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Abstract

This report, prepared for the National Cleaner Production Centers (CNP+L) of
San José, Costa Rica essedhe feadility of using biodiesel or biediesel blends in
public transportation buses. Theaverethree primary questions this report addrdsse
First, what is the fuel efficiency of bidiesel compared to diesel in public transit buses?
Secondwhat is the cst difference for the use of batiesel versus diesel in the public
transit sector of San Jdad-inally, what impact will biediesel have on the economy,
environment, and society and how are these impacts interre@tedindingswereused
to assist CNPL in making policy decisions regarding baiesel use in the public
transportation system of San José.
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Executive Summary

Every day more and more fossil fuels are being conswaoexssthe globe
Burning these carberich energy sources releases many hazardoysdgucts into the
air. These emissions incladiitrogen oxides, volatile organic compounds (VOCSs),
particulate matter, anchrbon monoxide.

In its most recent report to the United Nations Framework Convention on Climate
Change, Costa Rica cited the transportation sector as its main energy consumptio
activity, and burning fossil fuels to support this sector is the largest contributor to
greenhouse gas emissions in Costa Rica (S. Musmanni, personal communication,
February 5 2007). The air pollution is particularly noticeable in San José where one can
literally see, smell and taste the contaminatidmese high concentrations of
contaminants produced by modern industry, including the automotive sector, can have
severe adverse effects on public health. Estimates indicate that over half a million deaths
worldwide each year are directly attributed to airborne pollution (Kemp, 2006).

The National Cleaner Production Centers is a global organization which seeks to
find more environmentally friendly and financially sustainable industrial policies. The
Costa Rian branch of The National Cleaner Production Centers (CNP+L) requested that
this project team conduct a bibesel study in order to evaluate the fuel efficiency and
social benefits of using bidiesel versus diesel fuel in San Joseé.

Diesel is a nofrtenevable fossil fuel resource derived from crude oil. It is used in
some cars but mostly heavy hauling vehicles. Costa Rica imports 55% of its crude oll
from Venezuela, and the rastmported from the US, Brazil and Columbia (Oliveina

and Silva, 2005). Mangirborne pollutants have been linked to diesel exhaust including



carbon monoxide, volatile organic compounds, carbon dioxide, nitrogen oxides, and
sulfur dioxide. Biediesel is a renewable fuel made from the fatty acids of plants and
animals. It has beersad in pure form and blended with diesel. Only minor engine
modification is necessary when using high concentrations edibgel. Bicdiesel
exhaust is lower in all the above mentioned emissions except for nitrogen oxides
(Mittelbach, 2004).

The objectve of this project was to research the feasibility ofdiesel use
within the context of San José, Costa Rica. In order to meet this objective the project

team formulated three research questions:

U What is the fuel efficiency of bidiesel compared taebkel in public transit buses
for the San José area?

U What is the cost difference for the use of-tiesel versus diesel in the public
transit sector of San José?

U What impact will biediesel have on the economy, environment, and society and

how are thesampacts interrelated?

These three research questions were used to develop knowledge regardiegddiase
in San José. Then recommendations were formed regarding future usel@fsSkeicfuel
and final recommendations were presented to CNP+L.

Determinng the fuel efficiency of buses operating on-tliesel fuel in San José
was the first task for the project team. The project team created and conducted an
experiment with Consorcio Operativane of the public transportation companies

servicing San José& determine the fuel efficiencies of six buses.



The buses operated on diesel fuel, B15 blend, B30 blend, and B100. The B15
blend consisted of 15% bidiesel fuel and 85% diesel fuel. B30 consisted of 30% bio
diesel, and B100 was 100% hitesel fuel. @r study determined the average fuel
efficiency of each fuel type in kilometers per liter. The study showed that diesel fuel,
B15, and B30 all had similar fuel efficiencies. The average fuel efficiencies were
between 3.0 km/L and 2.75 km/L. The fuel efficcies of B100 were slightly less,
averaging about 2.5 km/L. The project team determined that fuel efficiency would not be
a primary concern when determining the feasibility ofdimsel fuel use.

The project team used the bus company, Consorcio Operas a case study for
evaluating the interrelationships between economic, environmental, and social impacts of
using biediesel fuel. At the time of the study bibesel fuel cost Consorcio Operativo
about ¢568 ($1.10) per liter. Diesel fuel was ab@@88($0.71) per liter. According to
O. Ramirez, the diesel fuel prices have been increasing each year, closing the price gap
(personal communication, May 24 2007). Energias Biodegradables, tieba
production company supplying Consorcio Operativil, vegin growing and refining
their own biediesel feedstock in about one year. Consorcio Operativo is the major
consumer of biediesel produced by Energias Biodegradables which means that they
receive priority for biediesel fuel.

The project team als@searched aspects of domestic fuel production in order to
determine the feasibility of Costa Rica producingdhiesel fuel. The team found that it
was important when choosing raw stocks forfoiel production to diversify raw stocks

and ideally choose ronfood staple as the source. It is also important to protect the bio



fuel industry from fluctuating crude oil prices through-fuel subsidies, taxes on crude
oil or measures such as mandatoryfoiel blends. The project team concluded that
internal tiel production would be economically viable, adding jobs and strengthening the
economy while reducing foreign oil dependence.

The project team also investigated the environmental impact of combusting
diesel fuel compared to bidiesel fuel. Air pollutiormaps of San José depicted where
the areas of high contamination were. The project team used the air pollution data and
maps to project improved air quality due to-diesel use. The reduction in emissions has
been studied by several different organizagio Hydrocarbons are reduced the most,
demonstrating a 68% decrease when comparing diesel fuel to B100. Particulate matter
and carbon monoxide are also reduced by 48% (McCoratiak,2005). Decreased
emissions also reduce health risks to San Jogémr#i(Burgoa, 2000) and assists bus
companies in meeting national regulations for emissions.

The project team also investigated the impact of greenhouse gas emissions on San
José which contribute to climate change, the altering of weather patternsvauie tic
airborne partigcRMeand CQ(EPA 20068) Cliese partil€3 are
emitted when fuel is burned (Air Quality Expert Group, 2006). One of the side effects of
climate change is increased air temperature. Should the temperature iScredssé
would experience more severe air pollution, water pollution, and greater numbers of
infectious parasites (EPA, 2006). The project team calculated that 1,881,178,510
kilograms of the greenhouse g&%), would be produced in Costa Rica based on the
2007 diesel consumption projections by RECOPE, the national fuel provider. If only

B100 were used, the number of kilograms of,@@duced in 2007 would be



470,294,628 kg. Use of B100 would result in a sewéimgypercent decrease of carbon
dioxide in the atmosphere. Thizalculation shows th&an Joséould slow the progress
of climate change by using B100 or f@esel blends.

The team also conducted a survey to determine public awareness regarding air
guality in San Jos ® baowdiesel.dhelpriojecttdam cohdacreda i ar i ty
six question survey aimed at evaluating public awareness of both the air quality in San
José and of bidliesel fuel. Onéhundred adults participated in the survey at various
locations around San José. Eigbty pecent of the people surveyed said they believed
that the air was not healthy in San José. Hiftg percent of the participants responded
that the air quality was either fAbado or dnl e
indicated that the airqualiyas mor e t han #Asufficiento or fie
ninety-three percent of the participants indicated that they believed that the public buses
have a negative impact on air qualimnally, ninety-four percent of the participants
indicated that thewould pay 5 Colonemore if buses operated on kdesel fuel The
results from the public opinion survey allowed the team to conclude that the public would
be receptive to bialiesel programs.

