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A. Executive Summary

This report quantifies the main sources of carbon emissions on Rice University's campus
and briefly analyzes afew possible methods of carbon abatement. Carbon emissions contribute
to the larger problem of global warming. The Kyoto Protocol, which mandates a 7 reduction of
emissions from 1990 levels by the year 2010, is a global agreement that may be ratified by the
Senate in the near future. If thisis the case, Rice may be required to significantly reduce its
carbon emissions. Our calculations find that Rice currently emits 19,900 tons of carbon into the
atmosphere. These findings are broken down as follows.

Energy

Energy emissions include those from the production of air-conditioning, heating, and electricity
available at end-use locations.

By far the largest source of emissions, energy production contributed 15, 700 tons of carbon to
the atmosphere in 1998.

Solutions discussed include department metering and an upgrade of cogeneration.

Transportation

Transportation emissions include those from commuting students and faculty, campus shuttle
buses, and air travel by faculty and student athletes.

The second largest source of emissions, transportation contributed 3,400 tons of carbon to the
atmosphere in 1998.

Solutions discussed include light rail, electric vehicles, hybrid-electric vehicles, fuel cell
vehicles, and alternative fuel sources.

Construction

Construction emissions include those from the production of concrete, transportation of
concrete, and the production of brick.

The third largest source of emissions, relatively, construction contributed 800 tons of carbon to
the atmospherein 1998.

Solutions discussed include flyash concrete and concrete masonry units.
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B. Introduction

Emissions of carbon dioxide, a greenhouse gas, pose amajor risk to the welfare of the
earth. Trapping solar radiation in the atmosphere, it is one of the main contributorsto global
warming (EPA 1999). According to scientists, global temperatures arerising. Thistrend
correlates with an increase in atmospheric carbon dioxide concentrations, mostly dueto
anthropogenic sources.

Figure Al. Atmospheric Carbon Dioxide Concentration and Temperature
Change over the Past 160,000 Years (EPA 1998).
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Climate change caused by increased greenhouse gas emissions may result in catastrophic
changes in the biosphere and many ecosystems. A rise in sealevel dueto melting of the polar ice
caps may destroy islands, wetlands, and other coastal areas. Furthermore, the warming of the
earth may cause changesin precipitation patterns, altering local climate conditions. Other
potential effects include areduction of crop yields and water supplies that could endanger human
health and threaten other species aswell (EPA 1999).

The Kyoto Protocol, an international agreement to reduce greenhouse gas emissions,
serves asafocal point in the global effort to combat climate change. The Protocol callsfor a 7%
reduction in U.S. carbon dioxide emissions from 1990 levels by the year 2010. With the deadline
for Senate ratification nearing, carbon emissions reduction has come to the forefront of both the
national and global policy agenda. Regardless of Senate ratification. Rice should prepare to
initiate a plan to reduce University-related CO, emissions. By taking precautionary measures,
Rice both limits its contribution to the detriment of the environment and steps out as aleader in
national policy.

This report provides a beginning to this process. We have quantified Rice-related
emissions from energy production, transportation, and construction for 1990,1998, and projected
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B. Introduction

to 2010 (Table Al). According to our calculations. Rice is currently emitting 19,900 tons of
carbon into the atmosphere. Although this represents a significant drop from 1990 levels of
22,000 tons, if we continue at current trends, we will not meet the Kyoto-specified 7 reduction
by 2010. For this reason, we have also briefly examined solutions to the problem.

Table Al. Rice University Total Carbon Emissions.
Source 1990 (tons) 1998 (tons) 2010 projection (tons)

Energy 18,600 15,700 20,900

Transportation 3,000 3,400 3,800

|{Construction  + 400 + BOO + B0

Totals 22,000 19,900 25,500

To put these numbers in perspective, global carbon emissions are currently 6.1 billion
tons or about one ton per person. U.S. carbon emissions are 1.4 billion tons or about 5 tons per
person (EPA 1999). The University's carbon emissions of 19,900 tons are equivalent to about 3
tons per person due to Rice-related activities only (Rice University 1999).

This report proceeds as follows. Section C details source quantification methods and
solutions for energy production. Sections D and E do the same for transportation and
construction, respectively. Supporting calculations are shown in the appendices.
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C. Energy

Abstract

This section presents an overview of carbon emissions due to energy-related activities at
Rice University. Rice University's energy system combines energy purchased from Reliant Energy
with energy cogenerated on campus. Cogener ation blends the production of electricity, air-
conditioning, and heating. We assigned carbon emissions coefficients to each fuel source entering
Rice's energy system based on carbon released per unit energy produced. These coefficients were
multiplied by energy consumption to give a total carbon emissions of 15,700 English tons for
1998. Carbon emissions per building show that science and research facilities are the highest
emitters. Although energy efficient technol ogies have reduced Rice's emissions, our calculations
suggest that carbon emissions will risein the future due to campus expansion. We looked at
department metering and an upgrade of cogeneration as possible carbon abatement techniques.
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C. Energy: Source Quantification

Sour ce Quantification

I ntroduction

At the heart of all Rice University operationsis electrical energy. It illuminates the room'slights,
powers the computers, and cools the buildings. This variety of uses creates many opportunities
for reductions in both carbon emissions and money spent. These reductions will become
necessary if the Kyoto protocol, which calls for reductions of carbon emissionsto 1990 levels by
2010, comes into effect. The generation of electricity, air-conditioning, and heat significantly
contribute to global warming and air pollution in general. In fact, fossil fuel power plants produce
about sixty percent of all greenhouse gas emissions around the world (Sierra Club 1999).

Rice University's Energy System

Currently, Rice University receivesits energy from two sources. Reliant Energy (formerly

HL& P) and cogeneration on campus. Rice purchases the majority of its energy from Reliant at
night when its prices are cheaper. During Reliant Energy's peak price hours in the middle of the
day. Rice combines its purchases with cogeneration to cut cost. Cogeneration produces el ectricity
and air-conditioning or heating at the same time. It works by burning natural gas to operate a jet
engine, which turns a turbine to generate electricity. Waste heat from the burning of natural gasis
used to make chilled water for air-conditioning or steam for heating, depending on user demand.
Boilers also provide additional steam when air-conditioning or heating needs exceed levels
provided by cogeneration’'s waste heat. To simplify. Rice University Energy system combines two
inputs-electricity and natural gas-to produce four outputs- electricity, steam, chilled air, and
compressed air (Eric Valentine, Rice University Energy Coordinator, personal interview, 2 March
1999). See Appendix, Section A for amore complete diagram of this system.

Purchased Energy

To determine the carbon emissions from purchased energy, fuel sources must be taken into
account because each fuel has a different carbon content. Electricity purchased from Reliant
Energy comes from 5 different sources of fuel: natural gas (32-39), coal and lignite (40-47),
nuclear (9-14), large hydroelectric plants (1), and renewable sources (negligible) (Reliant Energy
1999). Although carbon emissions from these fuels are not released on campus but rather Rice's
energy consumption. A fuel's carbon content is used to determine its carbon emissions
coefficient, which relates carbon emissions released to energy produced. This coefficient isthen
multiplied by total energy consumed, taking into account efficiencies within the system, to give
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C. Energy: Source Quantification

the total carbon emissions. See Appendix, Section B for amore detailed description of carbon
emissions cal culations.

Rice purchased 4.1 x 107 kwh from Reliant in 1998. According to our calculations, the
production of this energy released approximately 8,900 English tons of carbon into the
atmosphere. The magjority of these emissions, about 6,100 tons of carbon, came from energy
produced by coal. The other 2,800 tons of carbon came from energy produced by natural gas. See
Appendix, Section B for the 1998 campus-wide carbon emissions data.

Cogenerated Energy

Cogeneration relies on one fuel-natural gas. Natural gas emits 42 percent less carbon than
standard fossil fuel sources per equivalent energy unit, and, when used in combined-cycle natural
gas turbines (like cogeneration), emissions drop another 33 percent (Alliance to Save Energy
1999). In 1998, cogeneration on campus produced 4.3 x 107 kWh, which released about 6,800
tons of carbon. See Appendix, Section B for these calculations.

Total Energy

Adding the contributions from both purchased and cogenerated energy discussed above, Rice's
total carbon emissions due to energy production in 1998 were 15,700 tons. Considering the
campus population is 6438 people on average, one person in 1998 was responsible for 13.4
pounds per day of carbon emissions due to Rice-related energy activities (Rice University 1999).

[Table C1._Carbon Emissions from Energy Consumption (1998)

Source Carbon Emitted (English tons)
Purchased Enerdy 8,900
ogeneralion + o, B0
‘otal 15,700
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C. Energy: Source Quantification

Carbon Emissions by Building

Using building meter data from the University's Department of Facilities and Engineering
for 1998, we calculated total carbon emissions per building and per square foot in each building
(Vaentine, persona interview, 2 March 1999). The meters measure the cooling energy, heating
energy, and electrical energy used per building. For our analysis we took the aggregate energy
total for each building. Science and research buildings are consistently the largest emitters
(Figures Cl and C2). George R. Brown and Anderson Biological Laboratories, both
predominantly research facilities, are two of the highest emitters. Additionally, per square foot,
six of the top ten emitters are science and research buildings (Figure C2). Dell Butcher and Old
Chemistry, low-emitting science buildings, were not operating at full capacity for al of 1998 due
to renovation and construction.

There are some deviations from this trend. In total emissions, Fondren Library and Autry
Court, high-occupancy buildings that operate beyond normal business hours, are high non-science
emitters. In emissions per square foot, smaller buildings, such as Copy Club and the Facilities and
Engineering building, also emit high levels of carbon per square foot for non-science buildings.
However, in terms of total carbon emissions, these two buildings do not contribute significantly
to Rice'stotal carbon emissions. Also, administrative buildings may seem like seem like high
emitters based on average carbon emissions per square foot, but, in terms of totals, their square
footage allotment is much lower than any of the other sectors.

To examine this trend further, we devised five building groups based on use; science and
research, academic, residential, administrative, and miscellaneous. (See Appendix, Section D for
building groups.) In aggregate, total carbon emissions (Figure C3) and average carbon emissions
per square foot (Figure C4) by building groups show that science and research facilities
consistently emit the most carbon. Why? Federal regulations (OSHA 1999, Chapter 3 Section 3)
specify that research facilities must be equipped with a one-pass air system, hi other words, air
cannot be recycled within aresearch building. This significantly increases energy consumption
because much more air must be dehumidified and cooled or heated than in other buildings.
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C. Energy: Source Quantification

Figure C1. Rice University Carbon Emissions from Energy Consumption by Building (1998).
Solid Bars denote Science Buildings.
Data from Appendix I, Section E.
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C. Energy: Source Quantification

Figure C1. Rice University Carbon Emissions per Square Foot from Energy Consumption by Building ( 1998).

Selid Bars denote Science Buildings,
Data from Appendix I, Section E.
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C. Energy: Source Quantification

Figure C3. Rice University Average Carbon Emissions from Energy Consumption by Building Groaps (1998),
Diata from Appendiz L Section G.

Rl isccilanc e
4%

Arada s

Figure C4. Rice University Average Carbon Eméssions from Energy Consumption Per Square Foot by Building Groups { 199E)
Dinta From Appendix 1, Secthon G.

1Z1H 5

=
=

1N

4,008

Framdy Cariwn Emiged pey Sepuaes ool

el ]

0

am 4

|
Sohones Aomloini

Wsiidernial Admmaniiraites Mimellisetua
Sathlmg Group

May 6, 1999

University 303 Final Report Page 16



C. Energy: Source Quantification

Projections

Extrapolating from aggregate data, we can predict future levels of carbon emissions
(Figure C5). In 1990, the Rice campus emitted 18,800 tons of carbon, compared to 15,700 tonsin
1998. The year 1993 marks the lowest point on the graph. After this year, the University hired a
new energy staff, which brought many changes to energy production at Rice. This staff employed
new efficiency measures and transitioned the campus to a more efficient cogeneration unit. This
transition did slow the increase in energy consumption on campus. However, to implement this
transition, the campus had to rely on heavy usage of duct burner units, which increased carbon
emissions (Vaentine, personal interview, 2 March 1999). Since then, energy consumption has
also begun to rise. These upward trends can be attributed to an increased emphasis on scientific
research and general campus expansion. Three of the last five major additions to campus have
been scientific laboratories: Duncan Hall, Dell Butcher Hall, and George R. Brown. To project
the future carbon emissions, we used a forecast function in conjunction with the expected dates of
completion for future construction (Appendix, Section H) and trends in fuel usage. Our
calculations predict carbon emissions of 20,900 tonsin 2010. (See Appendix, Section | for amore
detailed explanation of our projections.) To reach Kyoto Protocol targets for 2010, Rice faces the
challenge of reducing energy consumption despite campus-wide expansion.

