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Oscillatory flow in a baffled tube/column is an efficient way to enhance mixing
in a straight smooth column. However, liquid oscillation moving back and forth
across the baffle causes backmixing which is a disadvantage when plug flow is
desired. This paper presents results from a study conducted to reduce the
backmixing rate in oscillatory flow in a baffled column with the use of a draft
tube. Results of this study showed that backmixing increases with oscillation
velocity and decreases with liquid flow rate. The use of a draft tube reduces
backmixing. The backmixing reduction is proportional to the ratio of UDo'
However, the draft tube can not be extended too long because it disrupts the
flow behavior in the column and creates dead zones near the baffle region. The
draft tube length ismaximized by extending it to both sides of the baffle, provided
that the UDo on each side of the baffle is at 0.67 or less.

INTRODUCTION

Oscillatory flow in baffled columns has been
reported in numerous publications as a very
promising method to improve mixing in a straight
and smooth tube or column (Hewgill, 1993;
Mackley, 1987, Mackley, 1991, Ni and Gough,
1997). Oscillatoryflow mixingcan be achieved if
there is a full reverse flow around baffle plates.
This may be produced by oscillating either the
fluid or baffle plates (Mackley,1991). Oscillatory
flow in a baffled tube can be characterized by the
oscillatoryReynoldsnumber, Re , whichdescribesa
the intensity of oscillation applied to the system,

Re = pfxoDo
J..l

The second equation used to characterize
oscillatory flow is the Strouhal number, St' where
St represents the ratio of the orifice diameter to
the oscillation amplitude.

Ds=-
I 4JZ"Xo

(2)

(1)

Efficient mixing in oscillatory flow in a baffled
tube can be achieved when Reo is greater than
150 (Roberts, 1991). Brunold eta!. (1989) found
that baffle spacing of order 1.5 tube diameter and
the constriction ratio of about 60% was optimal
to achieve good mixing in oscillatory condition.

The idea of installing baffles in a column is to
approximate the behavior of CSTR in series. With
sufficient number of CSTR, plug flow system may
be obtained. In the baffled column, each
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compartment between two baffles is to behave
like a CSTR where the fluid is well mixed.
However, the fluid in a compartment is not
supposed to mixed with fluids from adjacent
compartments just like in CSTR in series.
Applicationof oscillatoryflowin a baffledcolumn
produces a certain amount of backmixing, in
which fluidsin adjacent compartments willmixed
together. Such behavior deviates from plug flow
behavior, thus it isa disadvantage when plug flow
is desired. Howes and Mackley (1990) observed
that backmixing occurs in oscillatory flow in a
baffled column. However, the effects of the
operating parameters and the magnitude of
backmixingwere not quantified.ZuhrinaMasyitah
(2001) quantified backmixing in oscillatory flow
in a baffled tube. She found that backmixing is a
strong function of both the oscillation frequency
and the amplitude. This study was carried out to
investigate the use of a draft tube to reduce
backmixingin oscillatoryflowin a baffledcolumn.

MATERIALS AND METHODS

A schematic diagram of the experimental
apparatus is shown in Figure 1. The experiments
were carried out in a two-stage baffled column.
The height of the column was 282 mm and the
diameter was 94 mm. A pneumatically-driven
piston mounted at the bottom of the column was
used to oscillate the liquid. The range of the
experimental variables used in this study is
presented in Table 1. Three types of baffle designs
were tested in this work. Table 2 gives the
description of the baffles used in the experimental
work. The schematic diagrams of the baffle
designs are shown in Figure 2.

Table 1: Range of experimental variables

(l)Top plate, (2) Water inlet, (3) Perspex column, (4) Sampling ports,
(5) Baffle plates, (6) Injection/sampling port, (7) Water outlet, (8)
Piston, (9) Piston bar, and (10) Frame

Figure 1. Schematic diagram of the experimental
set-up

At constant oscillation frequency, amplitude
and liquid flow rate, 60 mL of 30 wt.% KCI
solution was injected into the exit stage of the
liquidphase. Samples were taken fromeach stage
at periodic intervals. The KCI concentration in
each sample was determined by usingan electrical
conductivity apparatus. The Ideal Stage with
Backmixing (lSB) model (Xu, 1994, Takriffet.
a!. 1998) was employed in this investigation to
determine the magnitude of backmixing.The ISB
model represents backmixing using finite
difference, with the assumption that backmixing
flow occurs between adjacent stages in addition
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No Variable Rangeof value

4 Liquid flowrate 0.0 - 1.2 l/min

5 Liquid viscosity 0.001 - 0.01 kg/em's

6 Oscillationfrequency 0.5 - 1.0 Hz

7 Oscillationamplitude 7.5 - 15 mm

Table 2: Types of bqffle plates used In the
experimental work

No Type Description

Disk type with a central hole with a constriction ratio
A

of 60%.

