faculty and students who work to-
gether to solve problems that, while fo-
cused on the Gulf Coast region, provide 
results and new methods that can be 
applied globally.  

Respectfully,

John B. Anderson, Ph.D.
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Executive
  Summary

In 2015 $370,000 in funding was awarded to support three 
new research projects under the Stress Nexus 2050 direction. 
The Risk and Resiliency along Houston’s Ship Channel: 
Uncovering Links between Vital Social, Environmental, 
and Phsical Systems project expands research beyond ef-
forts in 2014 under the Gulf Coast impact of sea level rise by 
branching out to consider the Houston Ship Channel, its infra-
structure, and community impact. The second project, An Ob-
servational and Modeling Study of Natural Gas Leakage 
in Urban Houston observes and models urban natural gas 
leaks using Houston as a model to identify possible offsets 
and greenhouse gas impacts; and the third project expands 
the previous project on Water, Nutrients, and Sustainability to 
dynamically model the nitrogen cycle and economic assess-
ment of biochar benefits in Dynamic Modeling of the Nitro-
gen Cycle of Biochar-amended Soils, and Economic As-
sessment of Biochar Benefits. With these awards SCS has 
contributed over $2.3 million to support faculty-led research at 
Rice University.
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SCS produced the 5th Houston Sustainability Indicators (HSI) 
report: Opportunity Among The Houston Districts, and 
launched an interactive site to extend the reach of the Hous-
ton sustainable development performance indicators. An on-
line contemporary information management and data visual-
ization system, The Houston Quality of Life Atlas, can be 
found at: HoustonCommunitySustainability.org. 

Through projects and the HSI work, SCS has provided oppor-
tunities for students to participate in sustainable development 
learning and research. For the 7th year in a row, opportunities 
for undergraduate students are supported through the SCS 
Sustainable Development Award presented through the 
Rice University Undergraduate Research Symposium. The 
$1,000 award recognizes the top three student papers that 
meet SCS research criteria.

SCS sponsored and hosted the U.S. Sustainable Develop-
ment Council meeting which presented results of the Houston 
Energy Efficiency in Buildings effort and the People + Nature 
Conference which brought together stakeholders to connect 
environmentalists and urbanists for greener and healthier cit-
ies.

The SCS annual sustainable development workshop held in 
the fall featured the Zero Carbon Development project funded 
in 2012-2014. The Carbon 2065 Workshop brought together 
experts to discuss the environment and the urban outlook of 
zero carbon development. The conference served as a forum 
for the presention of the Zero Carbon Development Plan us-
ing the Houston Fifth Ward as a model. 
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Research

Dynamic Modeling of the Nitrogen Cycle 
of Biochar-amended Soils, and Economic 
Assessment of Biochar Benefits

Caroline Masiello, Earth Sciences 
Kyriacos Zygourakis, Chemical and Biomolecular Engineer-
ing
Kenneth Medlock, James Baker Institute
Christian Davies, Shell
Ghasideh Pourhashem, Postdoctoral research fellow

Biochar soil amendment is a sustainable land management 
strategy that has multiple potential long-term environmental 
and agricultural benefits. However, wide acceptance of this 
strategy is hampered by several factors. We still do not un-
derstand the science driving the performance of biochar in 
amended soils. At the same time, there is no holistic cost/
benefit analysis of biochar application for sustainable agricul-
ture. This analysis should include avoided costs and benefits, 
while accounting and providing explanations for which biochar 
amendments provide no benefits.
 
This project has dual goals:
 
a) Build a representative economic framework for biochar pro-
duction to allow quantification of ways to promote large-scale 
biochar production. This framework will help policy-makers in 
designing required policies and market tools to support bio-
char production and assists investors in making decisions to 
maximize their profit in producing biochar. 
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Pricing biochar’s multiple benefits may increase the opportu-
nities for large-scale biochar development. The research team 
will conduct an analysis about how policies could help value 
the avoided externalities of biochar application.
 
b) Model the dynamics of the full nitrogen cycle within bio-
char-amended soils with varying properties, different biochar 
properties, and variable climate.  Clarifying the fundamental 
mechanisms that determine the environmental performance 
of biochars, modeling work will enable a critical evaluation of 
the cost/benefits economic analysis.  

Simulation results tell us why biochar amendments fail, which 
biochar properties lead to optimal environmental performance, 
and which production methods lead to biochars with maximal 
agricultural and environmental benefits. 
 
Dynamic Modeling of the Nitrogen Cycle of Biochar-
Amended Soils

Completed and Ongoing Research:

In a recent publication (Sun et al., Industrial and Engineering 
Chemistry Research, 2015) the team demonstrated that ad-
dition of biochar can slow nutrient transport through the soil if 
the biochar/soil ratio and crucial biochar properties  are care-
fully matched to the soil and the amount of rainfall or irrigation. 
The mathematical model used to obtain these results consid-
ered two stationary adsorbent phases, axial dispersion and 
interphase mass transfer and intraparticle diffusion.

In an effort to further clarify the physicochemical mechanisms 
responsible for the strong retention of nutrients observed in 
biochar-amended soils, researchers then focused attention 
on the dynamic interplay of diffusion and adsorption of nutri-
ents in biochar particles exposed to varying concentrations of 
nutrients and different water flow rates. 
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This study will use several different adsorption isotherms, dif-
fusion mechanisms, and biochar pore structures to account 
for the wide variability of biochar surface chemistry and pore 
structure observed in practice (Sun et al,  Industrial and Engi-
neering Chemistry Research, 2015). 

Mathematical Model and Results

The mathematical model considers diffusion and adsorption 
of nutrients in a spherical biochar particle embedded in a bed 
of biochar-amended soil (see Figure 1). 

 

Figure 1: Biochar particle embedded in amended soil and exposed 
to flowing water with time-varying concentrations of nutrients (fer-
tilizer).