Figure C5, Rice University Carbon Emissions Projections from Enengy Consumption.
Drata (rom Appendix, Section H.
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C. Energy: Source Quantification

Limitations

Rice's energy system is complicated. The combined system of purchased and cogenerated
energy employs many more pieces of equipment than have been discussed in this paper, including
electric chillers, steam turbines, and duct burners. This complexity makesit difficult to quantify
carbon emissions.

A natura analysis of energy consumption would include a functional breakdown in terms
of air conditioning, heating, and electricity at end-use locations. However, once natural gas or
electricity enters Rice's system, no internal mechanism "tracks' its path. Therefore, any attempt to
analyze emissions through a functional breakdown would have to include assumptions based on
unavailable information about a particular fuel's pathway and would result in agross
mi sstatement.

The available data limited the scope and depth of our analysis. Metering the buildingsis
an on-going project for Facilities and Engineering. As aresult, data for energy use at
nonresidential buildings was only accurate for 1998 and residential colleges are not metered
individually.

Conclusion

The energy staff at Rice has taken major stepsto increase system efficiency. They view
the process halistically, in terms of energy in and energy out (not fuel source in, energy from this
fuel source out). According to staff at Facilities and Engineering, Rice has achieved a high level
of "holistic efficiency" and can serve asamodel of energy use for other college campuses.

This holistic approach to energy production and consumption, combined with the
system’'s complexity, lendsitself to carbon-reducing solutions that focus on the amount of energy
that goesinto and out of the system. In this light, some general approaches to carbon abatement
include modifying the technologies that produce energy, limiting the quantity of items that use
energy, and converting to items that use less energy. For these reasons, an upgrade of
cogeneration, which would make energy production more efficient, and department metering,
which would create an incentive structure to reduce energy use, provide areas of further study.
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C. Energy: Solutions

Solutions

I ntroduction

The production and consumption of energy on campus has been identified as a significant
contributor to carbon emissions. What can Rice University do to improve campus energy matters?
In this report we chose to focus on two possible solutions, department metering and a
cogeneration upgrade. These alternatives seem to be the most promising in terms of feasibility
and the promise of future reductions in the academic realm, since they have been implemented in
other university settings.

Department Metering/Ener gy Conservation

Nobel laureate Ronald Coase of the University of Chicago has argued that in order to
reduce the negative externaities caused by individuals' actions, a government should simply
rearrange property rights. Coase's theorem states that, with property rights appropriately assigned,
markets should take care of al externalities without a need for direct government intervention
(Stiglitz 1997).

Consider, then, energy use at Rice University. Currently, the Rice Facilities and
Engineering (F& E) monitors energy use on campus and pays all energy-related bills directly. As
aresult, departments on campus are not aware of the fact that the more energy they consume, the
more money they spend and the more carbon they emit into the environment. If Rice were to
rearrange property rights and grant individual departments the responsibility of monitoring
energy-related activities, then departments would have the incentive to use energy more
efficiently and the negative externalities associated with energy use would be brought to a
minimum.

To implement metering at the department level, the first step is the installation of
metering equipment on campus buildings. Currently, energy use is metered on all nonresidential
buildings (but not departments) and the residential colleges as North and South, not individually.
The purpose of these metersisto verify the amount the University is charged by Reliant Energy,
our energy supplier. As each building goes on-line, F& E installs a meter.

Since some departments share buildings, energy use would have to be divided among
them. A good start would be to group buildings by energy use (academic, administrative, science,
etc.). Then, using a building's total energy consumption, the distributed energy costs
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C. Energy: Solutions

could be allocated by square footage, including an energy intensity factor. The energy intensity
factor would be defined by the building's energy use (i.e. academic v. science). For example, a
science building's energy intensity factor could take into account the quantity of fume hoods and
other energy intensive equipment.

Once a department metering system isin place, there are two ways to proceed. Rice could
follow Yale University's example and implement a plan that leans toward reducing inefficiencies
within the system. Under this plan, each building is subjected to an internal energy audit, under
guidelines provided by the US EPA Energy Star Building Program (USEPA 1999). This audit is
used to locate and eliminate building inefficiencies. However, only cost centers are billed for
energy use; departments level energy costs are paid by the central administration. Yae initiated
their program in blocks of campus. Its energy department estimates that it spent three million
dollars on metering buildings (personal communication, Tony Bonaffini, Yae University,
Manager Power Plants Distribution Systems Utilities). For Rice, F& E estimates a cost of $5,000
to $15,000 per building (personal communication, Greg Dulaney, Rice University Central Plant
Engineer). However, because metering is already a project for F& E, these costs should not be
considered part of our plan. New costs would be associated with computers for processing data
and personnel for operation and maintenance of the system. Because Y ale implemented its
department metering system fairly recently, no quantifiable results are available yet. The energy
department there feels it has been very worthwhile. Thus far, they have received a positive
response from faculty and students about the program (personal communication. Tony Bonaffini,
Yae University, Manager Power Plants Distribution Systems Utilities).

A second approach would be to use an economic incentive system. Energy costs could be
made a part of department budgets, with sizable portions of the money from energy savings
retained by the department. Thus, the energy budget becomes a departmental affair, and thereis
an economic incentive to reduce departmental usage so as to have more money available to use at
each department's discretion. Under this approach, initial funds provided to the department for
spending on energy would have to be determined, most likely based on previous estimates from
department usage data. Department metering would create a sense of responsibility for energy
consumption. However, in situations where departments share buildings and an energy intensity
factor isemployed, a potential for the "tragedy of the commons" exists. This potential problem
would create a need for regular evaluations of the energy intensity factor to more accurately
assign department funding. One concern is who would mediate department disputes about
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actual usage versus assigned distributed costs. Depending on the situation, meters could be
installed to certain circuits to obtain a more specific energy consumption breakdown, though this
strategy should only be employed in cases where the complaints justified the added cost. Asa
possible solution, departments could be offered meters for individual circuits at a partial cost to
the department.

In conclusion, taking into account the current Rice energy monitoring abilities, a move
towards a program similar to Y ale'swould be a good first step. This move, however, would only
be in effortsto ultimately have a department monitoring system where each department controls
and pays for their energy usage. According to Coase's theorem, changing the property rights of
our energy system is essential to reducing carbon emissions, and the most obvious way to create
this ownership is through departmental energy budgets.

Cogeneration Upgrade

AsRice University prepares for the 21st century, technological advances, uncertainty
over electric utility deregulation, and environmenta concerns have made it important for us to
reevaluate our system of energy generation and distribution. Currently, Rice University's energy
needs are provided through a combination of electricity purchased from the local utility, Reliant
Energy, and a cogeneration system on campus. Powered by a natural gas turbine, cogeneration is
a"recycling" process in which the excess heat generated by the turbine is used for heating and
air-conditioning the campus. This combined process of campus energy production placesusin a
unique position to have the ability to vary the ratio of purchased and self-generated energy asa
means of carbon dioxide reduction.

Rice University's energy system include needs such as electricity and air-conditioning
and wants such as environmental friendliness and cost efficiency. Purchasing energy from Reliant
could meet all campus needs. However, cogeneration, while also meeting these needs, can offer
benefits to the environment and reduced energy costs. The main benefit offered by cogeneration
is high efficiency. Although modem technol ogies have allowed electric utility power plantsto
reduce emissions and increase overall efficiencies, these plants suffer great amounts of energy
losses, in excess of seventy percent, in the form of heat. Cogeneration, however, captures this
heat and generates steam or hot water. This built-in efficiency of cogeneration directly resultsin
energy cost savings and reduced emissions.
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Often the largest cost in installing a cogeneration system is the vast array of pipes and
insulation, but since Rice University already operates a cogeneration system much of thiscost is
already sunk. If Rice were to stop purchasing electricity and were to employ only Cogeneration in
its production of energy next year, then by 2010 we would see a savings of about $4 million
(Figure C6) and a carbon reduction of approximately 20 thousand English tons (Figure C7).

In conclusion, Rice University should follow the example of other universities like MIT
and Rutgers by increasing the role of cogeneration in campus energy production (University of
Rochester 1998). It, unlike purchasing e ectricity from Reliant Energy, can satisfy all of our
expectations from an energy system, both needs and wants.

Figare C& Rice University Energy Savings from Copeneration Upgrade {2000- 2010}
Data from Appendix L Sectian I
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C. Energy: Solutions

Fagure C7. Rice Usiversioy Carbon Abatement from Copeseration Upgrade (2000-2010).
Dria From Appendiz 1, Seetion 1.
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Conclusion

Energy Consumption at Rice University presents many opportunities for carbon
emissions abatement. The two major avenues discussed here include an internal approach -
department monitoring and billing - and a system approach - cogeneration expansion. The
advantage to these methods is the ability to quantify the amount of carbon emissions abated. Cost
center or department budgets can be adjusted to encourage energy conservation. The transition to
full cogeneration is also flexible, taking into account instrument efficiency and cost analysis.
While only briefly examined, both methods are promising endeavors for the University to
investigate for future carbon emissions reductions.
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D. Transportation

Abstract

This chapter 1ooks specifically at transportation's contribution to Rice's total carbon
dioxide emissions budget. Cars commuting to and from the campus, shuttles operating
continuously 20 hours a day, and University-related air transportation are the main
transportation-related sources of CO, emissions we identified. Multiplying carbon emissions per
gallon of fuel consumed by total estimated fuel consumption, we calculated transportation related
carbon emissions to be 3,351 tons, which is 17 of Rice's total emissions. As potential solutionsto
transportation-related carbon emissions, we examined alter native fuels, new vehicle technology,
and improved mass transit in Houston.
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Sour ce Quantification

I ntroduction

Therole of transportation is of particular importance as it accounts for over 30 of U.S.
CO; emissions from fossil fuel combustion (EPA, "Inventory of U.S. Greenhouse Gas Emissions
and Sinks: 1990-1996"). In determining Rice's total carbon emissions, it isimportant examine
each source of carbon dioxide asit pertains to transportation. This chapter will investigate
emissions from commuting automobiles, shuttle buses, and university-related air transportation.

Obtaining Carbon Conversion Factors

To derive carbon emissions per gallon fuel consumed, we found the carbon coefficients
for motor gasoline, distillate fuel oil (also known as diesel fuel), and kerosene-based jet fuel
(Department of Energy, "Appendix A: Emissions of Greenhouse Gasesin the U.S.," 1998). These
coefficients are given in terms of million metric tons of carbon emitted (MM TCE) per quadrillion
BTU's (British Thermal Units). Converting these coefficients to pounds of carbon per million
BTUs, we calculated 42.80 |b./106 BTU for motor gasoline, 43.98 [b./106 BTU for diesel fuel,
and 43.45 1b./106 BTU for jet fuel. In order to convert these values to pounds of carbon per
gallon of fuel consumed, we multiplied these values by the BTUs per gallon for each of these
fuels. The multiplication yielded 5.35 Lbs. C/gallon for motor gasoline, 6.11 Lbs. C/gallon for
diesel fuel, and 5.87 Lbs. C/gallon for jet fuel (Table DI).

| Table D1: Carbon Conversion Factor Derivations,
Mlotor Uil e el Puak dzt Fuel (Konmseme]:
{643 MMTCEN0”Bm (255 MMTCE10 B 19,71 MMTCEN0 Bra
x  TIMEY x10'Be/MMTCE 3 zaM&1 xI0'Me/MMTCE x 220461 x10° e MMTCE
411391 = 10° eari0" B 4198237 & 10" med10" B 4345326 x 10° ma/10" B
1% b/l Bm 4158  Thef10"Bau 4345 Ihall 0 B
% 0125  10°Bnaigailon P 0,13  10°Bew/galion K 0.135  10°Bagalion
535 b= Cigallom B11  he Cigallon 8T  The Cigallon
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Commuting Automobiles

According to the Office of Institutional Research, Rice University employs 2,329 people
(Rice University 1999). Based on surveys collected by the ad hoc Committee for Employer Trip
Reduction in 1994, the average commute for faculty and staff was estimated to be 10.95 miles.
Assuming that faculty and staff memberstravel to the campus each weekday, this multipliesto
1,020,102 miles per month. Using fuel economies of various types of vehicles, we estimated that
commuting automobiles averaged 17 miles per gallon of gasin city conditions (Department of
Energy and EPA, "Model Y ear 1999 Fuel Economy Guide," 1998). Thus, Rice faculty and staff
consume 720,072 gallons of gas and emit 1,926 tons of carbon per year (Table D2).