Disk type with a draft tube attached to the central hole.
2 B

The draft tube is extended to one side of the disk

Disk type with a draft tube attached to the central hole.
3 C

The draft tube is extended to both sides of the baffle.
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Figure 2. Baffle set-up

TYPEC

to the net forward flow of liquid. For single-phase
flow in the absence of chemical reaction, the

mass balance for each component in j-stage is
given as:

Where V is the stage volume, Fj and Fib are
forward flow and backmixing flow rates and C is
concentration. Application of this equation to
each individual stage in the apparatus used for
this study gives the following equations. For the
first stage:

For the second stage:

Equations (4) and (5) describe the transient
behavior of both stages. Solving these equations

for the value of Fib gives the concentrations C1
and C2 with time. The interstate backmixing rate
for a given run was determined by the selection

of Fb, which provided the best match for the
experimental result and the predicted transient
concentration profiles.

RESULTS AND DISCUSSIONS

Differentialequations (4) and (5) were solved
using Matlab@to obtain the concentration profile
for each stage with time. The experimental data
were compared with computed values from
equations (4) and (5) to determinethe backmixing
rate. Figure 3 presents a typical match of the
experimental concentration profiles and the
concentrationprofilesgenerated by the ISBmodel.
This figure shows that the ISB model successfully
predicted the transient behavior of the column,
so it can be used to determine the magnitude of
interstate backmixing in oscillatory flow in a
baffled column. The average difference between
the experimental concentrations and the
concentration profiles generated from the ISB
model was less than 10% over the range of the
experimental data.

In Figure 4, backmixing velocity is plotted
against the oscillation velocity or the product of
the oscillation amplitude and the oscillation
frequency. This figure shows that backmixing
increased linearly with oscillation velocity. As the
liquid oscillates back and forth, a certain amount
of the liquid back mixes into the previous stage.
At a constant frequency, a longer oscillation
amplitude displaces the liquid to a further distance
and the liquid at the interstate opening are pushed
further into the previous stage resulting to higher
backmixing rate. While at a constant amplitude,
eddies with greater intensity are generated from
the interaction of the liquid and the edge of the
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Figure 3. Experimental data versus data from ISB
model

baffle plates, thereby creating a higher value for
the oscillation frequency. As a result, a greater
amount of liquid at the interstate opening willbe
pushed into the previous stage and backmixingis
increased. Figure 4 suggests that the oscillation
amplitudeand frequencyare dominatingvariables
that influence the rate of backmixing.

15

Figure 4. Backmlxlng velocity versus oscillation
velocity

The effectsof liquidflowrate on backmixingis
presented in Figure 5. This figure shows that
maximum backmixing occurs during non-flow
conditions.Backmixinggraduallydecreasedlinearly
when liquid flow rate is increased, A similar
observation was made by Xu (1994) and Magelli
et. al. (1986) in their backmixing study in an
agitated-compartmentedcolumn. Forward flowof
liquidfrom one stage to the next, hindersthe flow
of liquidin the opposite directionor backmixflow.
Asflowrate increases,the backmixflowencounters
a strongercounterdirectionflows fromthe forward
flowthus resultingto a lowerbackmixingrate.
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Figure 5. Backmlxlng reduction with forward liquid
velocity

Figure 5 also shows that for a given value of
forward velocity, backmixing velocity increases
with oscillationvelocity. Ata constant frequency,
a longer oscillationamplitude displace the liquid
to a further distance and liquid at the interstage
opening are pushed further into the previous stage
resulting to a backmixing velocity. While at a
constant amplitude, eddies with greater intensity
is generated from the interaction of the liquid
and the edge of the baffleplates for a higher value
of the oscillation frequency. As a result a greater
amount of liquid at the interstage opening willbe
pushed into the previous stage and increases
backmixing velocity.

