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Evaluation of recovered vegetable oil as a
biodiesel feedstock

A. Frohlicht and B. Rice
Teagasc, Oak Park Research Centre, Carlow

About 7,000 t of recovered vegetable oil (RVO) are collected in Ireland each year. The
use of this material in animal feed has been banned under recent EU legislation
because of food safety and animal health concerns. In order to assess its potential as a
biodiesel (fatty acid methyl ester) feedstock, twenty-two 350-kg batches, with a wide
range of acid values, were esterified. Ester properties were largely within specification,
though variable low-temperature properties sometimes caused the material to be
unsuitable for winter use. This problem could be overcome by blending with mineral
diesel, but the addition of two pour-point depressants had little effect. Total glycerol
concentrations in some batches were high; it could be improved by small changes in the
process. Ester yields were low, due mainly to dissolution of ester in the glycerol, but
also to saponification of the triglycerides. Tests of the biodiesel in vehicles showed no
adverse effects on engine or lubricating oil. Specific fuel consumption was slightly
higher than with mineral diesel, which would be expected with biodiesel from any feed-
stock. The results indicate that it is possible to produce biodiesel of acceptable quality
from RVO. Where ester low-temperature properties are inadequate, the problem can
be overcome by blending with mineral diesel.
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Introduction legislation which bans the use of RVO in
Interest in the use of recovered vegetable animal feed rations. Secondly, restrictions
oil (RVO) as a biodiesel feedstock has on the disposal of organic materials in
been stimulated by several recent devel- land-fills is forcing more vegetable-oil
opments. Firstly, concerns about food users to find other outlets for their waste
safety and animal health have led to EU oil. Finally, there are pressures to increase
energy production from renewable
sources, and the European Commission
TCorresponding author: afrslich@oakpark.teagasc.ie  has introduced directives proposing to set
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mandatory targets for transport biofuel
production (Commission of the European
Communities, 2001). While rapeseed oil
grown on set-aside land is widely accepted
as a biodiesel feedstock, it is expensive
and limited in supply. Alternative, lower-
cost feedstocks are desirable, provided the
quality of the biodiesel produced from
these sources reaches an acceptable stan-
dard. The quality requirements of fatty
acid methyl esters for use as engine fuel
have been defined in national standards
such as the Austrian standard (ONORM
1191, 1997) and in a draft EU Standard
(prEN 14214) which is nearing the end of
the ratification process (European Com-
mittee for Standardisation, 2001).

Irish RVO collectors estimate that
about 7000 t of RVO are collected annual-
ly at present. They also estimate that this
could increase to 10,000 t if collection sys-
tems were improved and restrictions on
dumping were tightened. Biodiesel of
mainly satisfactory quality has been pro-
duced in Austria from 40 RVO samples; in
vehicle trials, engine performance and
emissions on RVO ester were found to be
similar to rape methyl ester (Mittelbach,
1996; Sams, Tieber and Mittelbach, 1996).
Subsequently about 15,000 t of biodiesel
of acceptable quality was produced in
Austria from mainly domestic RVO col-
lected in 175 districts (Mittelbach, 2002).
However, RVO quality may be expected to
vary from country to country, depending
on the oil source, cooking practices and oil
collection systems. Local evaluation of
RVO properties is therefore required.
The objectives of the present work were:
(i) to determine the properties relevant to
biodiesel production of the RVO collected
in Ireland; (ii) to determine the properties
of the biodiesel produced from this mate-
rial; (iii) to define process parameters for
the achievement of high yields of good
quality biodiesel from this material; (iv) to
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examine the role of additives and blending
to obtain adequate low-temperature prop-
erties; (V) to examine the performance of
vehicles running on fuels made up mainly
of RVO ester.

Materials and Methods

Oil procurement and preparation
Oil samples for the trials were taken from
nine 20-t batches of RVO that had been
collected from caterers in small (mainly 25
to 50 1) containers. After steam injection
and coarse screening, settled water was
drained off and RVO samples taken.

Prior to transesterification, the RVO
was heated to 120 °C to bring the water
concentration below 5 g/kg. Fatty-acid-free
RVO was prepared for laboratory use by
the addition of sufficient potassium
hydroxide in 700 g/l aqueous solution, at
30 to 35 °C, to neutralise the free fatty
acids. The precipitated solids were allowed
to settle overnight and the clear oil was
decanted. The free fatty acid (FFA) con-
centration of RVO samples was deter-
mined according to ISO 660 (1996).