Based on informal student surveys, we estimated the average undergraduate commute to
be 3 miles. Assuming that each undergraduate commuted to campus each weekday, we found that
the commuting student population emitted 529 tons of carbon per year into the atmosphere (Table
D2)

With 10,764 students in Rice's Continuing Education Program, we felt it was necessary to
include them in our study of CO, source quantification. Continuing Education classes are
generally held once aweek and are eight weeks in length. Thus, assuming their commute distance
is comparable to Rice's commuting faculty and staff, we cal culated that the Continuing Studies
Students traveled 1,894,464 miles, burned 111,439 gallons of gas, and added 298 tons of carbon
annually to Rice's CO, budget. Combining all commuting populations at Rice, we found that
automobiles traveling to Rice emitted 2,753 tons of carbon annually (Table D2).

Another source of carbon emissions from automobiles we briefly considered is travel
related to attendance of athletic events. We made preliminary estimates of attendance to such
events and assumed the average distance traveled by spectators was approximately equivalent to
the average distance traveled to campus by Rice faculty and staff. These estimates showed that
the number of additional trips created by the spectators to athletic events fell below the tonnage
created by the continuing education students. As such, we decided not to include visitorsto the
campusin our estimates of carbon emissions from automobile travel.
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Shuttle Bus Service

Especialy with the new construction emerging at Rice, transportation is beginning to
center more and more on a "pedestrian core campus,” and perimeter parking (Associate Vice
President for Administration Neill Binford, personal interview, 18 February 1999). This will
certainly increase the burden on the Rice University shuttle service in the years to come. With the
inception of electric bus service, the response of Rice's shuttle service to thisincrease in demand
may be amodel for CO, abatement across the country by eliminating the direct residuals of
gasoline burning (SBETI 1997).

According to 1998 Exxon receipts provided by the Rice Department of Transportation,
Rice's seven shuttles consume around 16,500 gallons of diesel per year. This amounts to 50.3 tons
of carbon emissions (Table D3).

Table D3. Annual Carbon Emissions from Rice Shuttles.

16,500 gallons of gas burned/yenr’
X . Ihs. of carbon I:milt::d.l'gd:
| 0,650 [be. of carbon emitted
Ep.325 tons of carbon/year

TOTAL FROM RICE SHUTTLES 50.3 wons/year

— == —————— =
I Provided by Rice University Department of Transportation.
Exxon gus receipis for 1994,
1 See Table 1 for derivation.

Air Trave

To obtain atotal number of plane trips taken by the Rice community, several assumptions
were made. Vice-Provost Jordan Konisky estimated that the total number of trips taken by
administrators in 1998 was approximately 156 (Konisky, personal conversation, March 1999).
Additionally, the Rice Department of University Advancement is responsible for approximately
325 trips (Wayne Robinson, personal conversation, March 1999). We guessed that each faculty
member took an average of 2.5 trips per year (Paul A. Harcombe, Professor of Ecology &
Evolutionary Biology, and Donald H. Ostdiek, Professor of Political Science, personal
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conversation, March 1999). According to the Office of Institutional Research, there are 774
faculty members, thus indicating that Rice faculty members took approximately 1,935 trips.
Finaly, varsity athlete trips were estimated by counting the number of members on each team and
multiplying that by the number of out of state competitions. As such, we found Rice athletes to
make roughly 1,092 trips by plane per year (Appendix A). These together sum to 3,508 trips per

year.

To calculate the CO, contribution per passenger, several assumptions were necessary.
First, we assumed each plane carried an average of 125 passengers per trip. Then, to calculate the
fuel economy of ajet plane, wetook the average jet plane, a Boeing 737-400, and divided its
range of 2,370 miles by itsfuel capacity of 6,295 gallons (Boeing 1999). Thisyielded afuel
economy of 0.376 miles per gallon. Dividing the pounds of carbon per gallon (5.87) by the fuel
economy and the number of passengers gave us the result of 0.125 pound of carbon per mile
traveled. Asareality check, we compared this figure with a value presented by Infinite Power of
Texas, an organization sponsored by the Texas General Services Comission's State Energy
Conservation Office. According to the Infinite Power of Texas, approximately 0.14 pounds of

Table D4. Annual Carbon Emissions from Air Transportation.

156 administrators’
125 development office’
1,935 faculty’
1,02 athletes’
Towl Trips 3,508
X 2,500 miles/tripivear
8,770,000 milesfper
0,125 Ibe. carbon/mile’
1,056,250 Ibs. of carbon ermibed

TOTAL FROM
AIR TRANSPORTATION 548 wns/year

| Estimale offered by the Office of the Yics Proves
for Beseanch and Graduste Stadies, Rice University, 1599,
2 Woyne Robinson, Adminissaior, Rice Univessity Advencemnent Services, March 1999
1 Eatimmiod 2.5 trips per faculty member. There are 774 [aculty
memibers (Institutional Research office) giving & toial &ip ooam off 19335,
4 Based an the mial number of out of state competitions; See Appendix 11
and nimnber of athlebet per [eam. | www riceowls.comsports)
5 Source: Ses Tebile | for derivation
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carbon per mile are added to the atmosphere by the average air traveler (IPC 1999).

We assumed each plane trip was around 2,500 miles per round trip, and calculated Rice
faculty, administrators and athletes to be responsible for approximately 11,457,500 air miles and
emitted 716 tons each year (Table D4).

Conclusions

Collectively, Rice's transportation needs are responsible for approximately 3,351 tons of
carbon emissions into the atmosphere per year. By looking at trends in population growth, we
estimated campus growth to be roughly 10 percent in by the year 2010 (Rice University, Office of
Institutional Research). Accordingly, transportation emissions could increase by 10 percent, and
Rice may emit approximately 3,800 tons of carbon by the year 2010 (Table Al).

Quantifying the magnitude of transportation's impact on the overall CO, budget at Rice
hel ps us recognize where reductions are warranted. Although transportation accounts for a
relatively small fraction of all CO, emissions, we suggest that initiative in this sector be taken by
both the administration and the Rice Community in order to achieve our goals of reducing overall
CO, emissions for a sustainable environment.

Figure D1. Total Carbon Dioxide Emissions from Transportation.

3
50.3 tons
548 tons B Commuting
Automobiles
B Air Travel
O Rice Shutiles
Total: 3,351.3 Tons Al

P — T e — e ————————————
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Solutions

I ntroduction

Considering significant plans for construction and growth at Rice in the coming years,
CO; reduction methods in the transportation sector are critical. In terms of commuting
automobiles, campus growth will inevitably increase the number of faculty, staff, and students
traveling to campus on adaily basis. As such, in accordance with our overall abjective to reduce
CO, emissions, it becomes important to plan for more efficient commuting plans. Support for
more efficient mass transit systems, carpool s/vanpools, or near-campus housing may help offset
the increase in CO, emissions expected with Rice population growth.

Furthermore, the shuttle system can find more efficient means of transporting members
of the Rice Community throughout the campus. By converting from the use of carbon-heavy
diesel gasto the use of aternative fuels, electric buses, or fuel-cell vehicles, we may hope to
reduce CO, emissions from the Rice Shuttles by as much as 75 to 90 percent (CREST 1996).

Rice wishes to maintain its reputation as both anational and international leader in both
academics and athletics; nevertheless we recommend that CO, emissions be taken into
consideration when using air transportation. With increased use of technological innovations such
as internet services, video-conferencing, and other forms of telecommunications, it should be
possible to decrease CO, emissions by reducing the need for air travel.

We sought to establish preliminary assessments of some of these potential solutionsto
CO,reduction. Specifically, we examined the possibility of replacing Rice's diesel burning
shuttles with electric vehicles, hybrid electric vehicles, fuel cell vehicles, or aternative fuel
engines. We also examined the possibility of reducing commuter automobile emissions by
supporting the Department of Energy's Clean Cities, a program designed to generate support for
the increased use of alternative fuelsin existing vehicles. Finaly, we investigated the concept of
light rail for the mass transit system in Houston. This would reduce or eliminate the need for
some of Rice University's commuters to travel by automobile.

Electric Vehicles

Electric vehicles (EV's) have come forth as a potential means of reducing auto emissions for both
air pollutants and carbon dioxide, the primary greenhouse gas. By replacing the internal
combustion engines of today's vehicles with high performance rechargeable |ead-acid or nickel-
cadmium batteries, local emissions are eliminated since the vehicle no longer relies on the
burning of gasoline. In order to maximize energy efficiency, EV technology also uses
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aerodynamic streamlining in its vehicle design as well as regenerative braking whereby the
kinetic energy from braking is transferred to energy used to recharge the battery. The only cost, in
terms of carbon dioxide, are the emissions obtained from deriving the energy to recharge the
shuttles’ batteries. Even with such electricity demands taken into consideration, net carbon
dioxide emissions would decline by 75 to 90 percent (CREST 1996). If power plants produce
electricity using clean energy sources such as solar or hydropower, emissions are negligible.

These ideas and innovations have also been brought over to the heavy-duty engine
market, including large trucks and buses. Rice University owns eight diesel gas-burning shuttle
buses, with an estimated total annual carbon emissions of 50.3 tons. According to Rice University
Transportation Manager, Eugen Radal escu, Rice has been offered afederal grant to implement
EV technology asit plansto replace 2 of its diesel-buming shuttles with EV's. Replacing 2
shuttles with EV's could reduce carbon emissions by 9.4 to 11.3 tons, and replacing the entire
fleet with EV's would reduce net annual carbon emissionsto 12.8 to 5.03 tons.

There are various types of e ectric buses, each implementing a slightly different
technology. Different cities and institutions offering shuttle services require unique demands on
the shuttles of their respective fleets. Aspects such as topography, climate, maximum daily shift
mileage, and start/stop frequency are al important considerations in determining the feasibility of
EV's and which vehicle to purchase.

Examining the needs of the Rice campus, it is apparent that EV technology can help to
reduce CO, emissions while maintaining service to the Rice community. Because of the flat
terrain and the low speed limit of 20 mph on the inner loop route, acceleration demands on the
motor are minimal, so battery power is sufficient in terms of locomotive demands. Rice shuttles
have a maximum daily shift mileage of 70 to 75 miles, which is within the single-charge
performance capabilities of existing EV's. Furthermore, the moderate start/stop frequency of 7
events per mile compares favorably with other successful electric bus operations, which may
experience a start/stop frequency up to 13 events per mile (SBETI 1997).

The largest obstacle to implementing EV technology at Rice is the climate of Houston.
With the temperature ranging from 30°F to 105°F, the energy required to heat and provide air-
conditioning to the passenger compartment is substantial. Use of battery powered heating and
cooling systems can increase the energy load by as much as 30. The wide climate range also
poses a potential problem to the batteries themselves, as they lose charging ability in high
ambient temperatures (SBETI 1997). Since the technology behind rechargeable vehicle batteries
is not advanced enough to withstand such conditions, long-term use of the battery is hindered in
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all cases. Frequent purchase of new batteries will result in alarge amount of battery waste, which
may pose other, more detrimental environmental harms.

Hybrid-Electric Vehicles

Because of the limitations of EV's, it isimportant to consider other technol ogical
alternatives. Many companies are integrating hybrid vehicles (HEV's) into their lines of energy
efficient models. HEV's combine electric vehicle technology with a gasoline powered motor.
Depending on the driving conditions, the vehicle chooses the most efficient source of power,
gasoline or electricity. Running on the battery alone, the vehicle achieves zero local emissions,
and when stored energy levelsfall, the combustion engine takes over to provide wheel power
(Hitachi 1999). The internal combustion engine has twice the fuel economy of conventional
gasoline engines, thus resulting in a net CO, reduction of 50, and its batteries are recharged
entirely by the kinetic energy obtained from regenerative braking, so no outside charging source
is needed (Toyota 1999).