Figure 6 shows the effectsof attaching a draft
tube to the baffle plate. Three different lengths of
draft tubes ranging from 0.0 to 1.33 were
investigated. This figure shows that the
backmixing rate is reduced with the application
of a draft tube. The backmixing rate is reduced
by 17% for LID =0.67 and 27% with LID = 1.33.o 0

Thus, the reduction of backmixing rate is a
function of LID in which higher values of ljDo 0

give lowerbackmixingrates. Asimilarobservation
was made by Vidaurri and Sherk (1985) in their
study of a multi-stage agitated mixer. For higher
LID0 values, fluid has to travel longer distances
before they can backmix into the previous stage.

The length of the draft tube however, can not
be extended too much because it may disrupt the
flow behavior in the column and thus, affect the
mixing efficiency. Extending the draft tube too
much may create a dead zone near the baffle
opening. Such a situation is undesirable as the
mixing efficiency in the space between baffles
depends on the vortex formation near the baffle
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Figure 6. Backmixlng reduction with the use type
draft tube.

opening. Preliminary CFD simulation study
conducted on oscillatory flow in baffled tube
shows that the structure of the draft tube has
minimal impact on mixing efficiency as long as
the LID is at 0.67 or less. Further study showso

that the draft tube may be extended to both sides
of the baffle as long as the LIDois not greater than
0.67 on each side. Figure 7 shows the backmixing
velocity in the baffle column for two draft tube
structures. Type B has a baffle tube at LIDo=0.67
and is extended to one side of the baffle, while
type C is at LIDo=0.67 and is extended to both
sides of the baffle. With type B draft tube, the
fluid has to travel at a longer distance before it
can backmix into the previous stage. As a result,
lower backmixing rate was observed.
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velocity. Backmixing rate increases with
oscillation velocity and decreases with liquid flow
rate. The use of draft tubes reduces backmixing
rate in oscillatory flow in a baffled column. The
reduction in backmixing rate is proportional to
the LIDo ratio. A higher LIDo ratio gives lower
backmixing rate because the liquid has to travel
a longer distance before it backmixes into the
previous stage. The value of LIDohowever, can
not be too high because the draft tube structure

1.2 may disrupt the flow behavior in the column
especially near the baffle opening. Dead zone may
be created if the LIDo is too high, thus affecting
the mixing efficiency in the space between two
baffles. Preliminary CFD simulation conducted
in a separate study shows that dead zone form
near the baffles on both side of the draft tube for

LID0 ~ 0.67. Resultsof this study shows that draft
tubes may be used to minimize backmixing as long
as the LIDois less than 0.67. The draft tube length
can be optimized by extending it to both sides of
the baffle provided that the LIDoon each side is
0.67 or less.
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Figure 1. Backmixlng with different type of draft tube V1
alignment V2
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CONCLUSION
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Backmixing is significant in oscillatory flow ~

in a baffled column especiallyat lowforward flow r

NOMENCLATURE

Column diameter, mm
Opening diameter, mm
Oscillation frequency, Hz
Volumetricbackmixing flow rate, cm3/s
Volumetricforward flow rate, cm3/s
Length of draft tube, mm
Backmixingvelocitythrough the opening,

cm/s
Forward liquid velocity through stage

divider opening, cm/s
Volume of stage 1, cm3
Volume of stage 2, cm3
Oscillation amplitude (center to peak),

mm
Oscillation velocity, cm/s
Viscosity,kg/(m.s)
Density,kg/m3
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The Philippine automotive transport sector accounts for a significant portion of
the country's petroleum consumption and air emissions. Research in alternative
fuels for road vehicles is thus an essential element in the country's long-term
environmental management strategy. Two radical vehicle technologies - electrical
propulsion systems and fuel hydrogen for fuel cells - are widely considered to be
the most promising energy vectors froln an environmental standpoint. Electric
vehicles (EV) and fuel cell vehicles (FCV) are driven by electric motors; the
former use electricity stored in batteries, while the latter generate electricity from
the oxidation of hydrogen. Potentially, both electric power and fuel hydrogen
can be sustain ably produced using renewable energy sources, and their use in
vehicles generates almost no direct pollution. However, life-cycle assessment
(LCA) may reveal significant environmental impacts from the infrastructure
required to produce and distribute these energy vectors on a commercial scale.
This study quantifies the life-cycle air emissions and energy balances associated
with the use of electricity and hydrogen for motor vehicle propulsion in order to
determine which fuel offers more environmental benefits. The assessment uses
a modified version of the GREET 1.5a fuel cycle inventory model, with corrections
made to account for Philippine conditions. Sensitivity analysis is performed in
the model to determine the effect of marginal power generation mix and system
transmission losses on the life-cycle inventories of both energy vectors. The
results of the simulation indicate that for a given marginal power generation
mix, there is no clear-cut advantage in terms of environmental performance for
either hydrogen or electricity.