Water containing a solute (fertilizer) flows around the particle 
and the concentration of the solute varies with time (see, for 
example, the rectangular pulse shown in Figure 1). Solute ad-
sorption on either biochar or soil takes place according to the 
Shell Center for Sustainablity 13



following steps: (a) Transport of the solute from the bulk fluid 
to the adsorbent particle surfaces across the thin liquid film 
that forms around the soil or biochar particles; (b) Pore and/
or surface diffusion of the solute in the interior of the particle; 
and (c) adsorption of solute on the surface adsorption sites.  
Solute desorption follows the same steps in reverse order. 

Figure 2: Nutrient concentration profiles in the liquid-filled pores of 
a biochar particle exposed to a rectangular pulse of bulk nutrient 
concentration. The bulk nutrient concentration is set to   from t = 0 
to t = 1 PV and drops back to zero for t > 1 PV.

As shown in Figure 2, the particle becomes almost completely 
saturated in nutrient when 1 pore volume (PV) of water flowed 
around the particle. At this time point, the nutrient concentra-
tion in the water stream drops to zero and the adsorbed nutri-
ent starts to desorb and elute from the biochar particle. The 
adsorbed nutrient will desorb much more slowly, however, 
and even when several pore volumes of pure water flowed 
past the biochar particle some nutrient will still be adsorbed 
on it (see curve for 10 PV on Figure 2).
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A study is underway to find how the nutrient retention charac-
teristics of a soil amendment will be affected by (a) the prop-
erties of biochar and (b) the mechanism of adsorption and 
diffusion. Researchers will present one additional result that 
will help them choose the biochar particle size for optimal per-
formance.

Figure 3: Temporal evolution of the total amount of N fertilizer ad-
sorbed on biochar particles of different sizes after they have been 
exposed to a pulse of nutrient concentration equal to   from t = 0 to 
t = 1 PV. Pure water flows past the particles for t > 1 PV. All bio-
char particles have the same total porosity and the same adsorp-
tion capacity and affinity.

Figure 3 presents the total amount of nitrogen adsorbed on 
biochar particles of different sizes after they were exposed to 
Shell Center for Sustainablity 15



a pulse (application) of fertilizer. While the smallest particles 
(with radius equal to 0.5 mm) reach complete saturation very 
quickly, they also release the fertilizer much faster than larger 
particles. Very little of the fertilizer adsorbed in the smallest 
particles is retained after 8 pore volumes of water have flowed 
past them. The 2 mm particles adsorb only about 60% of the 
Nitrogen (N) fertilizer adsorbed by the smaller 0.5 and 1 mm 
particles. However, the large particles release the fertilizer 
much more slowly that the small particles. Only about 50% of 
the fertilizer adsorbed by the 2 mm particles is released after 
10 PV of water has flowed past them. In contrast, the 1 mm 
particles have released almost 90% of the N they have ad-
sorbed and the 0.5 mm particles have released all the N they 
adsorbed at t = 10 PV.

Significance

This work is an important step towards the development of an 
analytical tool that can help create “designer biochars” and as-
sess their environmental performance as soil amendments.

By allowing the team to isolate and analyze the interactions 
of key components of their system, the mathematical model 
provides a systematic way to adjust the amount and proper-
ties of a biochar in order to maximize its benefits. The amount 
of biochar applied to a field can be matched to hydrodynamic 
characteristics of the field and the amount of expected rain-
fall  to achieve desired nutrient retention effects. Researchers 
could select a feedstock and production method that would 
yield a biochar with optimal adsorption capacity and sorbate 
affinity.

Publications

• Sun, H., Brewer, C. E., Masiello, C. A., & Zygourakis, K. 
(2015). Nutrient Transport in Soils Amended with Biochar: A 
Transient Model with Two Stationary Phases and Intraparticle 
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Diffusion. Industrial & Engineering Chemistry Research, 54, 
4123–4135.

• A second paper is under preparation. This paper will use 
the model presented above to study the dynamic interplay of 
diffusion and adsorption of nutrients in biochar particles ex-
posed to varying concentrations of nutrient and different water 
flow rates

Presentations

• H. Sun, C. A. Masiello and K. Zygourakis, “Dynamic Model-
ing of the Nitrogen Cycle in Biochar Amended Soils: A New 
Approach for Rapid Screening of Designer Biochars,” Invited 
Talk, Plenary Session of the Computing & Systems Technol-
ogy Division, 2015 Annual Meeting of the American Institute of 
Chemical Engineers, Salt Lake City, UT, November, 2015.

• Gooding, P. Markenscoff and K. Zygourakis, “Characterizing 
the Pore Structure of Biochars Using Multiscale Models and 
Reactivity Data,” 2015 Annual Meeting of the American Insti-
tute of Chemical Engineers, Salt Lake City, UT, November, 
2015.

• K. Zygourakis, “Dynamic Modeling of the Nitrogen Cycle in 
Biochar Amended Soils,” Invited Seminar, Oklahoma State 
University, Stillwater, OK, January 2016.

 

Economic Assessment of Biochar Benefits

Biochar can increase crop yield. Results vary by soil 
and crop types and mixing rates.

Biochar benefits are screened for their potential economic 
assessment. To reach the objectives collection of detailed in-
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formation about biochar performance in agricultural soils for 
key criteria help inform and build the economic model. These 
criteri include water relations, Green House Gas (GHG) 
emissions, phosphate, nitrogen retention, and increased 
crop productivity. Different factors ‒ such as the material 
that biochar is made from (feedstock) or soil characteristics 
where biochar is applied ‒ influence biochar’s performance 
in soil. It is critical to identify how biochar is deployed to har-
vest most of its potential benefits. The team is conducting a 
meta-data analysis on biochar properties and performance. 
The initial analysis of these data shows that biochar in corn 
farms has a positive effect on corn yield. Biochar has a capa-
bility to retain Phosphorus (P) and N from fertilizers applied 
to land. This is important for areas with high corn production 
such as the U.S. Midwest that contribute to agricultural water 
pollution and the dead-zone in Gulf of Mexico. According to 
the initial investigation, if deployed strategically, biochar soil 
application may increase food security with no damage to 
ecosystem health.