Although CO, emissions are not entirely eliminated, HEV's may be more suitable for
Rice University. By using hybrid technol ogy, the energy needed to heat and cool the passenger
compartment during temperature extremes may be provided by a combustion engine and the
energy needed for locomoative purposes can be served by electricity. HEV technology isinits
incipient stages with respect to heavy-duty engines, but further research into the feasibility of
incorporating HEV's into the shuttle system at Rice is recommended.

Fuel Cells

Another new innovation in automobilesis fuel cell technology. Initially devel oped by
NASA in the Apollo spacecrafts, fuel cells have been used to power automobiles. Fuel cells
transform hydrogen and oxygen into electricity. In an automobile, afuel cell's power train would
consist of a storage tank holding hydrogen (or another hydrogen-carrying fuel such as methanol),
afuel cell system that converts the fuel into electricity, and an electric motor (CREST 1996).
Advantages of such a system include zero emissions, quiet operation, long range ability, and high
energy efficiency. Since fuel cells run on hydrogen-rich fuels such as methanol, natural gas, or
petroleum, CO, emissions may be reduced by over 50.

Rice can look to Georgetown University as a model for implementation of fuel cell buses.
They obtained three fuel-cell buses with funding from the Department of Energy. All three are
powered by methanol, a phosphoric-acid fuel cell, and a nickel-cadmium battery available for
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peak-power needs, such as climbing steep hills and strong accelerations (CREST 1996). Although
the campus of Riceisrelatively flat and does not require such hard accelerations, a model like the
one at Georgetown may be of use as we seek emissions-friendly technology that simultaneously
supports the high energy demand of interior heating and cooling. Although fuel cell vehicles are
not widely manufactured, continued research into the feasibility of implementing such vehicles
into the shuttle system is recommended as well.

Alternative Fudls

In spite of the ever-changing face of automobile technology, the implementation of such
innovations is aslow process. For example, widespread usage of new vehicle technology may be
hindered by the need for infrastructural changes, such as the establishment of recharging stations
for EV owners and technology educated repair services. Thus, the environmentally friendly
concepts behind the new technology may never be accepted, thus eliminating the market for EV's,
HEV's, and fuel cell vehicles. Without a consumer market, companies will cease to produce such
automobiles and buses. However, it is still possible to reduce CO, emissions using current
technology. By using alternative fuelsinstead of diesel and standard unleaded gasoline, we may
reduce our contributions to greenhouse gas emissions (Table D5). Standard gasoline releases 5.35
pounds of carbon per gallon, and diesel gas emits 6.11 pounds per gallon (Table DI).

o ——— e —
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In addition to the benefits offered by reducing carbon dioxide emissions, a co-benefit of
aternative fuelsis the reduction of ozone-forming tailpipe emissions, such as carbon monoxide
and NOx. Compressed Natural Gas (CNG) may reduce emissions of air pollutants by 80 (DOE
1999). For that reason we recommend immediate conversion to alternative fuelsin the Rice
University shuttle system. While EV's, HEV's and fuel cells may offer greater reductionsin CO,,
aternative fuel usage remains aviable option that should be considered.

Clean Cities

Rice can take an active role in supporting alternative fuel vehicle (AFV) use among
commuters by participating in the Clean Cities program (Clean Cities 1999). Clean Citiesisa
voluntary program that brings together stakeholdersin a community to develop their own
strategy, focusing on the support of alternative fuel vehicles and their associated infrastructure, to
combat air pollution. Although sponsored by the U.S. Department of Energy, it is not government
mandated, so local businesses and government have the flexibility and the opportunity to take
their own initiative. Some of the main objectives of Clean Cities (1999) are:

1) Creating new jobs and markets through the development of AFV technology;

2) Expanding the refueling infrastructure;

3) Developing "Clean Corridors'—Ilinking local with regional and national infrastructure;
4) Increasing public awareness,

5) Fleet conversion; and

6) Meeting national clean air standards.

Houston has been a Clean Cities member since September 1997. The Greater Houston
Regional Clean Cities Coalition looks at ways alternative fuels and vehicles can be used to bring
the city closer to meeting national 0zone standards—primarily by being aresource to its
stakeholders. The organization provides area managers with information regarding federal
mandates for alternative fuels as specified in the 1990 Clean Air Act and Energy Policy Act of
1992. It also hosts events that inform the community about alternative fuels. One of its more
recent projects has been converting two of Humble 1SD's school buses to electricity. This project
—which brought together the school district with private industry. Reliant Energy-Entex and
Reliant Energy-HL & P—demonstrates the sense of partnership within Clean Cities (Houston
Clean Cities 1999).
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Rice, too, can tap into the resources provided by Clean Citiesto offer its faculty, staff and
students a cleaner way to the campus. There are compressed natural gas stations throughout the
city and one just at the comer of 1-59 and Kirby, only four blocks from the Rice campus (Figure
D2). Thus, although the options for gasoline substitutes are many, with varying degrees of market
accessibility, the infrastructure to support some of these alternative fuelsis already in place for
Riceto use.

Figure D2. Houston Public CNG Stations
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If Rice were to become a Clean Cities stakeholder, it would have access to funds for
Clean Cities projects. The Houston-Galveston Area Council has Congestion Mitigation and Air
Quality funds specifically set aside to help offset up to 80 of the cost of purchasing or converting
vehicles to aternative fuels (Houston Clean Cities, "Funding Opportunities®, 1999).

Existing corporate programs that subsidize the leasing of aternative fuel vehicles have
shown great promise. Southern Company an electric power company in Georgia, for example, has
the largest corporate electric lease program in the nation. By 2003, 600 electric vehicleswill be
available to its employees for lease—a Ford Ranger truck runs about $150 a month and a GM EV
1 sports car isleased for $200 a month (Southern Company 1999). If Rice adopted a program
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such as this one, we could begin to significantly reduce our carbon emissions caused by
commuting automobiles.

According to Dan Deaton, Clean Cities Regional Director, becoming a stakeholder is as
simple as aphone call to the local Clean Cities representative. There are no costs or fees
associated with membership. As a Greater Houston Regional Clean Cities Coalition participant,
Rice would be represented at the regular stakeholder meetings. (Dan Deaton, April 21,1999).
From this position, Rice would be able to meet with other local community membersto develop
infrastructure plans that are beneficial to Rice's commuters. Given that carbon emissions are a
Houston-wide problem, it would be beneficia for Rice to join the Clean Cities program.

Light Rail Transit

If significant steps are taken now to implement alight rail system in Houston, it could
serve as an effective long-term solution for carbon abatement. Light rail may not appear to most
policymakers as a cost-effective solution to congestion and pollution problems due to the large
initial investment required, especially when compared to the alternatives like the expansion of
existing highways and METRO bus service. However, when all of the benefits are collectively
considered, the true value of thistype of system can be substantial. With benefits reaching far
beyond carbon emission reductions, light rail "allows you to travel about town smoothly,
comfortably, quietly, looks great, doesn't spew out noxious fumes over pedestrians, reaches right
into the city center..., doesn't need parking, is economical to use, [and] runs so frequently you
don't need atimetable." (LRTA, "What is Light Rail?")

(Source: LRTA., www Iria,orgfexplain. htm)
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Downtown to Dome Route

The Mgjor Investment Study (MIS) undertaken by METRO isinvestigating alight rail
alternative in Houston's downtown to Astrodome corridor and would include a station in the Rice
University area. One might ask how this would help reduce Rice's carbon emissions. Thetruth is
that Rice-related use of light rail in this corridor would be small, making carbon abatement from
thisfirst phase minimal. The potential for reductions, however, could be very significant if light
rail becomes area aternative for commutersin the long run. Given that Rice's commuting
automobiles emit 2,753 tons of carbon into the atmosphere per year - some 82 of transportation
related emissions - alight rail system with a stop at Rice University could lead to significant
changesin this percentage over time. If one in ten commuters decided to become aregular
commuter on an expanded light rail service, thus leaving their cars at home, the seven percent
reduction in carbon emissions prescribed by the Kyoto Praotocol could conceivably be achieved
for the Rice transportation sector. Thiswould include commuters leaving their cars at transit
centers outside of the center city and taking the rail system in to the University.

When considering light rail in the downtown to Astrodome corridor, it would be useful to
assess the impact in terms of number of Rice-related vehicles taken off of Houston roadways.
Such an analysis was beyond the scope of this project; nevertheless, the experiences of other
major cities provide someinsight as to what Houston can expect. In Los Angeles, for example,
estimates overstated the amount of riders that their system would take on when it opened in 1990,
and the result has been alight rail system that has not proven to be a cost-effective solution in the
minds of many politicians. On the other hand, Portland's light rail system was an immediate
success with ridership 40 greater than initial expectations (LRTA, "Light Rail Successes Despite
Opposition"). The most useful reference for our purposesisthe light rail system launched in 1996
by Dallas Area Rapid Transit (DART). A careful analysis of DART will continue to give Houston
some insight into the feasibility of asimilar system.

One unique fact about Houston that has dissuaded policy makers from implementing light
rail has been the expansion of the major highways and the apparent success of HOV lanes that
has been unparalleled in any other mgjor city. In fact, Houston has been the largest major city to
see reductions in traffic congestion over the last decade (DelLay 1998). Still, our benchmark is not
congestion abatement; it is carbon abatement. And expanding the highways will only promote the
addition of more carbon polluting automobiles on the road.
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The South Main Association

The South Main Association is a coalition of the mgjor stakeholdersin the South Main
Corridor, including downtown, midtown, the Museum District, Hermann Park, the Texas Medical
Center, Rice University, and the Astrodome complex. The association holds regular meetings to
hear the positions of all of these stakeholders with respect to development in the corridor,
especially with respect to the Mgjor Investment Study being undertaken by METRO. Asa
member of the South Main Association, Rice University has potential lobbying power on the
course of action taken by the city with respect to light rail. Both Associate Vice President Neill
Binford and Manager of Transportation Eugen Radulescu regularly attend these meetings.
Currently, the South Main Association will not put forward a specific stance on the issue (either
in favor or against the implementation of light rail). Instead, it serves as aforum for the various
stakeholders in the development of the South Main Corridor.

Co-benefits

Aswe begin to look further into the future of transportation in Houston, we see that
implementing alight rail program could have many additional benefits beyond possible carbon
reductions with respect to pollution and congestion in the city. First, the light rail service will help
aleviate the existing traffic congestion on highways by providing afast, convenient alternative.
Another major co-benefit of taking fossil fuel powered vehicles off of the road is the reduction of
urban smog and other dangerous pollutantsin the metropolitan area. Emissions of air pollutants
such as nitrogen oxides, sulfur oxides, ozone, and volatile organic compounds, would al be
reduced and decentralized. Instead of coming out of tailpipes, the emissions necessary for many
of the transportation needs of the city would take place at power plants outside of the city. This
co-benefit would have an immediate impact when the downtown to dome light rail segment
allows for the removal of many of the high-polluting diesel METRO buses that currently serve
this corridor. This change certainly benefits Rice, which is situated in this corridor. Considering
that Houston is a non-attainment zone for ozone and at risk of losing federal funding if this state
of affairsisnot remedied, the light rail option becomes all the more attractive. Although the
prospects for carbon abatement from light rail are certainly long-term, Houston must begin
implementing such a system now if it wishes to reach these goalsin the future.
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E. Construction: Source Quantification

Abstract

To reduce CO, emissions on the Rice University campus, we must examine both the
history and future of on-campus construction, since concrete and brick, the main components of
buildings, are significant sources of CO,. A chronology of past and future projects indicates that
Riceisin a period of substantial growth. Based on information obtained regarding the basics of
building material and construction, we calculated the amount of CO, associated with a typical
low-rise building for both of these materials. The total carbon emitted annually due to the
production and transport of concrete is 567 Tons C. Estimated total annual carbon emissions
related to the use of brick is 263 Tons C. Combined, the two largest components of buildings,
concrete and brick, account for 830.9 Tons C annually. After calculating CO, emissions
associated with basic construction, it is clear that construction plays a significant role in the
campus' total CO, output. Some possible ways to reduce carbon emissions from construction are
the use of alternative materials such as flyash concrete and concrete masonry units in place of
traditional concrete and brick, respectively. By recognizing this as an area for improvement, Rice
can continue to lower its CO, emissions and set a precedent for environmentally thoughtful
construction.
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Sour ce Quantification

By examining Rice's past and future construction, we can begin to see the significant
presence of construction on campus from 1991 - 2004 (Table El). This information sets the stage
to examine the impact of construction on Rice's CO, emissions.