During a five year study conducted between 1991 and 199§pB{2000) found
that the occurrence of several illnesses caused by atmospheric pollution had increased as
well as their respective mortality rates. In the general population of Costa Rica, leukemia
and lymphoma increased 17% between 1996 and1997. Tihesses had a particularly
strong showing in San José where the risk of developing leukemia and lymphoma was
78%, 13 times greater than in other dense population centers in Costa Rica. Death by

acute respiratory illness was found to be three times glieadexvntown San José. This



research concluded that the adverse health effects and disease rates in downtown San
José were the highest in Costa Rica, and that those rates fell the further one was from the
city center.

The project t e aeddhaterhissiond fromgublic ttamgpetation n
buses have an adverse affect on public helatthe study done by Carlos Burgoa, direct
and indirect healthcare costs due to respiratory illnesses caused by airborne pollutants
were estimated to average $27liom between the years 199P96. Cost Rica has
universal health care which means that the government pays for the health care for the
entire populaceBecause emissions from diesel buses cause adverse health effects, they
contribute to the financial bden on the nation due to these illnesses. This project team
predicts that using bidiesel will reduce harmful emissions in the area, thus reducing
cases of respiratory iliness and reduce health care costs.

In conclusion the project team presented thex#irfgs on the feasibility of bio

diesel in San José, Costa Rica:

u The decision to switch to using bibesel should not be based on
efficiency.
u A switch to biediesel would strengthen the economy and reduce

dependence on foreign oil.
U A switch to biediesé would better the environment as well as the health
of the population.

u A switch to biediesel would be well received by the populace.

Based on these conclusions, the project team recommends the following:



u Support should be given to already existingdimsel initiatives.

(0]

Costa Rica should give route preference to bus companies which
use biediesel.

Costa Rica should mandate a blend ofdi@sel, intending to
increase the blend annually and with the goal of eventually

reaching B100

U Further research shial be done to:

(0]

Identify an appropriate raw stock for Costa Rica that produces a
high energy yield.

Determine how to grow adequate ui@sel raw stock without
displacing major food staples or causing deforestation.
Determinethe economic environment need for a successful bio

diesel industry.



1.0 Introduction

The worldobés supply of fossil fuels is fin
causing the global supply to decreaseéincreasing the level of pollutant {products
due to the combustion oféke fuelsBurning these carbon rich energy sources refease
several hazardous {products into the air. These emissions include nitrogen oxides,
volatile organic compounds (VOCs), particulate matter,amtdon monoxide. Some of
these pollutants alreadyist in the atmosphere naturally but the high concentrations
produced by modern industry, including the automotive sector, can have severe adverse
effects on public health. Estimates indicate that over half a million deaths worldwide each
year are directhattributed to airborne pollution (Kemp, 2006).
In its most recent report to the United Nations Framework Convention on Climate
Change, Costa Rica cited the transportation sector as its main energy consumption
activity, and burnig fossil fuels to suppothis sector is the largest contributor to green
house gas emissions in Costa Rica (Musmanni, 200ig)air pollution is particularly
noticeable in San José where one can literally see,,sandltaste the contaminatiddot
only are the environmentalfetts of using fossil fuels detrimental to Costa Rica, but the
economic i mpacts of Costa Ricabs compl ete de
devastating. According to an article in tBaribbean & Central AmericReport as
recently as April 2005, sing oil prices nearly prompted the Costa Rican government to
declare a state of economic emergency. At the tiheeenvironment and energy deputy
minister Allan Flores said that if oil reached US$60 a barrel Costa Rica would be unable

to pay its annualreergy bill (2005).



This energy crisis in Costa Ribasstimulated interest in bidiesel fuels as an
alternative and renewable source of energy-dB&sel and bialiesel blends have been
proven to decrease emissions and decrease wear on enginesl Savaries around the
world have been using blends of diesel anddigsel to decrease costs of fuel, to
increase fuel economy and help to decrease harmful emissions (Kemp, 2006). Costa Rica
is an environmentally conscious nation because it has maey golicies and practices
including a program in which 99% of its household electricity generation is renewable
(CNP+L, 2006). Many organizations in Costa Rica began considering the possibility of
using biediesel fuel to decrease the emissions fromtheecnt r yé6s transportat.
well as providing an alternative to fossil fuels. The issue became whether or not Costa
Rica could benefit from the utilization of batiesel fuels. Factors such as cost, economic,
health, and environmental impacts weré&heedby the project tearm order to evaluate
this benefit.

There are organizations throughout the world that have taken an interest in the
costs of production, fuel efficiency and other variables of usingligsel and bialiesel
blends in diesel emges. The National Cleaner Production Centers is a global
organization which seeks to find more environmentally friendly and financially
sustainable industrial policies in the developing world. The Costa Rican branch of The
National Cleaner Production Cens (CNP+L) requestdtiatthis project team create a
study to monitor the fuel efficiency of diesel vs. diiesel in buses and to evaluate
economicenvironmental, and social aspects of usingdi&selin public buses of the
city of San JoséTl he projet team identified key issues that policy makemild need to

consider when determinirifbio-diesel would be a good alternative



u FuelEfficiency of biodiesel compared to diesel

u Comparative costs between the fuels

u Economc, environmerdl, and social impactsassociated with

implementing biediesel fuel
By asking the WPI project team to carry out this research, CNP+L wisludddimdata
and receive policy recommendations as to whether usindiesel (pure or in blends)
would be feasible.

In order toprovide the sponsor with relevant recommendations on the use-of bio
diesel the project team conducted an experiment in which several buses were loaded with
different types and blends of fuel. This experiment was doneGuitisorcio Operativoa
bus compay in San José which had been usingtiesel for about a year and a half.
Energias Biodegradables was the company which supgptedorcio Operativavith its
bio-diesel.For the selected buses and drivers, mileage and fuel consumption during shifts
was reorded. Then fuel efficiency was calculated by taking kilometers traveled and
dividing by liters of fuel consumed (km/L). The project team also evaluated costs
associated with bidliesel vs. diesel as well as socetonomic, and environmental
implicatiors of using biediesel. Based othis researchthe project teamrovided

recommendatiogias to the feasibility of using bidiesel in San José buses.
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2.0 Background

This Chapter establishes the context tioe studyby discussinghe transportation
sectorof Costa Rica and its impact on the environment. Furthermor&€hidnater
introduces studies that have previously been conducted ahdsel. ThisChapter
highlights potential advantages and disadvantages of usirdjdsel vs. diesel as well as

source, production methods, and engine effects oftasel.

2.1 An Introduction to the Transportation Sector in Costa Rica

Costa Rica has an extensive transportation sector, both public and private. A vast
majority of the local populace uses the publisesbut many people driverivately
owned vehicless well The transportation sector is so large in Costa Rica that it accounts
for over 50% of the countryés total energy c
2007). This consumption comes at a c@strbon dioxide emissions from the transit
sector account for over 50% of the total f&@nissions in the entire country. In 2002,
Costa Ricads carbon dioxide emissions from t
metric tons (Herro, 200®ver haf of whichweregenerated by the transportation sector.
As in most Latin American citie§ a n  Jpabdic@énsportation sector fulfills
the majority of the populationés transit nee
are responsible for 65% 85% of all vehicular transportation (Contreidsntoya,
Carlos, and Enilson; 2006). A reason for this percentage is that public transportation is
more economical in Costa Rica. The average worker earns roughly a quarter of that of a
worker in the US andgrsonal cars in Costa Rica are 1.5 times more expensive than in

the US (Valverde, 2006).



In 2001, a study was conducted by F. Alpizar and F. Carlson on ways to entice
San José citizens to use public transportation instead of privately owned vehieles. Ev
though a vast number of citizens already use public transportation, the study addressed
some reasons why public transportation was not utilized by more people in San José.
They found thapublic transportationntil recently had not been given the atiem it
needed by the government as it expanded. Alpizar and Carlson stated that the result was
an inefficient system where San José became a congested hub of travel. The combination
of a lack of urban planning and an inefficient public transportatioesyktd to
increased pollution because the massive traffic congestion cawusslease in travel
speed which subsequently increased emisgR031).