Biochar production costs remain uncertain: Limited data 
are available for different pathways and production ca-
pacities

 As stated in the proposal, in order to estimate the cost of 
the production of biochar a thorough techno-economic cost 
assessment is required. Parallel to the team’s effort in un-
derstanding biochar’s performance in different environments 
an investigation of the production costs of biochar has been 
initiatd. An in-depth literature review on techno-economic 
costs of producing biochar from several feedstock materials 
and at different production scales has been conducted. In 
addition to these cost data from peer-reviewed publications, 
companies were contacted that are current producers of 
biochar on small scales and their cost data has been re-
quested. Analisis of cost data shows that costs vary by size 
of production, feedstock material for biochar production, and 
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process coproducts, in the majority of cases the cost per unit 
of produced biochar remains high. These facilities are also 
capable of generating other valuable products (bio-oil and 
non-condensable gases) that could be used in energy mar-
kets (e.g. electricity, heating, or gasoline markets) (Figure 4). 
These facilities are more likely to generate higher profit from 
selling their products to the energy market. Strengthening 
the agricultural market for biochar is very important so that 
investment in this technology is encouraged.

Figure 4. A biochar producing facility is capable of serving multiple 
markets

Biochar may reduce agriculture’s impact on air quality

The team proposed to use an economic model to relate the 
avoided environmental, economic, and social damages (pos-
itive externalities), when biochar is applied to soil, to derived 
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savings. Collaboration by the team with air quality experts 
on the Rice campus for the investigation of biochar impacts 
on regional air quality occurred. Exposure to ozone (O3) and 
fine particulate matter (PM2.5) is significantly associated with 
increased health risks of premature morbidity and mortality.  
Soil Nitrogen Oxides (NOx=NO+NO2) are PM and O3 precur-
sor gases. Fertilization can alter the rate of soil NOx emis-
sions. Early results have shown that biochar soil application 
may suppress soil NO emissions by 47-67%. The team used 
this data to model regional air quality and estimate the im-
pact of soil NO emissions on air quality. The results show 
the potential for significant reduction in air pollutant (O3 and 
PM2.5) concentrations across different regions in the U.S. 
Concentration-response (C-R) functions - adopted from epi-
demiological studies link the reduced O3 and PM2.5 emissions 
to avoided morbidity and mortality in each U.S. County. Us-
ing relevant health care and mortality costs, the county-level 
health benefits of this strategy are calculated. The results 
show application of biochar to agricultural soils in the U.S. 
may reduce health risks from agricultural activities and have 
an estimated benefit of up to $2 Million per county.

Including the social cost of fertilizer may encourage farm-
ers to choose biochar

It is important to consider how market tools can influence 
investment in these products. The team examined different 
market tools such as taxes or permits that can help support 
biochar’s market development. In order to secure a market 
for biochar, farmers who are the main consumers of biochar, 
should have incentives to purchase and apply this product 
on a large scale. Financial motivation can provide required 
incentives for the growth of biochar application in farming. 
This analysis considers two main factors that may drive 
economic incentives for farmers in choosing to use biochar: 
1) Policies and market tools that make biochar application 
a less expensive option, and 2) Knowledge of how biochar 
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application increases their farm productivity by increase in 
crop yield. Currently farmers do not bear the social cost of 
applying extra fertilizer to their farms. There are no current 
economic incentives to do so in a farmer’s profit evaluation 
(Figure 5). Market tools like a tax (an environmental fee on 
fertilizer application) can increase farmers’ cost and influ-
ence their choice for nutrient input and optimize their farming 
practices. As depicted in figure 5, adding the social cost to 
farming may reduce consumption of synthetic fertilizer from 
QFT to a lower amount of Q´FT, which could be replaced with 
biochar-mixed fertilizer that has a lower social cost.

 
Figure 5. QFT: Quantity of fertilizer, PFT: Price of fertilizer

Expected outcome and future work

Although the cost of producing biochar varies by feedstock 
material and process design, its market price remains high. 
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Initial investment remains as one of the biggest challenges in 
the use of biochar. Market tools may increase the chance of 
wide adoption of biochar. Increased efforts to understand bio-
char soil, nutrients, and water relationships can reduce uncer-
tainty in analysis and help predict where biochar can generate 
the most environmental and financial benefits.
 
When beneficiaries and financial benefits are identified, the 
study will generate policy recommendations to help speed 
biochar implementation. Estimation of the avoided cost and  
quantification of potential governmental policy intervention in 
the form of subsidies or other tax treatments in the market 
price of biochar, will help determine the acceptability of bio-
char use.

The team will publish their analysis and results in three peer 
reviewed journals listed below:

• Pourhashem G., Medlock K.B., Masiello C. A., Davies C.A., 
“Economics of large-scale biochar production”, 2016

• Pourhashem G., Medlock K.B., Masiello C. A., “Market-based 
environmental policy-instruments in biochar application: Bio-
energy and Gulf of Mexico Hypoxia”, 2016

• Pourhashem G., Rasool Q., Zhang R., Masiello C. A.,  Med-
lock K.B., Cohan D., “Regional air quality benefits of biochar 
application for agricultural soil amendment”, 2016