——— e T
Table E1. Chmnnlnﬂ of Construction at Rice University (1991-2004)
Building Date of Completion  Square Foctage
George B Brown 1981 141,545
Adice Pratt Browsm 19491 133,275
Baker [nstituie 1505 &4 568
Chancan Hall 15946 35178
Dl Buicher Hall 1597 RE, 6T
Total for Past Construction 481,337
Graduate Houss 1999 42,000
Humanities Building 2000 438,000
South Collepe 2001 175,000
Jones School 2002 157,000
Mlarte| College 2003 178,000
Wiess Collepe 2003 113,000
Ponilren Remodeling 2004 40,040
Total for Futore Constrctson 756,000
Total _ 1,237,537
wtnarce: WG, Mack, Vice Pres. of Facileees and m Rice, Personal Commmumication, 20254949

To estimate the impact of campus development on CO, emissions we developed an
algorithm to calculate the carbon emissions per square foot of building. Since concrete is a
building's primary material, we investigated its basic composition and the embodied energy of
each of component. Next, we used a weighted average of the components to find the total energy
reguired to produce concrete. These figures are presented in Calculations A and B, following.
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Concrete
Calculations of Carbon Released from the Formation of Concrete

There are two aspects of concrete manufacturing that release carbon dioxide: the
chemical reaction forming cement and the energy needed to produce the components of concrete.

A. Calculation of Carbon Released during Reaction CaCOs(s) -> Ca0(s) + CO; (Q)

The actua reaction that forms cement (CaO) from calcium carbonate releases carbon
dioxide as a product. The amount of carbon dioxide released can be calculated by first finding the
number of moles of CaO in a kilogram of cement. The number of moles CaO is equal to the
number of moles of CO,, so we can convert this number back to mass of carbon per kilogram of
cement formed. The calculations are as follows:

Step #1

Composition of Cement

Typical construction cement is: 95% Ordinary Portland Cement (OPC), which is 66.8% lime
(Ca0) (Chen 1997).
So, 1 kg cement = 0.95 * 0.668 = 0.635 kg CaO

Step #2

Conversion of mass CaO to moles CaO

Molar Mass of CaO = 0.056 kg (Gillespie et al. 1994)

0.635 kg CaO * 1 moV0.056 kg =11.34 mol CaO / kg cement

The stoichiometric ratio of the above reaction is 1:1. Therefore, the moles of C produced must be

egual to the moles of CaO consumed since the molar mass of C is0.012 kg (Gillespie et al. 1994).

Step #3
Total C Released During Reaction
11.34 mol C* 1 mol/0.012 kg = 0.136 kg C released / kg cement produced

Cement makes up 12% of concrete by mass (Wilson 1993), so we can calculate the amount of

carbon released per kg of concrete by multiplying by that factor, as follows:

0.136 kg C/kg cement * 0.12 (kg cement/kg concrete) = 0.016 kg C/ kg concrete
= 0.016 Ibs. C/ Ib. concrete
= 32.71bs. C/ T concrete
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B. Energy Consumed in Concrete Manufacturing

The manufacture of concrete requires energy input to produce cement and the other
aggregates, sand and crushed stone. Table E2 describes the composition of concrete by mass and
the amount of energy required to produce a ton of each of the components. The fourth column
gives the amount of energy needed to produce the amount of a given aggregate that is used in one
ton of concrete. The total at the bottom of that column, while interesting, cannot be used in
further calculations because the production energy of each aggregate comes from different
sources. Tables E3 and E4 present the carbon emissions from each of these components.

Table E2. Typical Concrete Mix

Component % by Weight Bruss Bius
(per T component produced) {per T concrete)
Poriland Cement 12% 5,443 (0 435,400
Sand M 5,000 1,700
Crushed Stone 4 &% 46,570 T2 A0 60
Water 6% L LI
Concrels 100 459 541
—
=Taree: "Cement and Concrele; Environmental Considerations. ™
Environmental Building News, March/April 1993.

The production of cement uses a large amount of energy that is provided by natural gas,
coa and electricity jointly. A certain amount of Btus is needed from each source to produce each
ton of cement: natura gas (476,000 Btu), coal and coke (3,524,000 Btu) and electricity
(1,443,000 Btu). We know that the combustion of these fuelsis not completely efficient. In fact,
it is only 30% efficient at most (Watson 1996), meaning that we must combust three times as
much fuel as we would need if combustion was 100% efficient. Therefore, we multiply the
required Btu amounts by a factor of three, in order to gain a better sense of how much fuel is
actually used. The carbon coefficients are a measurement of how much carbon is released by the
combustion of a given fuel, expressed here in pounds C per quadrillion Btu. So, the amount of
fuel combusted is multiplied by the carbon coefficient for that fuel, resulting in the amount of
carbon produced by each fuel source.
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Table E3. Estimation of Carbon Emissions from Energy
Consumed During Chemical Reaction

Fuel Type  Bius Consumed Carbon Cosfficient Carbon Emissions
{per T cement)  (Ibs. C/'million Bru) {lbs. O/ T cement)
MWatural Gas 1,428,000 ilo 46.1
Coal and Coke 10,572,000 S6.6 5049
Electricity 4,329,000 ) 170

B15.1

L OLCE 'C‘:m:m ad an:rem Envunmm] Cnﬂ.ildﬂ'm:mru-

Table E4 carries out the calculations from Table E3 for the additional components of
concrete, crushed sand and stone; this time the only energy source is electricity.

Table E4. Additional Concrete Components I

Component B Consumed  Carbon Coefficient Carbon Emissions
{per T concrete)  (lbs. Chmillion Biw) {Ibs. O/T concrede)

Crushed Stone 67,206 3 262
Sand F100 39 0.2
Total 72,306 39 282

Souree: " Cement and Concrete; Environmental Considemations. "
Environmental Building News, March/April 1993

Step #1
Energy Use Carbon Emissions for Concrete (T)
= emissions from cement + emissions from other components

=815.1 Lbs. C/ T cement * 12% (amount cement in concrete) + 2.82 Lbs. C/ T
concrete

=100.6 Lbs. C/ T concrete

Step #2

Total Carbon Emissions from Concrete M anufacturing
= emissions from chemical reaction + emissions from energy use
=32.7 Lbs. + 100.6 Lbs.
=133.3Lbs. C/ T concrete
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Method of Estimation of Concrete Used per Sqg. Ft. of Building Space

With the assistance of Ahmad Durrani, Professor of Civil Engineering at Rice University,
we developed a method for calculating the amount of concrete used in an average building at
Rice. When transportation and concrete manufacturing emissions were consolidated, we found
that 3.38 Lbs. of carbon are emitted for each square foot of construction.

A typica low-rise apartment or office building has an 8" thick concrete floor dab
supported by 2'x2' square concrete columns at 20" on center in each direction.

Figure E1. Typical Low Rise Building.

E" Concrete Slab j

10" High,
2'x2"
Square
Concrete
Column

Colomns at
20" on cenfer

Foundation

For a 10' column, this averages as follows:

Floor Sab: 1'* 1' * 8/12 = 0.67 cu ft./sq. ft.
Columns: 2' * 2™ 10'/(20' * 20') = 0.10 cu ft./sg. ft.
Total Unit Volume = 0.77 cu ft./sq. ft.

Once we have this approximation of volume of concrete used per square foot, we must
convert this to mass of concrete. The norma weight of plain concrete is 145 Lbs. / cu. ft

(Kosmatcka, Panarefe, 1994).
0.77 cu. ft./sq. ft.* 145 Lbs. concrete / sg. ft. of building space =

111.65 Lbs. = 0.05 T concrete/ sg.ft. of building
space
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Calculation of the Transportation Costs of Concrete

The costs of transporting materials to the point of construction must be taken into account
when calculating total carbon emissions related to construction. We calculated the delivery of
concrete to the campus to cost an estimated 0.81 Lbs. of carbon per ton of concrete delivered. Our
calculations are as follows:

Table E5. Calculation of Transportation Costs of Concrete.

Distance from point of concrete mannfactune to Rice 9 miles’

Amount concrete trunsported per trip 10 cu, yd.' \
Fuel efficiency of transport vehicle 6,944 milew/gallon”
Carbon emitted per gallon of gas 6.11 [hs Clgal’
Weight concrete per cubic foot 145 [bs.”

| Robinson Russell, Campbell Concrete Personnel Manager, personal communication, 3/217%%
2 California Motor Yehicle Stock. "Travel and Fusl Forecast.”
Californin Department of Transportation, Office of Traffic Improvement. Nov. 1992
1 Tahkle DI.
4 Kosmatka, Panarefe, 1994

Step #1
Calculation of Amount of Concrete Transported in One Trip:

10 cu. yd. * 27 cu. ft. / cu. yd. * 145 Lbs. / cu. ft. = 39150 Lbs. concrete / trip
=19.6 T concrete/ trip

Step #2
Amount of Carbon Emitted in One Trip:

9 miles* 1 galon gas/6.94 miles* 6.11322 Lbs. C/ galon gas=7.92 Lbs. C/ trip
Amount of Carbon/Round Trip = 15.85 Lbs. C/ trip

Step #3
Amount of C Emitted per T of Concretein One Trip

15.85 Lbs C/trip * trip/19.6 T concrete = 0.81 Lbs C/ T concrete
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Total for Past Construction 26,882 nT
Total for Puture Corstruction 42,204 7T
69,086 BT

3832 16T

B4l 34T

37137 23T

‘of Buildings from Table E1 * 0,03 T concrete/sq ft

Table E6. Concrete TmnsE:l_rr_l—RelEtﬂd Carbon Released at Rice |
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Brick

To caculate the amount of brick used in an average Rice University building, we
developed a conceptualization of an exterior that expands on the typical low rise building (Figure
El) developed by Dr. Durrani. We assume that future buildings will be approximately rectangular,
with length twice as long as the width. We also assumed that the buildings would be three stories
tall, each story fifteen feet tall, totaling a 45-foot tall building.

Figure E2. Average Rice University Building.

//

2x

45 fi.

Step #1

Areaof One Level

Floor Area of One Level = Total Square Footage/3 (D)

Area of one level = width * length:
2x * x = level area
x = (level areal2) )

Step #2

La?gral Area (LA. (sg. ft.)) = (width(x) * height(45 ft.) * 2) + (Iength(2x) * height(45 ft.) * 2)
=90x + 180x
=270x (3)

Combining Calculations 1, 2 & 3yields:
LA(sq.ft.) = 270 * (total square footage/6))

By counting the number of bricks in a sguare foot area on recent buildings around
campus and averaging these counts, we obtained an average number of bricks, 6.8, per square
foot of wall space
No. bricks= 6.8 * 270 * ((square footage/6)) = 1836 * (( square footage/6))
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able E7. Number of Bricks in Past and AnticiEted Construction l

George R, Brown 1991 141,546 281,998
Alice Pratt Brown 199 1532758 1934409
Baker Institute 1954 64,868 190,203
Duncan Hall 19946 35,178 140,583
Dell Butcher Hall 1997 86,670 220,664
Tenal for Past Construction 481,537 1.127.597
Graduaie House 1999 42 000 153,611
Humanities Building 2000 45,000 164,216
South Coll=ge 2001 178,000 316,233
Jones School 2002 157,000 296,904
Mariel College 2003 178000 316,233
Wiess Colkege 2003 113,000 251,563
Fondren Remodeling 2004 S0L000 149,909
Total for Future Construction T56.000 1649158
Toal 2. 716,755
Past Average Annual 161,085
Future Average Anniil 329,832
Total Average Annaal 231,384

Calculating the Carbon Released from Brick Construction

Clay bricks must be fired in a coa-burning kiln, operating at 30% efficiency, at over
2000°F for 24 hours to harden properly. Clearly, this represents a tremendous amount of energy
and thus considerable carbon emissions.