High levels of pollutants that San José citizens are exposed to daily have had
many inhabitants citingesspiratory and pulmonary illnesses as the main reasottseior
visiting the public health centeegcording taa survey taken by the Ministry of Health in
Costa Rica (Alpizar and Carlson, 2001). Over the past few years the Costa Rican
government has beerying to improve and restructure the public transportation sector in
an attempt to reduce congestion and pollution caused by urban transpoftaion.

Federal Department of Transportation grants routes to private companies (Valverde,
2006) for a fixed nmber of yearsThis regulates the number of buses operating on a
certain routeThese bus companies playver taxes if they use diesel instead of gasoline.
Another way the government regulates the bus system is by performing random
emissions testing on bes throughout San José. At certain check points government
officials stop buses and check their emissions output. If the bus does not meet a certain

standard the government confiscates the license plate of the bus until a fine is paid and
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the bus is recefted. This process resslin the bus being out of circulation anywhere
between one to two weeks. Because this reBult loss ofevenue bus companies make

it a priority to keep buses in good repair. The government has also encouraged the use of
hybrid vehicles, clean energgnd biefuels through incentives and laws (Herro, 2007).

Most public transportation vehicles in Costa Rica run on diesel. In the subsequent
sections we will briefly evaluate the effects and properties of diesel as a fuel source.
Costa Rica has been contemplating the use eflieisel fuel as a possible substitute or
supplement for diesel fuel in public transportation buses in an attempt to decrease
emissions. In the following sections diesel properties are compared to thosal el

fuel.

2.2 Life Cycle Analysis of Bio-diesel Fuel

Life cycle analysis is a very helpful tool that allows individuals with a new
product to grasp the fuilnpact of the product in every stage of its creation and Uibés
includes evaluating raw aterialsused to create the produbtough the wasteproduced
in its use(Rubin, 2001) Conductinga life cycle assessmenn bio-dieselallowed this
project team to research production and use in tertigedmpacts ommuman population,
resource consuption and emissions, pollution, changes to the environment, technology
development, and public safety measures. This preliminary research, added tsitee on
data acquisition, ultimately allowed the project team to help the sponsor make decisions

based a aholistic view of biediesel usage as the cycle depicts in Figure 1.
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Figure 1: Sample Set Up for a Life Cycle Anét_lysis
(Source: Rubin, 2001)

This life cycle analysis for bidiesel fuel considers the following stegsowth or
gathering of productio materials, refinement, distribution, and the use of completed bio
diesel fuel. Within the chain of production and consumptipossible outside factors
which may influence the success of-dieselover diesel fuel are considered.

Figure 2 depicts thprimary elements in the bidiesel fuel life cycle. The first
step in a life cycle is determining the appropriate feedstock for the fuel. Based on the
feedstock chosen a refinement process follows to convert the feedstock into a fuel source.
The refined -diesel fuel is then distributed to appropriate users. After fuel
consumption, the mechanical effects, emissiandeconomicand social impacts are
considered to complete the analysis ofthiesel usageBelow, the project team
addressethese factors order with the exception of emissions. Due to the implications
of emissions on public healtthe project teamaddresssthis effect of combustible fuel

first in Section 2.3. San José lagerienced public health problenedated to
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combustion emisen in the pastthe city isalso very interested in decreasing emissions

in order to improve public health (Musmanni, 2005iter first considering public health
effects, t hlieecysle anglysicinvestigates s0y,alm, recycled fryer oils,
and castor oil as viable options for fugsel fuel production in Costa Rica (see Section
2.5). Following fuel sources, refinement processes for each fuel source are evaluated.
Evaluations consider cost, refinement methods, and productiprollyicts. After

refinement, issues concerning {al@sel fuel distribution and storage are evaluated. Fuel
guality issues may arise during storage if the fuel is exposed to external factors such as
heat, air, light, and water (see Section 2.7). Finally in thes&gton of this Chapter the

maintenance issues are discussed
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2.3 Emissions and Health Impacts: Bio-diesel vs. Diesel

The use of both diesel and kitesel fuels produce byroduct emissions ch have

aneffect on the environment and living organisms. The difference in severity and toxicity

of the emissions differentiate the two fuels. There are several different types of chemical

compounds that can be used to compare emissions:

1.

Carbon Monoxde (CO)is considered a toxic gas because it blocks oxygen
intake for people and animals. (Mittelbach and Remschmidt, 2004).
Hydrocarbons (HCyare compounds which originate from unburned or
partially burnt fuel and lubricating oil compounds and are clansd

hazardous because thanecarcinogenic.

Volatile Organic Compound®OCs)are carbon based compounds that
readily evaporate into the atmosphere. They are known greenhouse gases
and can be toxic to plant and animal life.

Nitrogen Oxides (N@Qare poduced in the engine and are toxic in very high
concentrations (Kemp, 2006)

Particulate Matter (PMare tiny particles of solid or liquid suspended in

gas, and the PM in diesel exhaust can cause adverse health effects in even
small concentrations (McCornkiet al, 2005).

Sulfur Dioxide (S@) is a gas which is known to contribute to respiratory
illness, aggravate existing heart and lung diseases and cause acid rain which
corrodes plants and manade structures (EPA, 2007).

Carbon Dioxide (CQ) is another fequently cited emission due to its effect

on global warming.
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Although there have been some conflicting studies conducted as to the emissions
comparisons between baiesel and diesel, it has been generally found that the
combustion of biediesel fuels prodces less emissions than digdéittelbach and
Remschmidt, 2004).

In particular, biediesel is credited with producing less carbon dioxide, carbon
monoxide, hydrocarbonand particulate matter (Mittelbach and Remschmidt, 2004).
Sulfur dioxide emissionom the combustion of bidiesel fuels are negligibl@he
levels of NQon average have increased 3% when using B10Gdibgel fuel
(McCormicket al, 2005) The reasons for this increase are still not known (Mittelbach
and Remschmidt, 2004). Conversiomneven small blends of bidiesel fuels has shown
the ability to reduce all types of emissions except for nitrogen oxides (McCoetradk
2005). The benefits of bidiesel fuels compared to conventional fossil fuels are
numerous, because biblesel fué consistently displays marked reductions in all relevant
emission categories (McCormiek al, 2005).

The effect on public health due to fossil fuels, in particular diesel emissions, is
one reason that bidiesel feasibility has been investigated. In 262 United States
Environmental Protection Agency (EPA) published a comprehensive survey on studies
investigating potential health effects on the public due to exposure to diesel exhaust.
Summing up thie results, the EPA concluded that humans are litkelye subjected to
both acute and chronic respiratory hazards from exposure to diesel fuel exhaust emissions
(Mittelbach and Remschmidt, 2004).

In 1997 a study was done in Costa Rica and later published in 2000, which

assessed the effect on public hediltle to atmospheric pollution. The study, done by Dr.
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Carlos Santos Burgoa for the World Bank and later publishgaibyshersAstorga,
A.G.; Astorga, Y.E.; Hernandez, G.N.; Mora, J.P; Torres, |.C; Alfonso, Brall.opez,
R., evaluated public health dgatrom 1991 to 1996. The study found many adverse health
impacts on the populations of Costa Rica as a whole and in particular downtown San José
due to atmospheric pollution. The results indicated that in that five year span, cases of
cancer, heart diseaaed lung disease increased noticeably. For example, death by heart
attacks increased 78%; and chronic respiratory mortality increas88%5n people
over 60 years of age and was linked to the presence of hydrocarbons, sulfur dioxide and
particulate matr (Burgoa, 1997). The conclusions drawn for downtown San Josg, the
countrydés most polluted city, were even mor e
dying by acute respiratory illness was three times greater if one lived downtown
compared to the subbs of San José. The risk of developing lymphoma and leukemia
was 70%, almost 13 times greater when compared to other densely populated cities in
Costa Rica (Burgoa, 1997). In Costa Rica as a whiodetotal direct and indirect costs
for health care du atmospheric pollution were estimated at $27 million (Burgoa,
1997).