Conference Presentations

1. Pourhashem G., Masiello C. A., Medlock K.B., Davies C.A., 
“Environmental and economic benefits of biochar application 
for resource management”, 8th International Conference of 
the International Society for Industrial Ecology, ISIE 2015, 
Surrey, England, July 2015
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2. Pourhashem G., Masiello C. A., Medlock K.B., Davies C.A., 
“Environmental and economic benefits of biochar application 
for agricultural soil amendment”, Water and Energy Workshop: 
Understanding impacts and Trade-offs to Facilitate Transi-
tions, May 2015, Rice University, Houston, TX, USA (poster 
presentation)
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Risk and Resilience along Houston’s Ship 
Channel: Uncovering Links between Vital 
Social, Environmental, and Physical 
Systems

Principal Investigators:
Jamie Padgett, 
Philip Bedient, 
James Elliott, 
Regina Buono

Students:
Carl Bernier, 
Frances Kellerman, 
Ethan Hasiuk

Description of the project and expected outcomes:

Due to their location in coastal areas, oil, natural gas and 
other industrial facility infrastructures are particularly vul-
nerable to hurricane events; 50% of the United States (US) 
refining capacity is located on the Gulf Coast, a hurricane-
prone area (Godoy, 2007). During recent hurricane events in 
the US, oil infrastructures, specifically above ground storage 
tanks (ASTs), have suffered major damage which resulted in 
spills of hazardous materials in the surrounding environment, 
costly cleanups, and significant economic losses due to the 
shutdown of refineries. In addition to these serious economic 
and environmental impacts, spills also have profound effects 
on the wellbeing of surrounding communities. It is critical to 
evaluate the vulnerability of key energy infrastructures and 
the associated risks of adverse social impacts. Shifts in coast-
al population patterns and demographic trends play a major 
role in hazard induced losses and play a key role in the risk of 
spills (Burton, 2010).
   
The objective of this project is to determine the societal impli-
cations of hurricane hazards in residential coastal communi-
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ties and energy facilities, and to understand the factors and 
understand the factors and conditions that affect storm surge 
risk. The team will develop an integrated model of natural, 
physical, and social risks associated with oil infrastructure 
performance during hurricanes. 

The Houston Ship Channel (Figure 1), is one of the most vi-
tal industrial regions located in a hurricane prone area in the 
United States and will be used as a case study for this re-
search. 

Figure 1: Houston Ship Channel – Shell Deer Park refinery 
(Center for Land Use Interpretation, 2009).
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Figure 2 presents an overview of the expected integrated 
model and enumerates some of the key linkages that will be 
analyzed by the project. This model couples hurricane storm 
surge modeling with vulnerability modeling of aboveground 
storage tanks to evaluate the risk of exposure that  Houston 
Ship Channel communities have. Hurricane hazard modeling 
allows assessment of surge level or wind speed on infrastruc-
ture. The loads associated with different probabilistic or deter-
ministic hurricane scenarios will be used to develop models 
to compute the probability of failure of aboveground storage 
tanks and potential spills in the Houston Ship Channel. The 
vulnerability and risk exposure of nearby communities will 
also be evaluated. A multi-disciplinary journal article will be 
prepared  that uses the integrated model to determine the 

Figure 2: Summary of the proposed integrated model. Ex-
ample linkages are indicated.
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temporal evolution of storm risks associated with increased 
industrial development and socio-demographic changes over 
the past five decades. The insights and results obtained from 
the integrated model will allow testing of alternative mitigation 
strategies, including structural, hazard, and policy oriented so-
lutions. This project will determine solutions to improve storm 
surge resiliency; these solutions could be adapted to other 
hurricane-prone areas located in the United States.
 
Progress and upcoming work

Hurricane hazard in the Houston-Galveston area:

The first task for hurricane hazard analysis consisted of de-
termining the surge levels of interest in the Houston Ship 
Channel. The team decided to use the Federal Emergency 
Management Agency’s (FEMA’s) current Base Flood Eleva-
tions (BFEs) for various return periods (100 year, 500 year) to 
serve as an indicator of hurricane flood risk and determine the 
surge levels. While multiple hurricanes could be modeled and 
simulated by the researchers to obtain these results, FEMA 
has  completed such work through the development of BFEs . 
The research team will work on development of a suite of syn-
thetic hurricanes to determine information not available from 
the FEMA’s BFEs such as wind and water velocities and wave 
heights. Simulation of these storms will allow us to investigate 
different storm surge reduction strategies which the BFEs do 
not do.

Vulnerability modeling of aboveground storage tanks:

The research team has compiled a database of aboveground 
storage tanks (ASTs) located in the Houston Ship Channel 
with their characteristics (dimensions, type of tank, content, 
etc.). Historical GIS data has been used to create a preliminary 
timeline of when tanks were constructed for the period 1950-
present. This timeline allows the team to visualize and track 
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the evolution of the built environment centered around the oil 
industry in the Houston Ship Channel. Fragility models were  
developed to estimate the probability of failure of ASTs due 
to  hurricane events. Floatation is the only tank failure mode 
considered at the moment but other failure modes, such as 
buckling, will be included. Using fragility models, researchers 
determined the probability of failure for approximately 4500 
ASTs located in the Houston Ship Channel for a 25 ft storm 
surge (which corresponds to a 500 year storm) as shown in 
Figure 3. Upcoming work will focus on the development and 
analysis of maps for the period from 1970-present. These 
maps will allow the team to understand how the risk exposure 
(potential economic losses, risk of hazardous material spills) 
of the petrochemical industry and nearby communities has 
evolved over the last few decades.