Coal combustion releases 56.6 Lbs C/ million Btus (EPA 1992).
Energy needed for one brick = 14,291 Btus (Wittenburg 1999)

A. Carbon Released per Brick
14,291 Btu * 3 (efficiency multiple) * 56.6 Lbs C/ million Btu
= 2.4 Lbs C per brick
B. Brick-related Carbon per sg. ft. of building space=
= 2.4 Lbs C/brick * number of bricks per building

=2.4LbsC/ brick *[ 1836 * (V(squar e footage/6))]
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I Table E8. Brick-Related Carbon Released at Rice I

Todal for Past Construction
Totnl for Future Comstruction
Todal 1991-2004

Past Average Annual
Future Average Annual
Towml Av TR Anmual

Mumber of Bricks' Carbon Released

1,127 597 1353 TC

1,649,158 1919 TC

2,776,755 !/RLTC
193TC
WeTC

IIBTC
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Conclusion

The impact of construction on carbon emissions is considerable and must be accounted
for in future projects. We suggest examining solutions, such as the use of aternative materials,
which can effectively contribute to the lowering of CO, emissions.

Total Concrete-Related Carbon Emissions
Concrete Manufacture: 133.3 Lbs. C/T concrete
Transportation of Concrete: 0.81 Lb C/T concrete

Totdl: 134.11 Lbs. C/ T concrete

134.11 Lbs. C/Ton concrete * 1 Ton concrete/2000 Lbs. * 111.65 Lbs. concrete/sg. ft. =

=7.5Lbs. C/ sq. ft. of building space

Total Brick-Related Carbon Emissions

The brick-related carbon emissions must be calculated individually for each building, and
therefore cannot be expressed as a simple function of total square footage for a given time period.

Brick-Related Carbon Emitted per building = 2.4 Lbs C *[ 1836 * (\(square footage/6))]
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Building
1991-1998

George B. Brown
Alice Pratt Brown

Baker Insiiiuie
Duncan Hall
Dell Butcher Hall
Q1-"98 Total

1999-2004

Oraduate House
Humanities Building
South College

Jones School

Martel College
Weiss College
Fondren Remodeling
99-'04 Total

Total CO2 Emissions 1991-2004
Past Avernge Emissions

Future Anninl Emisskone
Total Average Emissions

5 F C Emissi T Emissi Brick Emissions Total Carbon Emilted (T

141,546
153,275
b4 B6R
35,178
B6,670
481,537

42,0
48,000
178.000
157,000
178,000
113,000
40,000
756,000

le E9. Estimation of Carbon Emitted in Construction by Building (1991-2004)

526.6
5702
241.3
130.9
3ZiA4
1791.3

156.2
178.6
G622
B4
662.2
420.3
1488
28123

4603.6
155.9

562.5
816

4.2
4.
1.9
1.1
26
1a.4

.3
i4
53
4.7
5.3
12
27

3.1

21
T4
R

KR
352
29
169
265
1353

184
197
mm
156
Ire
02
180
1979

333l

193.3

178
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To understand these numbers in relation to the Kyoto Protocol, we regard the Past

Average Annual Emissions as our approximate 1990 levels. Similarly, the Future Average

Annual Emissions, the average of emissions over the next five years, is treated as our current

annual emissions. Predicting the emissions levels for 2010 is more difficult, because construction

plans are not well defined so far in advance. So on this point we make the reasonable assumption

that Rice will continue on its present rate of growth, and thus 2010 carbon emission levels due to

construction will be approximately the same as emission levels over the next five years.

Figure El. Construction-Related Carbon Emissions 1991-2004.
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Solutions

I ntroduction

The area of construction represents enormous potential for reducing carbon emissions at
Rice. The solutions can be grouped into three general areas. concrete, exteriors and sustainable
architecture. For each of these groups we propose a list of solutions that we feel merit further
discussion and research, and we also looked more in depth at two very promising alternative
materials, flyash concrete and concrete masonry units

Our primary recommendation is to specify that flyash concrete and concrete masonry
units be used in building construction at Rice. These materials provide the same service as
traditional concrete and brick, yet their production emits less CO, and their use can therefore
reduce Rice's emissions by a significant amount.

Recommended Solutionsfor Concrete

e Substituting flyash concrete for standard concrete when applicable.

e Incorporate recycled materials such as ground blast furnace slag.

e Used concrete can be pulverized and used as aggregate for fresh concrete.
Flyash (Cote, 1997):

Flyash, also known as coal ash, is produced as a byproduct in the combustion of coal.
Thirteen million tons of coa ash are produced in Texas each year and about 38% of this is of
sufficient quality for use in concrete products. Still, only 4.2% is actually reused, which is well
below the national average of 11.4%. Because flyash is produced as a byproduct of coal
combustion, many people may have concerns about the safety and health issues associated with
its use. However, according to the EPA's "Study of Waste from Combustion of Coal by Electric
Utility Plants’ (1988), coal combustion by-products (CCBP) do not exhibit hazardous
characteristics and therefore will not be regulated. Furthermore, in 1993 the EPA released a final
ruling that specifically exempted coal ash from regulation.

Flyash is incorporated into concrete products by substituting it for about 20-35% of
Portland cement, depending on the application. Since the reaction creating cement releases so
much carbon, and because this reaction consumes a significant amount of fossil fuels, substituting
flyash for Portland cement would result in huge carbon savings. In addition to its benefits to
carbon emissions, using flyash alleviates the economic cost of its own disposal.
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Properties of Flyash

Flyash consists of many of the mineral components of coal that remain after combustion.
Class C flyash, which is the grade recommended by the American Society for Testing and
Materials, is about 40% silicon oxide, 25% lime, 17% aluminum oxide, and contains smaller
amounts of iron oxide, magnesium oxide, and sulfates. These materials react with water and lime
to form a cementitous material. Flyash varies greatly between coa plants and even within the
same plant; these variations can make a significant difference in the properties of cement
containing flyash. Thisiswhy not al flyash can be used in construction.

Properties of Flyash Concrete

The workability of flyash concrete is improved over ordinary concrete because of the
small size and spherical shape of flyash particles. Improved workability ensures that the concrete
will flow to completely fill forms, the concrete will self-compact, and it will not segregate during
placement. Aggregate attack occurs in concrete when potassium and sodium alkalis released from
the cement combine with siliceous aggregates in the concrete, causing expansion and cracking.
When flyash is present, these alkalis will react with the high concentration of silicon oxide(40%)
in the flyash more quickly, reducing problems of expansion after the concrete sets.

In addition, flyash reacts with the free lime present in concrete, creating extra cementious
materials. This both strengthens the concrete and reduces permeability. Reduced concrete
permeability blocks concrete 'bleed channels,’ making the forms more resistant to invading
chemicalsthat can compromise the strength and durability of the concrete.

One of the disadvantages of flyash concrete is its low strength in the early stage of
setting. Its very early strength is lower than that of traditional concrete, but by 28 days, the
compressive strength is usually comparable or better. Still, several contractors stated they
primarily use flyash concrete for foundations and similar dlab surfaces, as opposed to using this
material throughout a building for support and vertical construction. Dr. Ahmad Durrani,
Professor of Civil Engineering at Rice University, also stated that flyash could be less durable in
the long term. Despite these views, the use of flyash concrete is approved under Texas building
codes, and it use accounts for a substantial portion of the concrete sales of several contractors we
interviewed.

Current Use of Flyash

Thirty percent of flyash is recycled for use in concrete products in the United States. Besides
private use, both the Colorado Department of Highways and the lowa Department of
Transportation recommend flyash concrete for construction. In Houston, representatives from
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Campbell Concrete and Houston Shell and Concrete state that 50 of their concrete orders are for
flyash concrete, indicating its wide local use and availability.

Flyash Cost

Communication with several Houston area concrete contractors (Russell Robinson, Plant
Manager, Campbell Concrete, Robert Barkley, Manager, Houston Shell and Concrete, Personal
Communication 3/22/99) indicate that the cost of flyash concrete is less than that of traditional
concrete. The cost of substituted concrete is $62/ cu yd, compared to $64/ cu yd for traditiona
concrete. Considering that Rice University will use an estimated 23,000 cu yds of cement in the
next five years (Table E6), this would represent savings of at least $46,000.

Calculation of Carbon Emitted by Use of Flyash Concrete

Local contractors recommend that flyash substitute 30 of the cement present in concrete.
Thus, we can reduce the use of cement, the major contributor to concrete carbon emissions by
30%. So, whereas cement now comprises 12% of concrete, it can be reduced to 8%. Flyash
constitutes 4% of concrete and because it is the waste product of another industrial process, it
effectively requires no energy to produce.

If we change the percentage of cement in our calculations from 12% to 8%, the amount
of carbon emitted per ton of concrete dropsto 88 Lbs. or 0.044 T. For a complete understanding
of the calculations please see the Construction Source Quantification Report.

This total was 133.3 Lbs C/ T concrete. Through the use of flyash concrete this number
is reduced to 88 Lbs. C, creating a 34% decrease in carbon emissions from standard
construction concrete by using flyash concrete. This reduction is dramatic because cement is by
far the most energy-intensive component of concrete; reducing its mass by only 30%, reduces the
carbon emissions significantly.
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Area contractors suggest that flyash only be used in floor dabs, not in vertical
construction. Therefore, to obtain true estimates of carbon emissions reductions we must modify
our approximation of concrete used in buildings. For the floor slabs, we may use flyash concrete,

but for the columns we will retain the use of standard concrete.
Floor Sab: 1'* 1' * 8/12 = 0.67 cu ft/sq ft
Columns: 2'* 2'* 10'/(20™*20") = 0.10 cu ft/sq ft
Total Unit Volume = 0.77 cu ft/sq ft*
(Concrete weighs 145 Lbs/cu ft) (Kosmatka, Panarefe, 1994)

Pounds of Carbon per Sg. Ft. of Building Space

Because floor slabs and columns cannot both be composed of flyash concrete, we must
calculate the carbon emitted per square foot of floor space separately for each of these
components.

Step #1

Floor Slabs

0.67 cu ft /sq ft * 145 Lbs/ cu ft = 97.15 Lbs concrete / sq ft of building space
97.15 Lbs concrete /2000 Lbs/T = 0.05 T/sq ft of building space

We are using flyash concrete for the floor slabs. Therefore, we attribute 88 Lbs C for every ton of
concrete used.

Subtotal: 0.05 T concrete/ sq. ft. * 88 Lbs C/ T concrete = 4.4 Lbs of carbon / sg. ft

Step #2

Columns

0.10 cu ft/ sq ft * 145 Lbs/ cu ft = 14.5 Lbs concrete/ sq ft of building space
14.5 Lbs concrete /20001bs /T = .007Tconcrete/sq ft of building space

We are using standard concrete for the columns. Therefore, we attribute 133.3 Lbs C for every
ton of concrete used in the columns.

Subtotal: 0.007 T concrete/ sq ft * 133.3 Lbs C/ T concrete = 0.9 Lbs of Carbon/sq ft

Total (Floor Slabs+ Columns): 5.3 Lbs. C/ sq ft of building space.

Our previous calculation, using al standard concrete, estimated carbon emissions at 7.5 Lbs C/ sq
ft. The new vaue represents a 29.3% decrease in carbon emissions from concrete used in
construction.
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From Table E10, we can see that incorporating flyash concrete into building construction reduces
carbon emissions significantly.

| Table E10. Comparison of C Emissions for Standard vs. Flyash Concrete

Standard  Blvash CarbooSaved —  PewcentLess

Weight Basis 133.31bs.C  881hs.C 453 1s.C I

TS5Mhs.C 531ha C 2.2 lhs. C 29.30%
—

In Table El 1, carbon emissions per building are determined by multiplying the square
footage of each building by the carbon emitted per square foot (5.3 Lbs. C).

l Table E11. Carbon Emissions from Construction with Flyash Concrete I

i i 1 i
Building Duts of Completion  Square Footage ~— Carbon Emissions (Tons C1 |
George . Brown 1991 141,546 375.1
Alice Pratt Brown 1941 153,275 406.2
Baker Institute 1992 64,868 343,800
Duncan Hall 1996 35,178 186,443
Diell Buicher Hall 1997 B6,670 459,351
Total for Past Construction 481,537 2,552,145
Ciraduate House 1999 42,000 273,600
Humanities Buildi 2000 48,000 254,400
Baseball Stadium 2000 53,000 280,900
South College 2001 178,000 943,400
Jones School 2002 157,000 £32,100
Martel College 2003 178,000 043,400
Wiess College 2003 113,000 S08,900
Fondren Remadeli 2004 40,000 212,000
Total for Future Construction Bl 00 4 ZHT 0
Total 1,200,537 6,839,845

Il Table E1
—————rnLEx
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Recommended Solutions for Sustainable Architecture

There are many potential solutions for reducing construction-related carbon emissions
that involve the design of buildings that are compatible with the intended purpose of the building
and its energy needs. Buildings can also be designed to minimize the use of construction
materials, and to use construction materials that help reduce the energy use of the building.

e Landscaping can be designed to reduce the energy needs of a building. For example, planting
deciduous trees near windows shades the window during the hot summer, but allows light and
heat in during the winter.

e The abedo, or reflectivity of surfaces, can greatly affect the energy demands of a building.
For example, light colored roofs do not absorb as much heat as do dark ones, reducing the
strain on cooling mechanisms (Robert Harriss, Professor of Environmental Science, Texas
A&M University, 4/8/99).