In May of 2007 ,Dr. Sergio Musmanni, the director of the San José CNP+L
branch spoke to this project team about the Central American Norm on Diesel and Bio
diesel standards. He said tlbais initiative recently standardized the diesel quality all
across Central America. The implication of this initiative, according to Dr. Musmanni,
increased the diesel quality for all the countries in Central America except for Costa Rica,
whose gqualityof diesel due to the standardization actually decreased. The reason for the

decrease in quality came from the increased sulfur content in the fuel which results in
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more SQ being released into the air. This development was a step back in the effort to

better the air quality of San José and Costa Rica as a whole.

2.4 Fuel Types: Benefits and Comparisons

This sectioncompares standardized fuel properties between diesel aiieisiel.
It is important to make these comparisons to ensure thalidse! isa feasible substitute
for diesel. Diesel fuel is a common fuel and large amounts of research have been
conducted oiit. Diesel fuel is a distillation bproduct of crude oil (Kemp, 2006). Diesel
fuel is the most commonly used fossil fuel for heawy emgines such as hauling trucks
and buses. Diesel fuel engines operate on a direct injection system which leads to more
complete combustion of the fuel compared to gasoline engines (Garrett, 1994). Also,
diesel engines produdewer emissionghan gasolinergines (Pahl, 2005). This is one
of the reasons why Costa Rica fuels its public transit buses with diesel fuel rather than
gasoline.

Another benefit to using diesel fuel is its compatibility with different fuel
additives (Garrett, 1904). Recent globahcern with green house emissions and
decreasing fossil fuel supply has encouraged investigation of alternate fuel sourees. Bio
diesel is one of the primary alterative fuel sources being promoted at this time (Pahl,
2005). Costa Rica is looking into bibesel in particular because it can be blended with
diesel fuel or used alone in existing engine systems with minimal modifications (Pahl,
2005).

Bio-diesel is a fuel source produced from plant and animal fatty acids. Fuel
sources are any fatty vegbte such as soy, sunflower, safflower, palm, or recycled fryer

oil and animal fat (Veret al, 2006). Fatty acids (triglycerides) react with an alcohol
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catalyst, causing the fat to-b®nd with a new alcohol forming esters (oiesel). This
process islefined as transesterification (Vezhal, 2006). The end product is fatty acid
methyl esters (FAME) or bidiesel. Purified FAME when combined with diesel fuel is
labeled as follows B5, B10, B20, or B100. B stands for bio and the following number
represents the percent bibesel to diesel fuel ratio. For example, B5 is 5%di@sel and

95% diesel (Zhangt al, 2003).See Figure 3.

Bio-Diesel Abbreviations

Diesel= 100% Diesel Fuel
B100= 100% Bio-Diesel Fuel

B15= 15% Bio-Diesel, 85% Diesel

Figure 3: Example of Bio-diesel Abbreviations

Bio-diesel performance is commonly evaluated against diesel fystiies in
scientific studies. There are two common grades of diesel fuel, No. 1 and No. 2. Diesel
No. 1 is more expensive and blended with No. 2 in cold climates to prevent freezing. The
American Society for Testing and Materials (ASTM) is the most coniynused
international source for fuel standards (Fernaeidal, 2007). Five parameters are

usually used to provide fuel characteristics for both diesel ardibs®l and these
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parameters were used in the life cycle analysis. They are: flash poame ceimber,

energy production, viscosity, and cloud point. These values are used to understand the
chemical properties of the fuel and its operating quality in vehicles. The definitions and
purpose of the five parameters are as follows:

1. Flash pointis the lowest heat at which combustion occurs. A high flash
point means that the fuel is safer to handle and store because it is less
likely to spontaneously combust. However, if the flash point is too high
it will not ignite in the engine (Verat al.,2006).

2. Cetane numbes the measure of the ignitability of a fuel. A high cetane
number means that the fuel is easy to combust, combustion will be more
complete, and the fuel will burn cleaner. If the cetane number is too
high or too low the engine wilun rough leading to uneven wear and
poor piston firing (Garrett, 1994).

3. Energy productions the measure of potential energy fuel contains
(Btu/gal). Potential energy translates into gas mileage and engine
efficiency (Vernet al.,2006). If a fuel has high energy production it
will most likely get more miles to the gallon.

4. Viscosityis the time it takes for a certain volume of fuel at a particular
temperature to flow a set distance under the influence of gravity. If the
viscosity of fuel is too lowtiwill leak through cylinders and cause
gumming of engine parts. On the other hand, a high viscosity causes the
engine to run hot and fail to start in cold weather conditions (Garrett,

1994).
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5. Cloud pointin relation to diesel is the temperature at whigxw

separates from fuel causing it to gel. Gelling of fuel leads to plugged

filters, deposits on the injection system, and stalling. A similar

phenomena occurs with baiesel except fat comes out of solution

rather than wax (Garrett, 1994).

Table 1 demits the flash point, cetane, energy production, viscosity, and cloud

point for diesel No. 2, ASTM Standards for diesel No. 2, threall@sel blends, and
ASTM Standards for B100. This table shows that all these fuels meet ATSM standards
which allow them® be used in engines. Throughout this report qualities edietel

fuel are related to these standards.

Table 1: Diesel Fuel Properties Compared to Bidiesel and ASTM Standards

Fuel Flash Point Cetane Energy Vis_cosity (_:Ioud
(°C) Number (Btu/gal) | (centistokes) | Point (°C)
No. 2 Diesel 52 48 140,000 3 <-15
ASTM No.2 52 40 - 19to4.1 -
B5 59 49 139,500 3.1 -14
B20 78 50 138,000 3.3 -12
B100 130 55 130,000 5.7 0
ASTM B100 130 47 2t06 -

Adapted from (Verret al, 2006 & Shresth&007)

2.5 Characteristic of Bio-diesel Production Feedstock

The first step in our life cycle analysis is identifying the-Biesel feedstock.
Bio-diesel fuel can be made out of any substance with a high enough fat content,
particularlythe content bfree fatty acids (Pahl, 2005). When deciding ondiesel
feedstock, the primary considerations are availability of supply, cost of purchasing, cost

of refining, and refined fuel quality. Different fuel feedstocks have varied properties
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when the FAMEFatty Acid Methyl Ester) reaches its final refinement stage (Fernando
et al,2007). Therefore, the desired fuel characteristics are generally the deciding factor
when determining the fuel source. In addition, as seen in Figure 2 choosing an
appropriatdeedstock has an effect on the rest of thedsel life cycle. Different
feedstocks have varied refinement process, properties that affect distribution, affects on
the engine, etc. The project team evaluated soybean olil, palm oil, recycled fryedoil, a
castor oil as potential fuel sources and sssdheir potential use through the stages of
thelife cycle. It was donébecaus&onsorcio Operativahe public transportation
providerthe project team worked with, fiegltheir buses with bialiesel mad from the

first three sources and planned on using castor oil.

2.5.1 Potential Bio-diesel Feedstock for Costa Rica

Soybean oil, palm oil, recycled fryer oil, and castor oil werddheprimary bio
diesel fuel feedstockshich wereevaluated. Each sowas available in Costa Rica
without i mporting. First, soy is one of
soybean is a plant grown for either food consumption or oil production. Oil production
grade soybeans are rounder and larger than food stgbkans. The plant can grow in
most soils but prefers a temperate climate (Berk, 1992).