Socio-demographic shifts along the HSC and resilience 
of communities:

Work to date that relates to integrated assessment of so-
cial impacts has focused on two broad tasks. The first task 
involved broadly scoping resources and issues pertinent to 
social and demographic life in at risk communities along the 
Houston Ship Channel; the second task involved more nar-
rowly identifying, collecting, and standardizing available data 
for integration and use in forthcoming analyses. The team has 
now processed primary and secondary sources. Secondary 
sources come mainly from local archives, reports housed at 
the Houston Metropolitan Research Center and Special Col-
lections Library at the University of Houston, federal legislation, 
state reports, environmental data, and historical documents. 
Primary sources include field notes from several civic meet-
ings, unstructured interviews with local experts and stakehold-
ers, formal and informal tours of the port and its surrounding 
neighborhoods, and discussions with administrators of Port of 
Houston Authority. A central objective of the project is to devel-
op a longitudinal perspective that extends beyond immediate 
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conditions to assess 
longer term trajecto-
ries of vulnerability 
and risk. Such work 
requires the collec-
tion and integration 
of local census data 
that can be normal-
ized over time for 
spatially constant 
units, such as cen-
sus tracts. The team 
has now identified 
and collected data 
for the period 1970-
present and is cur-
rently processing it to 
produce local indica-
tors of social vulner-
ability (Figure 4) and 
identify socio-demo-
graphic shifts. This 
data will be merged 
with the storm surge 
and tank vulnerabil-
ity data to produce 
maps and statistical 
analyses of the evo-
lution of vulnerability 
and risk exposure for 
communities related to oil infrastructure in the study area.

Mitigation strategies:

Once the three main components of the model are fully devel-
oped and integrated, researchers will investigate the effects 
of different mitigation strategies. Three main types of mitiga-

   Figure 3: 25 ft. storm surge and probability of failure of above ground storage tanks
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tion strategies will be 
investigated: structur-
al details of aboveg-
round storage tanks, 
storm surge reduc-
tion techniques, and 
policies and regula-
tions. Structural miti-
gation strategies for 
the ASTs will con-
sist of anchoring the 
tanks to the ground, 
changing the stiff-
ness of the tanks, or 
providing a higher lo-
cal confinement area 
around each tank. 
Storm surge reduc-
tion strategies such 
as a building flood 
gates and levees or 
raising roadways will 
be investigated to de-
termine the effects of 
reduced storm surge 
levels on physical 
and social impacts. 
Different policies 
such as design code 
changes, disaster 

prevention/preparedness measures, or land use regulations 
will be analyzed to improve the resilience of oil facilities and 
nearby communities before and after storm events.

   Figure 3: 25 ft. storm surge and probability of failure of above ground storage tanks
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Figure 4: Example of social vulnerability indicator for 2009 around the Houston Ship Channel

References:

Burton, C., (2010). Social Vulnerability and Hurricane Impact 
Modeling. Natural Hazards Review, 11(2), 58-68.
Center for Land Use Interpretation, (2009). Texas Oil: Land-
scape of an Industry (http://clui.org/page/texas-oil-land-
scape-industry-0 ) (Feb. 19, 2016)
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Figure 4: Example of social vulnerability indicator for 2009 around the Houston Ship Channel

Godoy, L., (2007). Performance of Storage Tanks in Oil Fa-
cilities Damaged by Hurricanes Katrina and Rita, Journal of 
Performance of Constructed Facilities, 21(6), 441-449.

Shell Center for Sustainablity 33



34 2015 Annual Report



Shell Center for Sustainablity 35

An Observational and Modeling Study of 
Natural Gas Leakage in Urban Houston

Principal Investigators:

Robert Griffin, Civil and Environmental Engineering, Chemi-
cal and Biomolecular Engineering
Daniel Cohan, Civil and Enviornmental Engineering
Beata Czader, Department of Civil Engineering
Christian Davies, Shell
Nancy Sanchez, Civil and Environmental Engineering
Frank Tittel, Electrical and Computer Engineering

Overview

The focus of this work is a characterization of natural gas 
(NG) leakage in Houston, predominantly from its distribution 
network.  The project can be broken down into three subar-
eas: identification of sampling zones, three-dimensional air 
quality modeling, and development/deployment of sensors for 
NG constituents.

Selection of sampling zones

Because recent studies have suggested that large leaks occur 
from aging NG distribution infrastructure, we selected sam-
pling areas in Houston based on the probability of potential 
methane (CH4) leaks. Figure 1 shows criteria used to select 
four sampling zones based on infrastructure age and NG us-
age.



As a proxy for infrastructure age, we used year of construc-
tion data from the American Community Survey. To approxi-
mate the density of NG usage, we used data from gas heat-
ing units.  Classification of old versus new infrastructure is 
based on the date when metal pipes began being replaced 
with plastic pipes in Houston. To distinguish between low and 
high usage density, we used a threshold of 1500 units/square 
mile. Figure 2 shows sampling zones that were chosen using  
this criteria.

Figure 1 Criteria of selecting sampling zones.
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Modification of an air quality model

To quantify the uncertainties in the Methane (CH4) emission 
inventory we planned to perform model simulations with the 
Community Modeling and Analysis System (CMAQ) air qual-
ity model. However, the model does not account for emissions 
of CH4 and its transport but keeps CH4 at a fixed concentra-

Figure 2 Sampling zones: (a) low probability of leaks; 
(b) medium probability (new infrastructure, high density); 
(c) medium probability (old infrastructure, low density); 
(d) high probability.

Figure 3 Snapshot of simulated methane 
making ratios.

tion. For the pur-
pose of this proj-
ect, we modified 
the CMAQ source 
code and enabled 
it to calculate CH4 
c o n c e n t r a t i o n s 
from emissions and 
transport. A snap-
shot of simulated 
CH4 mixing ratios 
for southeast Texas 
is presented in Fig-
ure 3.
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Sensor systems for detection of methane and ethane

Two compact sensor systems for detection of CH4 and ethane 
(C2H6) were developed and tested. These units, which allow 
mapping potential CH4 leaks associated with the NG distribu-
tion system in Houston, are based on mid-infrared tunable 
diode laser spectroscopy and employ interband cascade la-
sers coupled with compact multi-pass absorption cells (opti-
cal path length 57.6 m). The sensor system for CH4 detection 
(Figure 4(a)) targets its fundamental v3 band at 3038.5 cm-1 
and achieves a minimum detection level (MDL) of ~ 1.5 ppbv 
(60-sec integration time), while the sensor unit for detection of 
C2H6 (Figure 4(b)) targets a strong absorption line located at 
2996.9 cm-1 and exhibits a MDL of 5 ppbv (60-sec integration 
time). 