Recommended Solutionsfor Exteriors
e Incorporate recycled materials in brick, such as concrete, ground glass, ground granulated
blast furnace slag, or flyash

e Use sun-dried adobe rather than clay-fired brick because sun-drying incures much less
embodied energy costs. This solution is not feasible for Rice University due to the humidity
of Houston's climate and the unsuitability of less-durable adobe bricks for large buildings
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Concrete Masonry Units (CMUSs)

Concrete masonry units have been offered as an effective substitute for brick. CMUs can
be used as load-bearing structural supports or as a substitute for brick in exterior walls. Our focus
is on the latter use of CMUSs as units in exterior walls. They are generaly hollow and are
composed mostly of cement. Their size, color, shape and design may vary in accordance with
aesthetic purposes. Various examples of different CMU types are provided below (Beavertown
Block Co., me, 1999.)

Figure E4: CMU Types

Split Brick Split Veneer Textured 5-Score Split &-Rib
Ixdx8 4xdx16 4x8x16 4xBx16
Sage Green Rustic Brown Rustic Brown Rustic Brown

Split 4-Rib Textured Single Score Split 8-Rib
Special Corner Sash Comer Sash
BxBx16 Bx3x16 12x8x16

Dark Sea Shell Termra Coita Sand Stone Beige

Split Face

Split 3-Rib
ExBx16 dxBx 16
Bermuda Brown Medium Terra Cotta
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Production of CMUs

Recycled concrete, sand and up to 30% flyash can be employed as a substitute for virgin
materials currently used in CMUs. Due to its potential for incorporating recycled material and its
lower volume, compared to brick, CMUs are more efficient. When the energy used to fire a clay
brick is compared to the formation process for CMUs, further differences are manifest. Clay
bricks are fired at temperatures around 2000 °F, requiring large amounts of fuel, usually coal.
CMUs, however, are formed through a different process. First, Portland cement, lime and sand
are mixed and poured into molds. Next, these molds are placed into large kilns where they are
steam cured at temperatures ranging from 120°C-130°C. The steam used for the curing process
can be acquired by means of co-generation or by the use of natural gas (Keith Brady, Operations
Manager, Eagle Concrete Products, Personal communication, 4/19/99). Thus, CMUs are more
efficient both in their energy consumption and also from a composition materials standpoint.
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Calculation of Carbon Emitted by the Use of Concrete Masonry Units

|. Calculation of Lateral Areafrom Sguare Footage
Using the lateral area algorithm described on page 49 we can calculate the lateral area of a
building from its square feet.

Lateral Areaof aBuilding (sg. ft.) =270 * (sq. ft./ 6)" 1/2
We obtained the lateral areas shown in Table 5 for al of the buildings constructed from 1991-
2004 using this algorithm.

[I. Calculation of Carbon Emitted Based on Lateral Area

Step #1

Pounds of CMU per Sq. Ft. of Building Space

There are approximately 1.125 CMUSs per sq. ft.

(Edward Witt, Sales Manager, Eagle Concrete Products, 4/12/99)

A typical CMU weighs 26.8 Lbs.

(Teal Johnson, Architectural Representative, Eagle Concrete Products, 4/12/99)
So, 1.125 CMU/ sq. ft. * 26.8 Lbs./ CMU = 30.15 Lbs./ sg. ft.

Step #2

Pounds of C Emitted per Pound of CMU

Each pound of CMU produced uses 603 BTUs

(American Institute of Architects, 1997)

For every million (10"6) BTUs emitted 56.6 Lbs. of Carbon are released.'

So, 603 BTU/ 1 Lb. of CMU * 56.6 Lbs. C/ 1006 BTU =.0341 Lbs. C/ Lb. CMU

Step #3
Pounds of C Released per Sq. Ft. of Building Space
30.15 Ibs./sg. ft. * .0341 Lbs. C/ Lb. CMU=1.03 Lbs. C/ sq. ft.

Step #4

Efficiency Factor

This figure does not account for the inefficiency of coal used as a power source in forming the
CMUs. We must therefore include a efficiency factor of 3 to compensate for this.

3* 1.03 Lbs. C/ sq. ft.= 3.09 Lbs. C/ sq. ft.

We convert thisinto tons of C asfollows:
3.09 Lbs. C/ sg. ft. * Iton C/ 2000 Lbs. C=.00155 tons C/ 0. ft.

Finally, we multiply this figure by the lateral area (sg. ft.) of each building (see Table E10) to get
tons of Carbon produced per square foot of building due to CMUs.
0.00155 tons C/ sq. ft.* L.A. (sg. ft.) of building = tons of C
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[Table E12. Lateral Area of Buildings and CMU Carbon Emissions
Building Lateral Area (sq. ft.)  Carbon Emissions (Tons €
Creorge R Brown 41,470.30 4.3
Alice Pratt Brown 43,154.30 660
Duncan Hall 28,074.00 435
Baker Institute 20,674.00 a2
Dell Butcher Hall 32 450060 50.3
Total for Past Construction 165,823 257
Gradunte House 22 58980 kL]
Humanities Building 24,149.50 74
South College 46, 508,50 21
Jomes Schoal 43,675.50 67.7
Mariel College 46,504.00 T21
Wedaa College 37,053.30 574
Fondren Remadeling 2204540 34.2
Total For Futnre Construction 242,523.30 375.9
Total 4007 971 40 532.9
Past Average Annual 367
Future Average Annoal 75.2
Total .ﬁu:mE Annual 44 .4

From Table E9, we know that 1,979 T of C are predicted to be emitted due to the use of brick
exteriors on campus. The use of CMUs reduces this figure to 375.9 T of C. Thisrepresents an
81% savingsin carbon emissions.
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Comparison of Cost and CO,; Emissions of Brick to CMUs

When constructing a new building, reduced CO, emissions are not the only factor to
consider. Economic feasibility is of primary importance. If we compare the cost of CMUs to the
cost of brick we find that 1 CMU costs $0.99 and 1 brick costs $0.35 (Tea Johnson, 4/13/99)
These numbers, though, are misleading because they do not take into account the size or volume
of either material. To do this, we must know the cost of brick per unit area versus the cost of
CMUSs per unit area. We know the cost per brick and we know the number of bricks per square
foot.

$0.35/brick * 6.8 bricks/sg. ft. = $2.38/sq. ft.
We aso know the cost per CMU and the number of CMUs per square foot.
$0.99/CMU * 1.125 CMUs/sq. ft. = $1.11/sq. ft.

Obviously, using CMUs as a substitute for brick in exterior walls can yield substantial
economic benefits. The difference amounts to $1.27 for every square foot of building. We can use
this to find the difference in costs of total future construction (L.A.=242,523.3 sg. ft.) using
CMUs as a substitute for brick.

Multiplying 242,523.30 sg. ft by. * $1.27/sq. ft. gives a $308,004.59 savings for total
future construction over the next five years

Thus, we can see that CMUs can provide both an economically profitable and an energy
efficient alternative to brick without sacrificing aesthetics.

Conclusion

This report shows that the use of alternate materials such as flyash concrete and concrete
masonry units can substantially reduce Rice University's construction-related carbon emissions.
The use of flyash concrete would result in a carbon savings of 29.3%. Utilizing CMUs rather than
brick results in 79% carbon savings. Overall, using these alternative materials in construction
could reduce the university's construction related emissions by an estimated 45%.

The use of the proposed alternative materials benefits Rice in two ways. Firgt, it allows
Rice to be an innovative leader in the movement towards reducing carbon emissions. Second,
alternative materials decrease the overall cost of construction. With the large amount of growth
on campus, Rice now has the opportunity to use aternative materials and make a significant
difference in the amount of carbon emitted.
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Schematic Diagram of Rice University's Energy System.

Methodology Used to Determine Carbon Emissions from Energy Consumption.
Carbon Coefficient Methodology Reality Check.

Building Groups by Use.

Rice University Carbon Emissions by Building from Energy Consumption in 1998.

Rice University Carbon Emissions per Square Foot by Building from Energy
Consumption in 1998.

Rice University Carbon Emissions by Building Group from Energy Consumption in
1998.

. Projected Rice University Carbon Emissions due to Increased Energy Consumption from

Future Construction 1999-2004.

Projected Rice University Carbon Emissions due to Increased Energy Consumption 1990
-2010.

Rice University Cogeneration Upgrade Projection 2000-2010.
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B. Methodology Used to Determine Carbon Emissions from Energy
Consumption.

In our determination of Rice University's carbon dioxide production, we followed the procedure
recommended by the United States Environmental Protection Agency State Workbook:
Methodologies for Estimating Greenhouse Gas Emissions (USEPA 1998). See Section E for
applied calculations.

|. Carbon Calculation

Step #1

Energy Consumed (Fuel |dentification)
Convert amounts of major combustion fuels consumed to BTU values.

Step #2

Energy Produced (Overall Efficiency Correction)
In the conversion of energy from its primary source to useful energy, there are many
different places where inefficiencies can occur. Therefore, the overal efficiency
reported often spans a wide range. For the purposes of this report, we have assumed a
30% overall efficiency (Watson 1996).

Step #3

Carbon Coefficient/ Total Carbon (Carbon Conversion)
Multiply BTU values from step 2 by fuel-specific BTU-to-carbon conversion factor
(Carbon Emissions Coefficient) to get tons of carbon released to the air if 100% of the
fuel were oxidized. The Carbon Emission Coefficients (see following page for specific
values) are fuel-specific carbon content values based on research by the Department of
Energy (USDOE 1998).

Step #4

Total Carbon Oxidized (Carbon Oxidation Correction)
In redlity, not all the fuel is completely oxidized and the tonnage figures reached in step
two above need to be reduced. In this methodology, a 1% reduction is used for fossil
fuels.

I1. Disaggregation

Since the different sources of Rice University's energy have varied carbon coefficients
and overal efficiencies, we identified these sources and calculated the individual carbon
contribution of each source. A total was then found by summing these individual carbon
contributions.

The Reliant Energy total was divided into the major combustion fuels used in Reliant
Energy's electricity production. According to Reliant Energy's website. Rice University's
electricity purchased from the grid has the following makeup (Energy sources are price-
dependent, so the mix of power supplies can fluctuate dramatically.):

Natural Gas: 32-39%

Coal and lignite: 40-47%

Nuclear: 9-14%

Large hydro: 1%

Renewable sources (solar, wind, small-scale hydro): negligible

The Cogeneration Energy total was divided into Turbines and Duct Burners. Since Duct
Burners produce heat from the direct combustion of natural gas, Duct Burners have a higher
overal efficiency (which we assumed to be ~100%) than Turbines (assumed to be 30%).
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C. Carbon Coefficient Methodology Reality Check.

Using the following rough calculations, we can verify the Carbon Coefficient Methodology
described in Section B.