Keywords: Life-Cycle Assessment, Alternative Fuels, Sensitivity Analysis

INTRODUCTION early development of the chemical engineering
profession. It is therefore probable that chemical
engineers would likewiseplaya major role in the
commercialization of a new generation of
renewable energy vectors or carriers in the near

In the first half of the 20thcentury the rise in
the demand for petroleum-based transportation
fuels was partially responsible for stimulating the
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future (Lovins, 2000). These developments are
driven primarily by environmental concerns,
particularly global warming, local air pollution,
and energy supply sustainability issues. Hence,
future work on the supply infrastructure of these
new fuels must concurrently address
environmental criteria (Sharatt, 1997).
Furthermore, with the emergence of the life-cycle
concept, chemical engineers must focus not just
on the environmental impacts of the processing
plant; the selectionand design of environmentally
appropriate products and processes should
consider the ecological implications of the chain
of activities that make up a product life-cycle
system (Allen,1994; Azapagic, 1999).

The transportation sector of any modern
economy is both highly energy-intensive and
environmentallydamaging. In the Philippines,this
sector accounted for almost one-fifth of the total
primary energy consumption and carbon dioxide
emissions in the late 1990s (World Energy
Council, 2001; WorldResources Institute, 2000).

Concerns about dwindling fossilfuel reserves
as well as the greenhouse effect have provided
plenty of incentive to develop alternative vehicle
propulsion technologies (Philippine Department
of Energy, 2000). Electric vehicles (EVs) and
fuel cellvehicles (FCVs)are a clean, efficientand
promising alternative. Electricitymay be tapped
from the grid and stored in the EV's batteries.
FCVs running on hydrogen gas produced by
water electrolysis may also be employed.
Although both technologies have yet to become
commercially viable, research and development
continues at a steady pace (Kaarstad, 1995;
Panik, 2000).

While considerable attention has been given
to EV's, relatively little research has been done
on the viability of the infrastructure needed to 8
support a large fleet of such vehicles (Sharke,
1999). Life-cycle assessment (LCA) is an
appropriate method of analyzing the
environmental aspects of such energy
infrastructure.An excellentdescriptionofthe LCA
concept is given by the ISO 14040 series 8
(International Organization for Standardization,
1997, 1998, 2000a, 2000b). LCAis often called
fuel-cycle analysis when applied to fuels and
energy systems. This study presents a partial,
well-to-tankor upstream fuel-cycleanalysis. This
approach is justifiable since EVs and FCVs have

comparable fuel economies (Wang, 1999) and
generate virtuallyno tailpipe emissionsfromdirect
vehicle operation.

OBJECTIVES

The objective of this study is to generate a
life-cycleinventory assessment of electricalpower
and fuelhydrogen for use in motor vehiclesunder
Philippine conditions. Sensitivity analysis is
performed with a variety of scenarios in order to
account for uncertainties in the model inputs
(Wenzelet ai, 1997; Tan & Culaba, 2001). The
scenarios are then compared and ranked on the
basis of their respective environmental benefits.

THE GREET MODEL

Greenhouse Gases, Regulated Emissions, and
Energy Use in Transportion (GREET) is a public-
domain, life-cycle inventory model for simulating
a wide range of existing and anticipated energy
vectors for automotive transport. The fuel cycles
include conservative technologies such as
reformulated gasoline as well as radical energy
systems like hydrogen for fuel cell vehicles.
Developed by the Argonne National Laboratory
(ANL)for the United States Department of Energy,
GREET is coded in Microsoft ExcelR and can be
downloaded from the ANL website
(www.transDortation.anl.gov). GREET breaks
down the full fuel cycle into three broad stages:

8 Feedstock Extraction Stage - includes
environmental impacts of all operations
needed to extract and prepare the fuel raw
material or feedstock.
Fuel Production Stage - includes
environmental impacts of all operations
needed to convert the feedstock into the fuel
product, as well as the movement of the fuel
from the processing facility to the refueling
point.
Vehicle Operation Stage - includes direct
emissions from vehicle use.