The stability and detection capabilities of these sensor units 
were demonstrated by continuous week long monitoring of 
CH4 and C2H6 levels on the Rice University campus. Figure 5 
depicts the deployment of the CH4 sensor system outside the 
Rice Laser Science Group laboratory and the detected CH4 
levels during May 2015. 

(a)       (b)
Figure 4. Mid-infrared laser-based sensor systems devel-
oped for (a) CH4 and (b) C2H6 detection
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Preliminary field tests

Preliminary field tests of the sensor systems have been per-
formed. As initial case studies, compressed NG stations (CNG) 
for vehicle fueling in the Houston area have been selected for 
pilot tests. CH4 emitted at these locations has a thermogenic 
origin. These sites are appropriate for determining the specific 
ratio of C2H6/CH4 of the NG distributed in the Houston area. 
Figure 6 shows the deployment of the CH4 detection system 
in a compact vehicle that was driven from the Rice University 

Figure 5. Methane 
sensor system de-
ployed outside the 
Rice Laser Science 
Group laboratory 
and observed CH4 
concentrations in 
May 2015.
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Houston area. Figure 6 shows the deployment of the CH4 de-
tection system in a compact vehicle that was driven from the 
Rice University campus to a CNG station located in Northeast 
Houston on December 22, 2015. The concentrations of CH4  
along the driving path and at this location while the vehicle 
was stationary for a short period of time were monitored (Fig-
ure 7). Initial deployment of the CH4 and C2H6 sensor units 
(Figure 8), and field tests integrating both sensor systems to 
determine their performance while operating simultaneously 
in a mobile-mode platform are in progress.

Figure 6. Deployment of CH4 sensor system in a compact 
vehicle and vehicle stationary at a CNG station in Northeast 
Houston in a field test conducted in December 2015.
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Figure 7. Observed CH4 concentrations at a CNG station 
located in northeast Houston during a field test on December 
22, 2015.

Figure 8. Initial mobile-mode deployment of CH4 and C2H6 
sensor systems on February 24 2016.
Shell Center for Sustainablity 41



42 2015 Annual Report



Houston Sustainability Indicators

The Houston Sustainability Indicators (HSI) project is a long-
term effort by the Shell Center for Sustainability to assist with 
the measurement and characterization of sustainable devel-
opment in Houston. 

SCS Fellow:
Lester King, PHD.

Now in its 5th year, the HSI has extended the reach of the 
Houston perfomance indicators to an online contemporary 
information management and data visualization system - 
Houston Quality of Life Atlas. It can be found at:

HoustonCommunitySustainability.org

HSI is also used to teach a new course:

EBIO 580 - Sustainable Development and Reporting

Through lectures, readings, and discussions, this course 
is designed to introduce students to guiding principles and 
methodologies for Environmental Health and Safety compli-
ance (EHSs) and Corporate Sustainability Reporting (CSRs). 
One of the central features of sustainability is through the de-
velopment and application of sustainability reports. 

Campus collaborations have included faculty and campus 
research on Port of Houston governance and growth with 
Dr. James Elliott which prodouced a paper presented at the 
American Sociological Association Conference in 2015.

Collaboration with Sociology Professor Jenifer Bratter result-
ed in HSI contribution to develop a research agenda on Food 
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Deserts. The team prepared a paper on the association of 
Race and Food Deserts in Houston, which was accepted for 
presentation at the annual American Sociological Association 
Conference in 2015.

Grants

HSI received an award from the Ewing Marion Kauffman Foun-
dation to develop Agglomeration Impacts on Entrepreneurial 
Ecosystems in 2016. This research will determine if there is 
a spatial pattern for entrepreneurial growth. Specifically this 
research will demonstrate how the collection of different ele-
ments – both physical and the presence of firms – affect en-
terprises of varying types.

The Hobby Center for the Study of Texas awarded HSI a grant 
to study Community Redevelopment Impacts in Houston. The 
study of impacts of community redevelopment and invest-
ment in urban areas in Houston will take place in 2016. This 
will include a qualitative assessment of community develop-
ment stakeholders and the identification and monitoring of key 
performance indicators to measure community development 
impacts.

Local Government

HSI contributed to the City of Houston in various ways:

Supported the Parks and Recreation Department during up-
date of the Houston Parks Master Plan.

Created a special report for District K and its Super Neighbor-
hoods to show sustainable development performance.

Supported the Planning Department in the development  of 
indicators which measure goals identified in the new Houston 
General Plan.
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Non-Profits

HSI participated in the review of the Houston Parks Board
Greenways Project. This project will create trails and connec-
tions all across Houston along the Bayou trails system.

National Recognition

The report ‘Energy efficiency in buildings market review: 
Houston, TX’, was prepared for the Energy Efficiency in Build-
ings Houston, an effort of the World Business Council for Sus-
tainable Development (WBCSD) and the United States Busi-
ness Council for Sustainable Development (US BCSD). The 
research was conducted with the support of Rice Professional 
Science Master’s program student Rong Liu and Brandeis 
University student Matthew Kuruvinakunnel.

HSI was selected to join the board of the Community Indica-
tors Consortium (CIC). CIC advances and supports the devel-
opment, availability, and effective use of community indica-
tors for making measurable and sustainable improvements in 
quality of community life.
 