Second, palm trees are a tropical plant which flourishes in well drained yet moist
soil. In Costa Rica most palm plantations are found on the Central and Soutt Pacifi
Coasts. Palm trees are a fruit bearing plant which has a high fat content (Poku, 2002). It
generally takes 3 to 40 years for a palm tree to mature and produce fruit (FAO, 1998).
Palms grown specifically for agriculture are bred to have shorter geiomnahes, but a

wide range still exists. Palm olEfaeis guineens)scan be extracted from the mesocarp
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(fleshy part) or kernel (seed) of palm fruit (see FigiteBoth contain 50% fat by
weight (Poku, 2002). When used in agriculture, palms are giow/iplantation and the
fruit is harvested. Furthermore, palm trees are specifically bred to produce more

mesocarp for oil production (FAO, 1998).

Exocarp

Eermel

Endocarp

Figure 4: Diagram of Palm Tree Fruit
(Source: Poku, 2002
Recycled fryer & (RFO) is also an option for producing kiliesel. Both
vegetable and animal sources are types of waste oil which can be refined and used for
other processes. Recycled fryer oil is a type of oil which has been used in cooking but is
no longer usable fdbod preparation (Kemp, 2006). Quality RFO is only used in food
preparation until it becomes off color and begins to thin (katal, 2004). Animal oil
generally comes from meat processing plants (Reyes and Sepulveda, 2006). Any animal
waste which is ndfit for consumption can be cooked down and the fat removed for
recycling (Mittelbach, 2004). The quality of animal fat depends on similar characteristics
as recycled fryer oil. However, in evaluating quality more emphasis is placed on storage
conditions.Energias Biodegradablesllects its RFO from local restaurants (Musmanni,

2007).
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Lastly, castor oil is an evolving feedstock fordoiesel fuel production. Castor
oil is processed from beans growing on the Ricinus plant. The ricinus plant produces
poisonous beans which are also high in fat content (Conceicoa, 2007). The beans are
ideal for bicdiesel production because they are rarely used in food based products

(Osava, 2003).

2.5.2 Evaluation of the Physical Properties of Potential Feedstocks

Seweral physical properties affect the quality of-diesel feedstock. A higher
guality feedstock leads mmoreproductswith less wasted materi@Phal, 2005)Soy,
palm, recycled fryer oil, and castor oil all exhibit different fat contents which means that
they produce different yiettbf bio-dieselper rawfeedstock used (Mittelbach, 2004).
This affects the filand use resources and
1). Less potential food supply is wasted when a higher yield crop is ussttition,
higher fat content will raise the cloud point, the viscosity, and glycerjprbguct
amounts while lowering the cetamhich results in better quality bidiesel(Kemp,

2006). Depending on the fuel qualities needed physical properties of FANHE make
certain feedstock nefeasible for Costa Rica.

First, soy contains less oil by weight than palm and recycled fryer oil. It is a less
efficient crop to refine (Pahl, 2005). The soybean contains about 20% fat when bred
specifically for oil productin. This means that one acre is required to produce 48 gallons
or 182litersof bio-diesel fuel (Addison, 2007This is a lower yield when compared to
other feedstock€Costa Ricamports its soy feedstock from the US (Musmanni, 2007).

Aside from the poduction costs, bidliesel fuel made from soy has ideal physical

properties (see Table 2). The cetane number, flash point, viscosity, and cloud point are all
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comparable to diesel No. 2 as seen in Table 1 (Fernetralo 2007). Biediesel fuel
with compaable properties to diesel No. 2 will operate similarly (Fernastdd, 2007).
In addition, the bus driver using babesel fuel can expect the engine to turn over at the
same rate as it would with diesel No. 2 (Leewtital, 2007).

Second, palm bis high in fatty acids which maket an ideal candidate for high
yield bio-diesel fuel production (Mittelbach, 200#lso, palm is a more conservative
crop regarding land use. This is an important point for the life cycle analysis because
palm does nibuse as much land and agricultural space is limited in Costa Rica (FAO,
2004a). Increases in palm plantations lead to deforestation of Costa RicaisEhere
thresholdin whichthe deforestation surpasses the improved fruit yield of palm. Costa
Ricans wil have to determine when to supplement demand for palm oikdiBse| yield
for palm fruit is about 635 gallores 2,404 litergper acre (Addison, 2007). This is
significantly greater than that of soy (48 gall@msl82 litersper acre). The annual palm
acreagdor Costa Rica is 98,842 acres (Pomereda, 2003). Most of the production is done
on small independent farms and privately owned plots of land (FAO, 1998). If palm were
used for biediesel it would stimulate the private agriculturali€€esta Rica culd
produce, 62,764,670 gallons 237.6 million litersof fuel from one year worth of palm
oil based on crop yields in 2006. In addition, the physical properties of palm oil are also
comparable to diesel No. 2 and surpass the standard for diesel aatdver (see Tables
1 and 2).

Recycled fryer oil and animal oil both have similar physical properties to fatty
virgin vegetable oil, such as palm (Mittelbach, 2004). However, the fat content varies

depending on the source of the recycled oil. Fryer wasienerally a vegetable oil,
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containing about 0 to 7% fat (Kemp, 2006). Animal oil tends to have a higher fat content
at about 10 to 15% fat (Reyes and Sepulveda, 2006). The fat content of recycled oil does
provide some variance in expected-diesel yietls. A typical refinement yield is 0.8 to

0.95 gallong3.02 to 3.59 literspf fuel per 1 gallor{3.79 liters)recycled feedstock,

making recycled fryer oil another high yield fuel source (Kettal, 2004).

Restaurants are the biggest producer of fraad the number of restaurants
depends on population. San José has a population 309,672 within city limits and 885,000
including suburbs (Rico Tours, 2007). This translates to 1,327,500 g@l@3smillion
liters) of waste oil annually for the great®an José area which can be used for
refinement (Zhangt al, 2003a). As of 2007 recycled fryer oil was the lowest cost raw
fuel source folEnergias Biodegradabl@glusmanni, 2007). In addition, RFO is still
comparable to diesel No. 2.

Castor oil seed cuairs about 47 to 49% fat by weight makiiighe second best
crop for oil production. Castor oil seeds yield 141 galka®:! liters)of fuel per acre
(Forest Law Farm Press Editorial Staff, 2006). Ricinus plants also exhibit high crop
yields and shortgrmination times (Forest Laws Farm Press Editorial Staff, 2006). The
Costa Rican climate is ideal for Ricinus plants. A farmer could expect to receive 2.5
growing cycles per year (Ramirez, 2007). Therefore, one acre of land could potentially
produce 353 dlons (1,336 liters)of bio-diesel fuel a year.

The chemical characteristics of kdeesel fuel produced from castor oil are
slightly different than soy, palm, and recycled fryer oil. The flash point and viscosity for
castor oil are significantly highefhe flash point is 167 °C and the viscosity is 13.34

mnt/s (Cvengro®t al.,2006). These values indicate that the oil may need to be thinned
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before use. The vehicle can experience difficulty starting due to the thickness of castor
oil. On the other handhe cloud point-23 °C) and cetane number (44) are more

desirable (Cvengroat al.,2006). These two values meet ASTM standards.

2.5.3 Summary of Feedstocks and Application in Costa Rica

Overall, each feedstock has its benefits and weakn&ssese in Costa Rica. At
the time of this projedEnergias Biodegradabless using a blend of palm oil, soy oil
and RFO. The percentages of each varyHnérgias Biodegradabless attempting to
increase the amount of RFO used. In Costa Rica the tatopeidoes not drop below
freezing so cetane numbers and cloud point values do not have a great effect on fuel
performance. Due to the climate, cost and availabilitylaerimary deciding factors
when choosing a feedstock for kigesel fuel refinementt is important to minimize the
expense of fuel for the buses. Choosing a high yield yet low cosdlidsel feedstock
keeps costs lower.