Reliant Energy Coal Emissions

Coal Carbon Coefficient Methodology

Reliant Energy Coal 64.9e9 BTU

Efficiency Correction x 1BTU/0.30BTU
Carbon Coefficient x 5660 lbs Cf million BTU
Oxidation Correction ¥ 99%

Carbon Emissions G068 tons Carbon

Coal Reality Check

Reliant Energy Coal 64.9e9 BTU

Efficiency Correction x 1BTU/0.30 BTU

Average Energy Content of Coal* x 1 Ib, Coal/ 13000 BTU
|{Carbon Content of Coal® x .70 Ib. Carbon/ 1 Ib. Coal

Tons Conversion % Lton Carbon/ 2000 Ibs. Carbon
[{Carbon Emissions 5800 tons Carbon

*Source: Matt Fraser, Personal Interview, 3/3/99

Reliant Energy Natural Gas Emissions

Narural Gas Carbon Coefficient Methodology

Reliant Energy Natural Gas 53.8¢9 BTU

Efficiency Correction x 1BTU/ 030 BTU
|Carbon Coefficient x  31.90 Ibs C/ million BTU

Oxidation Correction x 9%

Carbon Emissions 2838 vons Carbon
Narural Gas Reality Check
Reliant Energy Natural Gas 53.8:9 BTU
Efficiency Correction x 1 BTU/0.30 BTU
Therm Conversion x | Therm/ 100,000 BTU
Carbon Content of Nat. Gas* x  3.27 Ibs. Carbon/ | Therm
Tons Conversion x 1 ton Carbon/ 2000 [bs. Carbon
[Carbon Emission 2900 tons Carbon
*Source: "Global Warming." Consumer Reports, Sept. 1996




D. Building Groups by Use.
Following isthe list showing buildings assigned to each use category.

Science and Research:

Abercrombie, Anderson Biological Laboratories, Dell Butcher Hall, Old Chemistry, George R.
Brown Hall, Keith-Wiess Geology, Mechanical Engineering, Mechanical Engineering
Laboratories, Physics Laboratories, Ryon Engineering Laboratories, Space Science

Academic:
Alice Pratt Brown Hall, Anderson Hall, Baker Hall, Duncan Hall, Fondren Library, Herman
Brown Hall, Herring Hall, Rayzor Hall, Sewell Hall

Colleges:
North - Jones and Brown
South - Baker, Hanszen, Lovett, Sid Richardson, Wiess, Will Rice

Administration:
Allen Center, Facilities and Engineering, Lovett Hall, RMC

Miscellaneous:

Annex Building, Central Kitchen, Cohen House, Continuing Studies, Copy Club, Gymnasium
& Autry Court, Hamman Hall, Mudd Building, O'Connor House, Rice Media Center, Rice
Stadium



g wonaag u Afoopogsw Buisn paausp SUONERXEY RN 7
GG ATENUnE] T CEumpeon Ty AR1aug taunuse s sun usiredasy Fumasa o) poe sanree.] "Csaa] 20Ty o) e |

6CRI LS LBl Of'SE gL RLY'O1 £O'ERIE 0509 126 pnog adafo]) aduaay
TLE0T BLSOT 08SE H196HT1 YR EFYE O ZoR 0101 yuoy adajo) sfupay
19175°1 869551 DB'SE HS98°E8 IS6ELST N E89° 6FS°L sadaqo]) 10 -qng
LUwL1N TFSTI'N 086 BOTLRTY 181988l 00 GLO ETE'S (g ynog sadagpol)
SF L Q1w 08°5% BE'THL'TT | P O 0" 1 20T (Z) o] saFagjo])

(%) 59890 ) [EnUapisay
(Fhsum)  (3hsu00) LA worp /0 SqUIA/NLE vorpu) {8/ Lg voru)  (IAHMY)

uoqiE]) [E10], (B0l uogIm)) Adzaug Adiaug Adraug
‘261 w uondwmsuo?y AZ1aur wol) Jup)ing AqQ suoissmuy uogie™y ANsiaaluf) 2013 ‘g



B g i Toppoigan Baf [Ss i P RS I

wabti] daTuga [ e Al ey iy Cpenedy] Sesan i) P ey S mse ny) AWy ) e |

FLLL'E (I p WEE L1 (e I
[T | TEHEE W LRLHE' S
al e [Eai 1 9 [= 317 BVAPELE
W 1914 o'l T
SLTHI DLW L= 310 WYL
1% LUWEE [ 1Y TEWNTI
SETEL Fr L [ 410 st
1¥LL (14 TS L= ¥ B ELTY
UL WLl oL EITE
Ll LT L= 411 L R
11 Wil [ 11 BRI
TEE0l i N EEE WLEE
TITL L L 14 e g
LR b1 [ 1 IEEw
el et [ 41 EF1EFL
L1 gv L1} O OEFEE" N
L1 =il ovol EEE 5 ST}
R [ty L1 MRS
f5 g 1 40 L e 41 F LT
] g1 £y L 519 BRIEIE
wie or R 85E e Y
e sk fi 419 LOILE'TE
{194 [ La s | i §5 9 (5 1191
L T 5 eI
r i) FITEN [ N1 BT
®THl ol (g (TR 18]
LV L 5 Gl EECL
WITY o I Wl FEET
Iwige (L1104 5L | [&rag 1]
ST L] [ Y (4TI
Ewed ha oSt BLEEE
R Lril 19 CLLITF
[T B 1 g1 I E
JE 3. L A Ci% [ 511 (AR
144 ey 1§10 LETIA Rl
LY - i il [ B9 BNOLCTE
[OnDes LWt ONEL R
[ [ g LA uorEno (o sgp) {24n.LE ungn
P T JEREy e |
uogry e AL LRy Ay

[ “hcig ]

mmmmmm

______

fETLLE Do)

R
iRy

EIFIETLETY

allmyppuyg [ paEpy L

L [
sy amly

[H (i
Lmregr) Bpam e iy
ity pspres Lenea
w0
) W A

175 g

DRG] CILi
LT T

T Eirg (P
rspessgr) TGy
e e TLR LAY
1P 1y
ABopEar] SR - Y
TR Bz

[P iy g

117} e

winery daing i mrermmdr
[9H iy o SR
e L
Skl EAlip
H T
Lm0

. AL Ay

e pr ey

) me)

H g e
uEIEY e
ELITE o ]

e B

[T wesapny

Lisiisge'] psilei] gy
Ay ATy

e L R
sy
CAUTEITY e

=] U wondunssa’y ARz waryg Bupimgg Lo suomssug sogey s sy 5



Totad Carbos

Ii

Total
Carbos’
{honatyr)

Carbom
Coefficiens’

(KWHAT)  (million BTUSyr)  (million BTUSs) b ©F millbon BTU)

Bnegy ~ Energy
Produced’

Consgmed'  Conssmed’

F. Rice Universigy Carbon Enstssions per Square Foot by Bailding from Energy Consumsplion in 1598,
Energy

55835580 BaynRaEasRg B ansaEasasday

A LFLRERR LR E R B R R A ER L SR AFER S R

iiiiiiiiiii

EEEEEEEEER R ERREEREEEEEEEFEERRFEEEE

ARy AEEEERCARIT5TaBE55525500383838

ﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂ

CHERERE R P FEEE R EEEFFEE R FER L

A H

| Mg foom Bice Riraverniy. Pacslioen and Fngsesrng Depanmen, Ene Yalenne, Enengy Cerrdmeior, 12 Frhuary 1999

Residential Colleges (H)

Campus Average

Sewall Hall
Spscr Suiesce



G. Rice University Carbon Emissions by Building Group from Energy Consumption in
1998. Datafrom Sections E and F.

Total Carbon Oxidized*

(tonglyr) (Lbs/sf)
Science and Research
Abercrombie 360.03 10.08
Anderson Biological Laborato 694.67 15.15
Dell Butcher Hall 257.41 6.60
Old Chemistry 150.63 4.22
George R. Brown Hall 1063.67 17.73
Keith - Wiess Geology 307.89 13.20
Mechanical Engineering 162.17 11.73
Mechanical Laboratory 7212 7.46
Physics Laboratories 99.72 4.70
Ryon Engineering Laboratory 192.75 8.26
Space Science 495.29 12.40
Science Total 3856.36 11153
Science Average 642.73 11.19
Academic
Alice Pratt Brown 384.90 6.73
Anderson Hall 105.70 493
Baker Hall 89.65 3.28
Duncan Hall 382.16 7.23
Fondren Library 591.37 553
Herman Brown Hall 166.84 5.96
Herring Hall 109.29 4.87
Rayzor Hall 76.48 5.37
Sewall Hall 265.64 5.96
Academic Total 2172.05 49.86
Academic Average 434.41 5.54
Residential Colleges (8)
Colleges North 407.45
Colleges South 1114.17
Residentia Total 1521.61 5.32
Total/8 colleges 190.20
Residential Average 760.81 5.32
Average/8 colleges 95.10
Administrative
Allen Center 246.72 8.80
Facilities & Engineering 183.58 17.27
Lovett Hall 124.43 6.30
RMC/Ley Student Center 224.51 6.43
Administrative Total 779.24 38.80

Administrative Average 311.69 9.70



G. Rice University Carbon Emissions by Building Group from Energy Consumption in 1998.

Data from Sections E and F.
Total Carbon Oxidized*

(tons/yr) (Lbs/sf)
Miscellaneous
Annex Building 76.69 8.53
Central Kitchen 102.26 9.14
Cohen House 62.09 6.73
Continuing Studies 58.87 10.52
Copy Club 11.28 15.46
Gymnasium & Autry Court 563.81 9.36
Hamman Hall 48.45 4,99
Mudd Building 105.92 8.61
O'Connor House 19.41 5.65
Rice Media Center 77.51 10.03
Rice Stadium 321.99 8.92
Miscellaneous Total 1448.29 97.93
Miscellaneous Average 241.38 8.90
Overdl Totals
Science 3856.36 111.53
Academic 2172.05 49.86
Residential 190.20 5.32
Administrative 779.24 38.80
Miscellaneous 1448.29 97.93
Campus Total 8446.14 303.45
Overall Averages
Science 642.73 11.19
Academic 434.41 5.54
Residential 95.10 5.32
Administrative 311.69 9.70
Miscellaneous 241.38 8.90
Campus Average 345.06 8.13

1 Further calculations derived using methodology described in Section B.
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I. Projected Rice University Carbon Emissions due to Increased Energy
Consumption 1990-2010 (cont.'q).

i) These values (1990-1991) were calculated by forecasting back from 1992-1993 values using
the Microsoft Excel forecast function.

FORECAST (x, known y's, known x's)

x isthe data point for which you want to predict avalue.
Known y'sis the dependent array or range of data.
Known x's is the independent array or range of data.

The equation for FORECAST isa+ bx, where:
a=Y-bX

And:

b= n2xy — 2x)(2y)
nYx? — (2x)?

ii) These values (1992-1998) were obtained from Rice University, Facilities and Engineering
Department, Eric Valentine, Energy Coordinator, 12 February 1999.

iii) These values (1999-2004) were calculated by forecasting forward from 1997-1998 values
using the forecast function described above. The forecast values were then added with the new
construction values determined in Section H.

iv) These values (2005-2010) were calculated by forecasting forward from 1997-2004 vaues
using the forecast function described above.



J. Rice University Cogeneration Upgrade Projection 2000-2010."

Energy Cost

Year Current Cost  100% Cogeneration  Savings

2000 $3,535,204 $3,212,182 $323,022
2001 $3,616,926 $3,286,437 $330,489
2002 $3,689,297 $3,352,195 $337,102
2003 $3,833,226 $3,482,973 $350,253
2004 $3,834,852 $3,484,451 $350,402
2005 $3,919,421 $3,561,292 $358,129
2006 $3,989,759 $3,625,203 $364,556
2007 $4,060,097 $3,689,114 $370,983
2008 $4,130,842 $3,753,395 $377,447
2009 $4,199,960 $3,816,197 $383,763
2010 $4,269,078 $3,879,000 $390,078

Total Savings = $3,936,223

Carbon Emissions (tons C emitted)

Year Current 100% Cogeneration Savings

2000 16,317 14,599 1,718
2001 16,791 15,014 1,777
2002 17,226 15,393 1,832
2003 18,000 16,075 1,925
2004 18,110 16,164 1,946
2005 18,616 16,605 2,011
2006 19,057 16,988 2,069
2007 19,502 17,374 2,128
2008 19,950 17,763 2,187
2009 20,403 18,155 2,248
2010 20,860 18,550 2,310

Total Carbon Reduction = 22,150

1 Datafrom Rice University Facilities and Engineering, Projections from Appendix I, Section I.



Appendix 11
Calculation of Air Travel by Rice Athletes

Out-of-State  Playerson

Sport Events Roster Team Trips
Baseball 7 33 231
Men's Basketball 9 14 126
Women's Basketball 10 14 140
Men's Cross-Country 1 16 16
Women's Cross Country 2 14 28
Football 4 98 392
Golf 5 11 55
Men's Swimming 4 11 44
Women's Swimming 4 15 60

Total Number of Trips 1,092
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