Peer Reviewed Research and Activities

2015 – State of Affordable Housing in Houston Symposium.  
Keynote Presenter. Regional Confusion over Affordability in 
Houston. Houston, TX

2015 – Community Indicators Consortium Annual Conference.  
Presenter. Public Intervention Opportunities for Distressed 
Communities. Austin, TX

2015 – Association of Collegiate Schools of Planning Annual 
Conference.  Presenter. Land Control Tools for Community 
Sustainability. Houston, TX
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2015 – International Society for Quality of Life Studies Annual 
Conference.  Presenter. Towards Improved Quality of Life for 
Distressed Communities. Phoenix, AZ

2015 – City of Houston Fair Housing Forum. Federal Reserve 
Bank. Houston, TX

Presenter. Using Comprehensive Data to Define Distressed 
Neighborhoods. 

Moderator. Workshop featuring Dr. Stephen Klineberg and the 
Houston Area Survey.

Reports

King, L. 2015. The 5th Houston Sustainability Indicators Re-
port: Opportunity Among The Houston Districts. https://issuu.
com/sustainablehouston/docs/districtsreportpt12015. Shell 
Center for Sustainability, Rice University, Houston, TX. 
 
Media Interest

HSI received media attention in the following radio, television, 
and print outlets:

Inside the Loop, Affordable housing giving way to high-dollar 
development. This article cites a study by Rice’s Shell Center 
for Sustainability that found that Houstonians are spending 
more on housing and transportation than the federal recom-
mendations for those costs per household. Lester King, re-
search fellow at Rice’s Shell Center For Sustainability and 
author of the report, is mentioned.

Houston Chronicle Front page feature, Dec. 27, 2015.http://
bit.ly/1QX4unr

Houstonia Magazine. The upside of down. A feature to dis-
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cuss the complications of low gas prices in Houston, which is 
hurting the city’s economy but is favored by consumers. http://
bit.ly/1Z57oG4

Other Media Impact

• Bayou Voices - http://tinyurl.com/ms9avbr
• Houston Public Media - http://tinyurl.com/mylerun
• Houston Matters - http://tinyurl.com/o2xj5vp
• Houston Chronicle - http://tinyurl.com/pr3vyjw
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Outreach &
  Education

Education is an integral part of the Shell Center for Sustainability 
(SCS). From the inclusion of students on research teams to intern-
ships and awards to expand, advise and recognize sustainable devel-
opment understanding of students at Rice University, SCS continues 
to support these effots to expand student opportunities.

Outreach allows SCS to share the science of sustainable develop-
ment with students, researchers, collaborators, stakeholders, leaders 
and decision-makers, as well as the community at large. By using 
the Gulf of Mexico, the State of Texas and the Houston-Galveston 
region as a local laboratory SCS develops scientific models that rep-
resent key issues which affect the Stress Nexus of water, food and 
energy and that demonstrate the social impact of the sciences via  
social, economic, and environmental effects. 

The SCS hosted the 2015 council meeting of the U. S. Business 
Council for Sustainable Development (US BCSD). The meeting 
had work sessions and educational presentations that addressed col-
laborative water strategies, an update on the Houston Energy Ef-
ficiency in Buildings effort (plenary session also hosted by SCS), 
green bonds and financing sustainability, scaling the circular econ-
omy through materials marketplace, what the future holds for mu-
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nicipal recycling, and small group sessions on US BCSD projects, 
platforms, and partnerships.
 
SCS presented the Sustainable Development Award for under-
graduate students for the 6th year in a row. In 2012, SCS joined the 
Rice Undergraduate Research Symposium (RURS) to participate in 
this event and recognize work by undergraduate students. By add-
ing the SCS Sustainable Development Award to RURS, students can 
submit projects that enhance sustainable development through the 
Office of the Provost at Rice University. 

The 2015 awards were presented at Tudor Fieldhouse, on the Rice 
campus. SCS judges included Rice faculty, staff, and industry ex-
perts who reviewed abstracts and posters with the students based 
on technical and presentation 
criteria. The task was not easy 
as all entries qualified for the 
award. After an intense scor-
ing session, three winning 
projects were selected.

The 2015 judges were: Lester 
King, Ph.D., SCS Fellow; Daniel Cohan, Ph.D., Associate Professor 
and Researcher; Gary Schatz, P.E., PTOE; Lilibeth Andre, SCS As-
sociate Director; and Claude Griffin, Shell Oil Company.

The winning students were:

First Place

Pooja Yesantharao, 
Engineered, Afford-
able Glycans as New 
Antimicrobials.
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Second Place

Beineng Zhang, Mea-
surements of Com-
ponent Azimuth of 
USArray Transport-
able Array

Third Place

Team of Madhuri Venkateswar, Jacob Jaffe, Carolina Osuna, and 
Jan Dudek, Texas Tow-st - Evaluation of Transportation Policy

Congratulations to the winning students and those who entered  
projects for the competition.

The People + Nature Confer-
ence 2015 was hosted and co-
sponsored by SCS at Rice Uni-
versity. With the idea that great 
cities need more nature and 
great nature needs better cities, 
the two-day conference focused 
on reinventing a greener, smart-
er, and healthier greater Hous-
ton. The program included a full 
day of field trips and two days of 
presentations geared towards ur-
ban planners, wildlife conserva-
tionists, landscape professionals, 
health professionals, child advo-
cates, sustainability advocates, 
decision makers, urban farmers 
and others interested in building 
a greener, healthier city.
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SCS presented the 5th Hous-
ton Sustainability Indicators 
Report: Opportunity Among 
the Houston Districts. This 
report examines gentrification, 
housing affordability, and qual-
ity of life. The report looks at 
how these issues impact life 
in the 11 city council districts. 
The report discusses designa-
tions for preferred living loca-
tions and housing affordability 
which challenges some of the city’s prevailing notions. More infor-
mation can be found at http://shellcenter.rice.edu Houston Sustain-
ability Indicators or at HoustonCommunitySustainability.org

In 2015, the Shell Center for Sustainability presented the Carbon 
2065 workshop as its annual sustainability event. The workshop in-
cluded speakers highlighting the findings of the Zero Carbon De-
velopment project, funded under the Stress Nexus awards for 2012-
2014.