Table 2 below summarizes each potential fuel source that was evaluated, its
current global market cost as of 200 dheir physical properties compared to ASTM
standards (Fernanda al, 2007). The flash points, cloud points, viscosities and cetane
numbers are relatively similar so the primary factors in choosing feedstock are the current
availability and price. Cuently, crude oil sells for about $650.00 per tonne in U.S.

dollars. This value is comparable to renewable raw feedstock.
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Table 2: Summary of Feedstock Cost and Physical Properties

cloud | Flash
Cost Viscosity | point Point
Source | ($U.S./tonne) Yield Cetane (mm2/s) (eC| (eC
48
Soy $502.00 gal/acre 51 2 0 <130
635 .
Palm $612.00 gal/acre 65 4.8 13 01 3|
.810.95
Recycled | $412.00 to gal/lgal 3510 10to .
Oil $825.00 raw 40 5 16 01 3|
Castor 141
Oll $855.00 gal/acre 44 13.3 -23 167
ASTM
Standard — — 47 2106 — 01 3|

(Sources: Frenandet al, 2007; Behr, 2005; Krishnan, 2007; Cvengebsal.,2006;
Osava, 2003;& USDA, 2007)

Thistabledemonstrates that the different {ul@esel raw stocks are comparable to each
other and diesel. Palm, recycletit, and castor oil might be the better lni@sel raw

stock options for Costa Rica due to theirh@gyield when compared to soy.

2.6 Refinement Practices for Feedstock and Costs

The next step in the life cycle process is to evaluate the refinemieiot diesel
fuel. It is important to make sure that refinement is both environmentally friendly and
financially feasible. There are three primary refinement processes which have been
researched for industrial use. These processes are calleecatkdyzed
transesterification, acidatalyzed transesterification, and ozone (Mittelbach, 2004). Each
process corrects unique impurity issues. Refining recycled fryer oil (RFO) requires
slightly different processes than virgin oils because impurities within theusi be
considered. The food patrticles, hydration and free fatty acid content of RFO have the

greatest impact on refinement methods (Kemp, 2006). Furthermore, some methods are
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more cost effective than others for specific feedstock. After refinemedatidsels from

different raw feedstocks can be mixed.

2.6.1 Alkali-Catalyzed

Alkali-catalyzed refinement uses a base to produce the FAMi&Sse is a
substance with a pH of greater than 7. Aliatalyzed is the predominately used process
in industry. Reactins occur more quickly than with aetdtalyzed and ozone treatments.
However, there are more steps involved and greater quantities of hazardous waste are
produced (Zhangt al, 2003a). In addition, alkatatalyzed refinement works best with
virgin oil because the process is highly sensitive to free fatty acids (Mittelbach, 2004).
Generally two transesterification cycles are sufficient to produe®79b oil conversion
which is the industrial grade specified by the American Society of Testing and Material

(ASTM) for resale (Kemp, 2006).

2.6.2 Acid-Catalyzed

Acid-catalyzed refinement involves similar stages to akatialyzed. The
primary differences between alkaftalyzed transesterification and acatalyzed are,
time for reaction, stages involvadrefinement, and waste production. Acidtalyzed
transesterification is not as commonly used in industry because more reaction time is
necessary (Zhangt al, 2003a). A typical batch can take 69 hrs to produce 90%
conversion to methyl esters and anitdddal 240 minutes to reach 97% FAME (Zhaety
al., 2003a).

One advantage of acithtalyzed transesterification is that {oreatment is not

necessary. Acid processes are less sensitive to hydration and free fatty acids{Zhang
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al., 2003a). Therefa, less hazardous waste is produced (glycerin, methanol, and acid
water). Reduced number of processes also means that there are reduced equipment

purchases and maintenance.

2.6.3 Ozone

Ozone treatment has been studied less than the other two protessesst of
ozone treatment is greater than that of transesterification. However, some regions like
Japan are studying ozone use because they have less land to work with and waste
management is a greater concern (Kettal, 2004). Ozone treatment doed nequire
any pretreatment and glycerin is not separated from the oil. Fatty acids are attacked by
ozone creating hydrocarbons without releasing glycerin. Therefore, fuel recovery from
feedstock is almost 100%. This may be an option for Costa Rica; hqwewer case
studies should be performed before implementation on a full production scale.

2.6.4 Cost Analysis of the Refinement Processes and Feasibility for
Costa Rica

In 2003 Y. Zhang, M.A. Dube, D.D. McLean, and M. Kates performed an
economic assessntern the use of alkatatalyzed transesterification and acamtalyzed
transesterification for waste oil and virgin oil (see Table 3). Their economic assessment
was for the year of 1999 and is helpful when presenting the financial aspects of-our bio
diese life cycle. Zhang and his associates found that neither refinement method was
profitable. Tax incentives would be needed to turn a profit because costs of raw feedstock
and operational costs at the time were greater than the amount of revenue thae teas ab

be generated. Alkatiatalyzed production had a deficit of $2,280,000 and catidlyzed
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was slightly better with a $350,000 deficit. Results of the study indicated that the break
even cost per tonne for baiesel was lower when achtalyzed procsses were used
($644.00). The findings demonstrate that refiningdi@sel on site might be more costly
than purchasing diesel fuel. Minimizing expenses for operating the public transit system
is important. Therefore, the expense of refinement will factorthe cost between using
diesel fuel and bialiesel fuel

Table 3: Costs Comparison for Alkalicatalyzed and Acid Catalyzed FAME

Production

Alkali-catalyzed

Acid-catalyzed

Cost of Chemical Processes

Esterification $80,000 0
Transesterification $290,000 $168,000
FAME Distillation $157,000 $168,000

Cost of Manufacturing

Oil Feedstock $1,680,000 $1,650,000
Waste Disposal $284,000 $280,000
Total Direct Manufacturing $4,750,000 $3,280,000
Total Indirect Manufacturing $830,000 $710,000
Total Profit-After Tax ($2,280,000) ($350,000)

Break-even Price

$884 per tonne

$644 per tonne

Adapted from (Zhanegt al, 2003b)

2.7 Bio-diesel Storage and Distribution Evaluation

Following refinement processes in the life cyclethiesel fuel is stored and
distributed. The quality of fuel as it leaves the production plant must be the same as when
it is consumed. The San José public transit system needs fuel which meets standards in
order to insure proper interaction between the engimd the fuel (Fernandk al, 2007).
Improper engine wear and decreased efficiency can result from poor quality fuel (Kemp,
2006). ASTM standards are internationally recognized and mostidsel fuels meet

them regardless of production country. Aftiee refined fuel leaves the production plant
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there is debate as to its degradation rate and appropriate storage conditions (Leung, Koo,
& Guo, 2006).

This debate pertains to Costa Rica in particular. Costa Rica is a tropical climate
with high humidity ad high temperatures. One concern with-thiesel fuel is its
susceptibility to bacterial growth during storage, particularly in warm, moist conditions.
There are antibacterial fuel additives to kill microorganisms which are effective in diesel
and bicdiesel fuel, but the microorganisms can hinder fuel quality if untreated (Kemp,
2006). In addition, bialiesel fuel is an organic material. Organic materials are
biodegradable substances which will naturally experience accelerated decay when
exposed to aidjght, and high temperatures. Bacteria thrive in this environment, creating
storage issued.his means that bidiesel is more susceptible to rapid decomposition than
fossil diesel fuel (Zhangt al, 2003a). The potential affect of temperature and huynidi

on bio-diesel fuel is a concern for Costa Rica.