The feedstock and fuel stages combined are
known as the upstream (well-to-pump) segment
of the fuel lifecycle. Although GREETby default
calculatesemissionsper vehicle-mile,in upstream

ASEAN Journal of CHEMICAL ENGINEERING · Vol. 2 No. 1 September 2002
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analysis environmental impacts are normalized
per unit of fuel. This basis is appropriate when
one energy unit of each alternative

Table1. GREETInventory Parameters

Source: Wang (1999)

As the name implies, GREET focuses on
greenhouse gases, specific air emissions, and
energy inputs. Greenhouse gases are of interest
due to concerns about global warming.
Miscellaneous air emissions contributing to
photochemical smog formation, acid rain
formation, and direct toxicity effects are also
included in the model. Energy demands are
assessed by the model as a measure of natural
resource depletion impacts. The fossil energy
parameter measures the extent to which a fuel
cycle is dependent on non-renewable energy
sources. The petroleum energy parameter is
significant since it quantifies the degree to which
an alternative fuel displaces demand for oil.

GREET is a spreadsheet-based input-output
model utilizing basic material and energy balance 8

(MEB) principles. A detailed descriptionof its
computational structure isgiven by Wang (1999).
Hence, only the salient features of the model are
described here. GREETis structured around a
"backbone" energy balance model consisting of
a chain of energy conversion processes or
transportation activities (Hocking, 1999). This
chain begins with a raw material which is 8
progressively converted into useful form and
eventually delivered to the end-user for vehicle
propulsion use. Each stage in the chain typically
requires additional process energy for operation.
For example, a hydrogen liquefaction process
converts a feedstock (gaseous hydrogen) into a
finished product (liquidhydrogen). However,the
process itself requires the use of electricity and
other auxiliaryenergy inputs which, together with
the feedstock consumption,make up the total 8
energy demand.

Process efficiency as used in the GREET
model is defined as the ratio of the fuel value of
the product to the total energy input into the
processing stage:

(1)

where:

= process energy efficiency
net energy value of product
net energy value of feedstock

= process energy requirement

E
NHV =p

NHV =F
PE

Theenergy balance model that constitutes the
core of GREET is expanded into a full inventory
model through the use of emission factors, which
predict the amount of pollutant per unit of energy
(Nieuwlaar et aI., 1996). Energy flows calculated
in the model are simply multiplied by these factors
to determine the quantities of the different air
emissions discharged.

MODELING ASSUMPTIONS

The three energy vectors simulated in this
study are electricity, liquid hydrogen and gaseous
(compressed) hydrogen. The general features of
each energy system are:

Electrical Power. Electricity generated
using the specified marginal power generation
mix is delivered to the end-user at various
levels of transmission efficiency for battery
recharging. Although no emissions are
generated by the vehicles themselves,
upstream emissions may result due to the
increased demand in electricity.
liquid Hydrogen. Electricity generated
using the specifiedmarginalpower generation
mix is delivered to the electrolytic plants at
various levels of transmission efficiency.
Hydrogen production efficiency in the
electrolytic cells also vary due to economies
of scale. Hydrogen is then liquefied in large,
centralized facilites operating at the specified
efficiencylevels. It is then transported to the
refuelingstations in bulk tanks by road or rail.
Gaseous Hydrogen. Hydrogen produced
by electrolysis- as in the liquid hydrogen fuel
cycle - is transported by pipeline to
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Category Model Parameters
Greenhouse C02, CH4and N20
Gases
Regulated VOC, CO, NOx, PM10and sax
Emissions
Energy Use Total, Fossil and Petroleum

Energy
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distribution facilities. It is then compressed
in the refueling stations at the specified
efficiencylevelsprior to purchase by the end-
user.

In this study, the computational structure of
the originalGREET1.5a model was retained. The
software model was used as a "shell" to run
simulations using input data appropriate to
Philippine conditions. Some of these new data
were derived from literature and electronic
databases as prescribed in standard LCA
methodology (Wenzel et aI., 1997; ISO, 1998).
Default data from the database embedded in
GREET 1.5a were also used where appropriate.

The succeeding sections describe the different
input data used in this study.