Workshop Introduction

Cities do not easily change; they need a significant catalyst typi-
cally tied to an economic imperative. Carbon 2065 anticipates the 
emergence of an active carbon market and the dramatic effects it 
will have, not only on a post-carbon economy, but on the urban en-
vironments that this economy will produce. If the old carbon city 
was about extracting carbon from the ground and burning it, the 
new carbon city will be about extracting carbon from the sky and 
storing it.

Carbon 2065 is a staged, fifty-year urban plan for Houston’s Fifth 
Ward that combines large-scale, mass-timber construction with a 
new form of carbon-intensive urban forestry. Integrating the built 
and the natural environment into a single, sustainable cycle, Car-
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bon 2065 initiates potential solutions to two, seemingly intractable 
problems—blighted neighborhoods and runaway carbon pollution. 
Carbon 2065 intends to provide, not a single, fixed solution or “Mas-
terplan” as much as it intends to assist in actively envisioning new 
ways forward.

The Discussion
 
Inhabiting the Carbon Cycle 

Carbon 2065 is a reality-based proposal. Rather than enter a “de-
bate” about climate science (or the temperature at which water 
boils), the project attempts to accommodate what established sci-
ence tells us about a changing climate and the urgent need to re-
spond. Carbon 2065 attempts to envision the dramatic reductions 
in energy consumption that are needed to limit surface temperature 
rise to 2°C. According to the Intergovernmental Panel on Climate 
Change (IPCC), this will require a 75% reduction of the typical, 
per capita energy expenditure in the United States by the year 2065. 
(Integrating climate remediation with necessary urban renewal and 
growth)
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Redevelopment

Adopting a Habitat for Humanity style of house-by-house recon-
struction in blighted urban and suburban neighborhoods, redevelop-
ment in the U. S. has stalled in its tracks. In the Fifth Ward of Hous-
ton, the enviable track record of its Community Redevelopment 
Corporation has managed to replace 300 (2%) of the Ward’s housing 
stock over a twenty-five year period. In the meantime, blight in the 
neighborhood has outstripped this replacement rate by an order of 
magnitude. Carbon 2065 attempts a new strategy of reconstruction 
using economies of scale to drive down per unit costs in a public/
private partnership. The first stages 
of the plan focused on Finnigan 
Park District.
  
Preservation

A unique form of preservation is at-
tempted in Carbon 2065. No-build 
zones or “Holdouts” of varying siz-
es and make-up will be established 
to both preserve the most valuable 
of urban assets in the Ward as well 
as serve as anchors for the new development. (The Holdouts will be 
determined by active community participation.) Using the Holdouts, 
the Ward will be subdivided into new districts and neighborhoods in 
order to preempt the gated, introverted type of redevelopment that 
occurs throughout the inner city. Opposed to a tabula rasa approach 
redevelopment, the Holdouts will preserve the historic identity of 
the Fifth Ward allowing the remainder of its territory to be redevel-
oped affordably and sustainably.  

Density

Carbon 2065 projects an urban environment that depends largely on 
urban density as the key to the necessary cuts in energy consumption 
through a combination of mass transit (density) and fewer, larger 
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and more energy efficient buildings. Mass transit densities require a 
catchment of 60 units per acre or approximately 10 times the pres-
ent density of the city. While the plan achieves these densities over 
a fifty-year period, it also recognizes that it is not feasible or desir-
able to pile up dense new construction in the manner of Manhattan 
or Hong Kong. The project instead looks to synthesize new models 
of urban density that are systematically balanced against generous 
amounts of productive open space.  

Capture

Carbon 2065 not only reduces energy con-
sumption through high densities, it pulls 
carbon out of the atmosphere and stores it. 
It attempts to integrate urban development 
into the carbon cycle by harnessing pho-
tosynthesis and its by-product, wood. The 
plan exploits the necessary open space 
that accompanies urban density as an op-
portunity for large-scale tree plantations 
capable of pulling carbon directly out of 
the atmosphere. Through various species 
planted and harvested over varying time 

periods, Carbon 2065 becomes a biotic, carbon remediation facility 
(a tree farm) that is also a habitable urban environment. Not only 
making an attractive environment, the plantations will produce a 
carbon credit adding potential support to the community.  

Storage

The other side of carbon remediation is storage. In the carbon plan-
tation, photosynthesis pulls C02 out of the atmosphere which is then 
stored in the wood of the tree. (Half the weight of a tree is carbon.) 
As long as the tree does not burn or decompose, the carbon remains 
locked inside. To optimize carbon capture, plantations are rotated 
on a regular cycle. As trees are cut to make way for younger, faster 
absorbing trees, the wood must be stored and protected. Using wood 
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as a construction material for new housing allows for its preserva-
tion as a unit of carbon storage while serving a second, equally vital 
function as highly efficient and quite beautiful replacement housing 
as well as new housing accommodating the city’s future growth. 
Wood construction replaces the two of the most carbon intensive 
industries on the planet: concrete and steel.  

Urban Ecology

Carbon 2065 ties into Houston’s unique riverine ecosystem that per-
meates the entire city though seven east/west bayous running paral-
lel within the city limits. These natural corridors have been recently 
assembled into a network of continuous public spaces that together 
measure out to 150 miles. Known as Bayou Greenway 2020, the 
open space of Carbon 2065’s plantations merge with the bayou cor-
ridors (from which they draw water) in a reciprocal relationship of 
stimulus and re/development. As a green network, Bayou Greenway 
2020 will serve as the engine of the next phase of Houston’s devel-
opment in much the same way as the way the freeway network has 
shaped the city in the past.

Presentations and video for the Carbon 2065 workshop can be ac-
cessed at: http://shellcenter.rice.edu, Outreach.

http://shellcenter.rice.edu    
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