A study conducted by D.Y.C. Leung, B.C.P. Koo, and Y. Guo in 2006 addressed
the issue of humidity and determined it does not have an effect on fuel quality ifthe bio
diesel is stored in an air tighowtainer. Therefore, the study suggests that if properly
stored, degradation will not be an issue in Costa Rica. This was important when
designing and conducting the fuel efficiency study because fuel quality will determine

how accurate fuel efficiency nalés are.

2.8 Bio-diesel Engine Wear and Maintenance Compared to Diesel

An important factor in the relative benefits of diesel vs:di@sel is the impact of

the fuel on the engine. This includes whether or not the use of these fuels is hazardous to
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Ash content is basically the wear debris of metal from the engine use (Argalatal
2003). From the st graph in Figur®, one can see that the ash content is less in the
100% biediesel engine than in the diesel engine, showing less wear to the engine overall.
The iron concentration content signifies wear on the piston, cylinder liner, rings, valves,
valve guides, gears, shafts, bearings, and crankshaft (Argetvaé) 2003) From graph
2 in Figure6, one can see that the iron concentration was also less in tHebe
engine than in the diesel engine, which means less wear. The copper concerdration
due to the wear of bushings and bearings (Argadwal, 2003). Graph 4 shows that the
copper concentration was also less in thedisel engine than in the diesel engine,
which means less wear again. The chromium, magnesium, cobalt, leacdh@ad are
evidence of other engine parts and for all of the samples thdidsel engine turned out
to show less wear on all of the parts of the engine (Argavall, 2003).

In terms of our project, the results of this research provided strong eeitieat

using the biediesel fuel would be beneficial to the life of the engine.
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2.9 Summary

As Costa Rica begins to form padés regarding bialiesel fuel it is important for
CNP+L to evaluate the complete life cycle of-biiesel. One of the motivating forces for
switchingtobiedi es el is that it may reduce environm
analysis of biediesel fuelhelped support this. Furthermore, the analysis will demonstrate
costs vs. benefits for switching to kiteesel fuel. Aside from direct production costs
numerous studies have been conducted proving thatiése! reduces emissions. This
may also impact gtbased decision making because health expenses may decrease for
Costa Rica. However, fuel stock production, refinement, fuel storage, and engine
mechanics all factor into the decision to switch transportation buses-tiiekiel fuel.
Previously condued studies discussed in this Chapter demonstrate thdtdsel fuels
have shown enough benefits to warrant conducting a full scale study on San José public
transportation buses.

After completing the background research the project team had a knowksige
to establish relevant research questions. There are three primary topics addressed in the
MethodsChapter. The first evaluates the fuel efficiencyCoinsorcio Operativbuses in
San José. The second topic calculates the cost of using solelebdin San José
buses. Finally, the third topic evaluates the relationship of several social aspects with

using biediesel.
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3.0 Methods

The objective of this project was to research the feasibility ofilgeel use
within the context of San José, CoRtiaa. In order to meet this objective the project
teamposedthree research questions. SectighiBtroduceghe research questions and

describes the methodology in detail.

3.1 Research Variables and Methodology

There are three central research questigrish the project team addressed in this
chapter. The three avenues of research address teckomabmic and social issues.

Thethree researchuestiors are

U What is the fuel efficiency of bidiesel compared to diesel in public transit buses
for the San José area?

U What is the cost differexe for the use of bialieselversus dieseh the public
transit sector of San José?

U  Whatimpact will bio-diesel haveon theeconomy, environment, and societlyd

how are these impacts interrela®ed

The first resarch question considered the relative fuel efficiencies of B15 bio

diesel,B30,B100, and diesel. B15 was the blendttGonsorcio Operativavas using at

the time ofthis project. In order to determine these relative efficiencies the project team
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conducte an experiment by running buses in San José with different fuel blends and
compared data such kometers travele@nd fuel consumption.

In an investigation of economic issues, the project team calculated the cost of
converting the use of diesel inlgic buses to pure bidiesel. To calculate the
conversion cost, a proportion was achieved that compdited af diesel to the
equivalent amount of bidiese] based oihe calorific study The project team also
considered the partial molar volume obiiesel/diesel blends. This consideration took
into account a possible fluctuation in the density of thedisetdiesel mixtures when
blended.

Finally, the project team decided to evaluate the effect otli@sel use in San
José from three perspectsrg¢he economy, environment and society. The project team
evaluated theconomic feasibility and impact of batieselby using the data collected on
bio-diesel conversion costs and consikgia plan that would allow th€onsorcio
Operativobus companyo operateon fuel grown and refined in a clos&xbp operation.
The second perspective considered the environmental impact. In order to do this, the
project team contacted agencies in Costa Rica that had done studies on air pollution
caused by fossil fuel esThe teamthems ed Consorci o Oper ati voods
compare thearticulate matter emissions in hkillesel and diesel exhaushe project
team also looked into the implications of reduced greenhouse gas emissions on climate
changeFinally, the progct team evaluated the relationship betweerdi@sel and
societyfocusing on health implicationgnformation on air pollution trends and
corresponding healthcare issues were researched with the intent of finding correlations

between the twoA second soietal impact considered was pubdipinionand attributes
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relating to biediesel fuel and air quality. This was done by conduciiagrveyof

pedestrians at different locations around San.José

3.1.1 What is the fuel efficiency of bio-diesel compared to diesel in

public transit buses for the San José area?

When designing h i s pfuelefficiency siuslythe project teameferenced a
similar study conducted by Dr. C. Chen and associates of Shanghai Academy of
Environmental Science2@07. Chen and ssociateperformed a fuel efficiency study
using hauling trucks. The methodology and reasoning for using specific methods was
published inAtmospheric Environmeimt 2007. The project tearevaluatedCh e n 6 s

methods to assist in designiagrocedure.

Dr. C. Chen and associates began by randomly selecting nine hauling trucks
which were less than five years old and representative of the most commonly used
engines in Shanghai. They then established one hauling route all trucks traveled on and
specified the the of day all truckbegan the route afccording to the study these
procedures reduced the number of varialdtes their study they recorded both emissions
and fuel efficiency using the followingble (seeAppendixB). The results were
evaluated by avaging all of the truck® f u e | iestofydtherdhie eesutting data was

the total average fuel consumpti@mdaverage emissions

This project used similar methodology as in the study by Dr. CHemwever

there were more resource constraintthia study.The limiting factors the project team
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faced were time and equipment. Time constraints and the lack of an electronic fuel

efficiency gaugeimited the type and quantity of data collect&tie procedureliow:

1. The first step in the fuel effiency study was to meet with Sefior Orlando
Ramirez,anowner ofConsorcio Operativoand discuss thebjectivesof the
researchThe project tearhad predicted that the engine make, passenger load,
driver, and time of day the bus operated would all haveftect on the
efficiency. Sefor Ramirez offered to work with the team to minimize
variation.He recommendeslix buses with Mercedes Benz engines based on
the following criteria:

a. The Mercedes Benz buses were the newest of the fleet containing
enginesrom 2004. They were equipped with-board global
positioning system devices (GPS) which reckildmeters traveled
passenger loads, and routes traveled. This enéideproject teano
record accurate kilometers traveled.