Marginal Energy Mix

A fleet of commercialized electric or fuel-cell
vehicles will require additional power generation
capacity since current projections of the
Philippine Department of Energy (2000) do not
assume any significant power usage by the
automotive transport sector. The composition of
the source of excess electric power demand is
called the marginal energy mix. This additional
demand can be met by new power plants; the
technology employed in these additional facilities
will play a decisive role in determining the
environmentalbenefits ofelectricityand hydrogen
use in road vehicles. In this study three different
marginal power scenarios, described in Table 2,
are simulated.

Table 2. Margfnal Energy Mix Scenarios

Scenario A assumes that electricitydemands
of the transportation sector can be supplied using
renewable energy. Hence, for both hydrogen and
electricity the air emissions in this scenario are
anticipated to be minimal.

Scenario B uses Philippine power mix data
from the late 1990s (taken from the electronic
database of the World Energy Council). Table 3
presents the share of different energy sources in
this scenario.

Table 3. 1996 Philippine Power Generation Mix

Source: World Energy Council (2001)

Scenario C assumes that natural gas is utilized
to generate power for electricityproduction. This
case is of particular interest because it represents
a pathway by which natural gas can be utilized
for transportation. Table 4 presents the
composition of Camago-Malampaya natural gas.
This gas composition was used in the simulations.

Table 4 Composition of Camago-Malampaya
Natural Gas

Source: Philippine Department of Energy (2000)

Transmission Losses

The default value for electrical power loss
during transmission in the GREET model is 8%.
The range of values used in this study is 6 - 10%,
based on the typical coefficient of variation for
electricalpower suggestedby Wenzelet al. (1997).

Process Efficiency

The process efficiency values used here are
based on a recent study by General Motors
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Scenario Description
A Marginal energy demand is

generated using non-fossil
(solar, wind, hydroelectric)
energy

B Marginal energy mix is the
same as baseline grid power
mix

C Marginal energy demand is
generated using natural gas

Oil 49.7%
Coal 13.3%

Hydroelectric 19.3%
Others 17.7%
Total 100%

ComDonent Percentage
Methane 90.52
Ethane 2.77
Other Hydrocarbons 2.20
Carbon Dioxide 3.77
Nitrogen 0.74
Sulfur Compounds 0



Sensitivity Analysis of the Life-Cycle Inventories 25

Corporation (2001). The efficiencies, as defined
using Equation 1, are given in Table 5.

Table 5. Efficiency Ranges of Hydrogen Production
Processes

RESULTS AND DISCUSSION

The life-cycle fossil energy, and petroleum
energy requirements of electricity, liquid hydrogen
and gaseous hydrogen are shown in Figures 1 -
3. If the marginal power generation mix consists
exclusively of renewable sources such as wind or
solar energy (Figure 1), fossil and petroleum
inputs for fuel production are virtually zero for
both electricity and gaseous hydrogen. This is
not the case for liquid hydrogen, which is
transported by bulk using mixed modes of land
transport, and the latter are assumed to use
petroleum-based fuels. If the marginal power mix
is identical to the average grid power mix (Figure
2), or is based exclusively on natural gas (Figure
3), the energy demands of the EV option are the
lowest, while those of liquid hydrogen are highest.

Greenhouse gas (Figures 4-6) and
miscellaneous air emissions (Figures 7-9) are
directly correlated to fossil energy demands and
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thus followthe same general trend. Greenhouse
gas and other air emissions for Power MixA are
shown in Figures 4 and 7, respectively. In this
scenario, the electricity and gaseous hydrogen
systems generate virtually no pollutants. Some
emissions occur in the liquid hydrogen system
because bulk distribution of the cryogenic liquid
requires the use of petroleum-fuelled vehicles.
However, the magnitude of pollutant discharge is
actually very minimal and practically negligible.

Comparison of the greenhouse gas and air
emissionsof PowerScenarios Band C revealsome
significantdifferences. Figures 5 and 6 show that,
while the carbon dioxide emissions of the two
scenarios are roughly equivalent, methane and
nitrous oxides of the natural gas-based scenario
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ar~roughly.dou~le those of the mixed-P?w~rcase. atmosphere and the coproduct allocation would
This result ImplIesgreater global warmmg Impact no longer be appropriate.
when the marginal power demand is met using
natural gas-fired power plants. Such an outcome CONCLUSIONS
might seem surprising since natural gas is
generally considered a very clean fuel. However,
itmust be noted that, based on Table3, more than
one-third of the Philippine grid power mix is
derived from renewable sources such as
hydroelectric and geothermal energy.