b. Mercedes Benz buses were@mthosen because they have required
minimal maintenance in the past aaghptedo bio-diesel usavithout
complications

c. Lastly, the buses were assignesirggledriver. The drivers for the
Mercedes Benz buses wear@nsidered to bithe bestamong all driers
andthe most experienced. Also, whearbus driver was not workingn
a particular day, his assignbds wagenerally not usedrhis

approacteliminated a possible variation due to the drivers.
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d. There were eleven Mercedes Benz buses, and the pegectselected
six out of the eleven. The decision was based on availability of
archivaldata foreachbus.The project team | ooked at
worth of data for all eleven buses and chose six based on complete and
consistent documentatidar driver, mleage, and fuel consumed per
shift worked.
2. An evaluation of fuel efficiency using the B10&nd dieseWas conducted
after the B15 blend runBue to supply constraints with baiesel,Consorcio
Operativocould only run three buses at a timith B100. The other three
werefilled with diesel fuel. At the end of a seven day sample period the B100
buses were then fueled with diesel for the next seven days and vicelversa.
first two days were used to flush out any remairprgyvious fuefrom the
b u s eombustiorsystem. For the nefive days data wasollectedfor the
relevant fuel The total liters of fuel consumed, kilometers travesedidriver
were recorded o@onsorcio Operativdata sheets. Then, thgerageuel
efficiencyfor each blené&nd sandarderrorwere calculated for each bus.
Buses 5, 6, and 18 operated on diesel from Juhard then switched to
B100 for June 14118, Buses 27, 32, and 55 began on B100 (Jufigahd
wererunondiesel fuel for June 118. See Table 4 for a sampletbk data

collection for each bus
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Table 4: Sample Data Collection Chart

Bus#5
B15 Day Distance (km) Consumption (L} Efficiency (km/L}

ES S R N Y

Average

Bus#5
B100 Day Distance (km) Consumption (L} Efficiency (km/L}

ES S R L

Average

Bus #5
Diesel Day Distance (km} Consumption (L} Efficiency (km/L)

= La R —

Average

3. Data for the B15 and B30 study ware obtained from official log sheets kept on
each bus. Log sheets recorded the date, bus number, conductor, route
traveled, odometer rdang (km), and thditers of fuel put in the tank.og
sheets are also stored as a permanent recordvienasgearsThe project
team transferred data from log sheets into Microsoft Excel in order to
calculate fuel efficiency. B15 information was obtdrfrom May 2625,

2007. B30 data was recorded for Novembé522006. Drivers for the 6

Mercedes Bens buses were the same for both time periods.
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3.1.2 What is the cost difference for the use of bio-diesel versus

diesel in the public transit sector of San Jose?

In order to evaluate the cost for utilizing tdéesel in San Jod@e project team

answered several siuestions:

u What is the energy content of diesel, biodiesel, and fuel blends?
u How much diesel fuel is used by bus companies per year?
u What arethe costs for bialiesel and diesel fuel during the month of June

2007, in San José?

The first step in determining the cost of using-iesel was to find a direct
comparison between the energy content of eachTihed. difference in energy content
wascrucial in determining an equivalency for a conversion from liters of diesel to liters
of bio-diesel.This was done by bomb calorimetry. A bomb calorimeter is a strong sealed
metal vessel used to measure energy content (Answers.com, 2007). The firgisstep w
combust a fuel inside the bomb calorimeter. The energy given off by the combustion
heated up water trapped inside an insulated chamber that surrounded the reaction
chamber elmensting2007). The change in water temperature allowed for the energy
content of the fuel to be calculated. The equations which yielded the energy content of
the fuel were:

Step 1: qbomb calorimete r = (SDECiﬁC heat CapaCity )bomb calorimete r *m ¢ At

bomb calorimete r

¢ water ¢ At

=4.18

Step 2:q

water (g C o )
Step 3 : q fuel - _(qwater + qbomb calorimete r)

Specific heat capacity is a constant value for different materials and it is the amount of

energy required to raise one gram ofstahbce one degree Celsius. In these equations the
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variableq represents energy in Joules (Helmenstine, 2007). In Step 1 the amount of
energy the bomb calorimeter absorbed needed to be considered. This was done by
multiplying the c adpacityianddstmass (fised alpes)dythiei ¢ heat
change in temperature of the water. Step 2 calculated the energy content absorbed by the
water. Finally, Step 3 determined the energy of the Tledteam then converted the
Joules to British thermal units (B in order to make more standardized energy
comparisons. One Joule is equal to 0.000948 Btu.

The project team contacted Professor Julio Mata to B4, B30 blend, and
B15 blendand diesel fuel combusted in a bomb calorimeter at the University of Costa
Rica. The energy content was found tloe fuel types. After determining the energy
content of the fuels, a relative volumetric ratio was determined between B100 and diesel

usingarelationshipwhich the project team created

Energy of Diesel | liter of Diesel
Energy of Bio-Diesel ~ X liters of Bio-Diesel

Energy of Bio-Diesel * | Liter of Diesel

X Liters of Bio-Diesel = Energy of Diesel

Figure 7: Energy - Volume Conversion Ratio

An additional experiment was conducted that accounted for a particular
phenomenon that occurs with the blending of certain chemically similar liqeedsal
molar volume is a phenomenon that occurs when the measured volumexadre is
different than the sum of the individual volumes. The mixed substances interact on a

molecular level and the resulting volume is either greater or less than expected.
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Dr. Musmanni informed the project team about an example of this phenomenon
which occurs between ethanol and water. When mixing ethanol and watessuliag
volume is less than the sum of the original volumes of water plus ethanol. Because water
and ethanol are chemically similar, the individual molecules of the substances are
attracted to each other. The result is a final voltima¢ isless than expected (Musmanni,
2007). Dr. Musmanni had mentioned this occurrence to the project team and requested an
experiment investigating blending bibesel and diesel fuelhis was signitant because
if the volume of a biediesel/diesel blend did fluctuate, it would affect the density and in
turn this would affect the energy per unit mass of adiésel/diesel blendln order to
determine if this phenomenon occurred in blends ofesel and diesel, the project
team did a volumetric analysis at the University of Costa Rica.

The analysis consisted of taking known volumes of bottdiEeel and diesel for
preplanned blends and comparing the actual volume of the resulting mixture with the
expected volume. The expected volume was simply the sum of the two initial volumes of
bio-diesel and diesel.

After determining the physical properties ofuiesel, diesel, and blends, the cost
of replacing diesel in public transportation buses wasutzked. In order to determine the
cost it was necessary to find the total amount of diesel consumed by the entire public bus
fleet in San José. This was done by contacting RECOPE, the national diesel provider and
distributor in Costa Rica. This amount aésel was converted to the equivalent amount
of bio-diesel using the relationship in FigufeAfter calculating how much bidiesel it

would require to run the fleet, the cost of said tiesel was determined by multiplying
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the number of liters requireaf bio-dieselby the current market price bio-diesel(See

Figure 8).
Energy Content Analysis = Diesel to Bio-Diesel Equivalency

Diesel to Bio-Diesel Equivalency

* > Total Bio-Diesel Required
Diesel Cansumption Data otal Dio-Ulesel Require

Total Bio-Diesel Required

+ = Lost of Using Bio-Diesel
Current Bio-Diesel Cost

Figure 8: Summary of Methods 3.2.2

3.1.3 What impact will bio-diesel have on the economy, environment,

and society and how are these impacts interrelated?

By answering this thirdesearch question, the project team was able to assess the
implicatiors of implementing a biduel program. The assessment process required a
view from three perspectives:
U Economy:
= Cost Comparison of diesel vs. hiliesel in Costa Rica

= Case study of thed&nirez biefuel plan
U Environment:

— Emissions

= Climate Change
U Society:

— Health Effects
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= Public Opinion

Figure 9: Economic, Environmental and SocietalRelationship

Evaluating these three perspectives allowed the project team to assess the fullispectr
of bio-diesel implications.
In looking at economythis project team evaluated a case study of a plan to run a

bus transportation company completely on-toiel (See Figure 10

Figure 10: Ramirez Bio-Diesel Plan
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