Analysisof Figures8 and 9, on the other hand,
indicate significant reductions in sulfur and
nitrogen oxide emissionswhen natural gas-based
power is used instead of proportionate expansion
of the exisiting energy mix. For both hydrogen
and direct electricalpower, NOxemissions are cut
by roughly 15%, while sax levels are reduced by
one order of magnitude. The latter result can be
attributed to the sulfur-free natural gas available
in the Philippines.

The superiority of direct electricityutilization
stemsprimarilyfrom energy losses that result from
introducing an additional intermediate stage into
the fuel cycle - the conversion of electric power
into fuel hydrogen by electrolysis. However, the
manner::h wh.:ichcoproduct allocation (Wenzelet
aI., 1997) is applied in the electrolysis stage has
a considerable influence on the relative
environmental impacts of these energy vectors.

Roughly 8 kg of oxygen are generated as a
coproduct for every 1 kg of fuel hydrogen
produced. If energy inputs into the electrolytic
process are allocated on a mass basis between
the twoproducts, there willbe dramatic reductions
in both energy demands and air emissions
associated with the fuel hydrogen. In effect,since
energy is allocated in proportion to the masses of
the coproducts, only 1/9thof the energy demand
of electrolysiswillbe considered as being utilized
for the production of hydrogen; the balance is
considered as the input required for generating
the oxygen coproduct.

The same argument applies for the air
emissions associated with these energy flows.
Such an allocationscheme is realisticifthe oxygen
coproduct is to be fully recovered and
subsequently processed into an economic
commodity. However, ifthe volume of hydrogen
production is such that the amount of oxygen
available outstrips the commercial demand, any
excess oxygen would have to be vented into the

Life-cycle assessment is a tool for simulating
and modeling the cumulative environmental
effects of complex industrial systems. As research
in the field of alternative automotive fuels
continues, this methodology is anticipated to
become particularly useful to chemical engineers
who must incorporate environmental decision
criteria in designing optimal process systems
(Sharrat, 1997). Selection of an optimal
alternative using life cycle modeling often involves
tradeoffs between advantages and disadvantages,
thus necessitating some form of multi-criterion
analysis technique (Azapagic, 1999). In this
study, a high degree of correlation was observed
among the different air emissions and energy
demands, thus allowing conclusions to be drawn
with minimal conflict with respect to the different
environmental criteria used.

Evaluation of different system efficiency and
power generation mix scenarios reveal that
electricity is generally superior to fuel hydrogen
with respect to both energy input and air emission
profiles. This is due primarily to the additional
system inefficiency that results when electrical
power is converted by electrolysis into hydrogen,
as opposed to simply being utilized directly to
recharge EV batteries. Coproduct allocation in
the hydrogen production (electrolysis) stage was
found to have significant implications on over-all
environmental performance. Ifoxygen is assumed
to be a commercially valuable coproduct, the
environmental impacts of both the gaseous and
liquid hydrogen fuel cycles are drastically reduced.
On the other hand, if the oxygen is merely vented
into the atmosphere as waste product, all energy
inputs for electrolysis (along with the associated
emissions) are allocated to the fuel hydrogen.
These two extremes represent the best- and worst-
case impact scenarios of the hydrogen fuel cycle.

Further comparison between liquid and
compressed hydrogen shows that the latter is
marginally superior, because compression of
hydrogen requires considerably less energy than
cryogenic liquefaction. Furthermore, the bulk
distribution of liquid hydrogen generates more
emissions per unit energy than pumping gaseous

September 2002 Vol.2 No.1. ASEANJournalof CHEMICALENGINEERING



28 TanandCulaba

hydrogen through a transmissionpipeline. Amore
comprehensiveanalysisofthese alternativeenergy
vectors would probably be necessary in order to
account for emissions of liquid and solid wastes
from the fuel life cycles; the status of vehicle
technology willobviously also be a pivotal factor
in determining commercial feasibility.

NOMENCLATURE

EV
FCV
GREET

Electricvehicle
Fuel cellvehicle
Greenhouse Gas, Regulated
Emissions and Energy Use in
Transportation
Life cycle assessment
Natural gas
Volatileorganic compounds
Particulate matter of size less than
10 microns

LCA
NG
VOC
PM10

MATHEMATICAL NOTATION

process energy efficiency
net energy value of product
net energy value of feedstock
process energy requirement
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