Transesterification

Transesterification ratios of RVO, metha-
nol and potassium hydroxide were obtained
from the literature (Freedman, Pryde and
Mounts, 1984a; Maurer, 1991), and reac-
tion conditions and purification of the
methyl ester were worked out in our labo-
ratory. The following methods were found
to give acceptable quality of methyl ester in
good yields.

Laboratory transesterification was car-
ried out in a 250-ml conical flask equipped
with a magnetic stirrer. Either 1.8 g potas-
sium hydroxide (low potassium hydroxide)
dissolved in 33.5 ml methanol (Freedman
et al.,, 1984a) or 2.5 g potassium hydroxide
(high potassium hydroxide) dissolved in 24
ml methanol (Maurer, 1991) was added to



FROHLICH AND RICE: BIODIESEL FROM RECOVERED VEGETABLE OIL

120 g of vigorously stirred RVO at 35 to
45 °C. Stirring was continued for 1 h at the
same temperature, the mixture was then
transferred to a separatory funnel and the
glycerol was allowed to separate for a min-
imum of 3 h. After draining off the glyc-
erol, the methyl ester was transferred into
a clean separatory funnel. It was washed
gently with one volume of water, and after
the layers separated completely (ca. 1 h)
residual water and methanol were evapo-
rated at 110 °C.

Pilot-plant-scale transesterification was
carried out similarly, except that 350 kg of
RVO was used with the corresponding
amounts of methanol and potassium
hydroxide, stirring was carried out by
recirculation, and both the glycerol and
water layers were allowed to separate
overnight. Residual water was removed by
heating, and in some batches methanol
was removed by distillation after separa-
tion of the glycerol phase. Before transes-
terification, the RVO was heated to 40 °C.
Over 7 t of RVO was transesterified in
twenty-two 250- to 350-kg batches.

Analytical methods

FFA concentration of RVO samples was
determined according to ISO 660 (1996).
Fatty acid composition of RVO samples
was determined by gas chromatography
using a 3% SP2310/2% SP2300 on
Chromosorb W AW glass column, 1800 mm
x 3 mm (Supelco, Sigma-Aldrich Ireland
Ltd.), and flame ionisation detector. The
initial column temperature, 190 °C, was
held for 6 min, and then increased to
220 °C at 1 °C/min. Injector temperature
was 225 °C.

The properties of the methyl esters pro-
duced were determined by methods speci-
fied in ONORM C1191 (1997) or by
equivalent British Standard methods.
Acid value, viscosity, Conradson carbon
residue (CCR), water concentration, cold
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filter plug point (CFPP) and iodine value
were determined by methods given in ISO
660 (1996), ISO 3104 (1976), ISO 10370
(1993), ISO 12937 (2000), EN 116 (Euro-
pean Committee for Standardisation, 2001)
and DIN 53 241 (Deutsches Institut fiir
Normung, 1991), respectively. Methods
given in BS 2000 (Parts 15, 219 and 223)
were used to determine pour point, cloud
point and the ash concentration, free
and total glycerols were determined enzy-
matically (Bailer and de Hueber, 1994).
Methanol was determined by gas chro-
matography using a Porapak Q column
(900 mm x 3 mm at 90 °C, injector at
110 °C, 25 ml/min nitrogen flow) with a
flame ionisation detector, and density was
determined with a 50 ml calibrated densi-
ty bottle.

To determine the fatty acid concentra-
tion of the glycerol phase, 10 g of this
material was diluted with 30 ml of water
and acidified (pH<2) with sulphuric acid
(3.0 mol/l). The acidified mixture was
extracted twice with 20 ml hexane and
once with 20 ml diethyl ether. After evap-
oration of the solvent on a water-bath, the
residue was dissolved in 30 ml ethanol.
Fatty acid concentrations were deter-
mined by titration with potassium hydrox-
ide (1.0 mol/l) to the phenolphthalein end
point, and the methyl ester concentration
semi-quanlitatively by thin layer chro-
matography (Christopherson and Glass,
1968). The weight of fatty acid in the glyc-
erol phase was calculated by multiplying
the obtained fatty acid concentration with
the molar weight of the fatty acid (i.e.
weight equivalent to 1 mol of potassium
hydroxide). The molar weights of the fatty
acid and of the methyl ester were obtain-
ed from the saponification equivalent
(Shriner, Fuson and Curtin, 1964), which
was determined by saponifying methyl
ester (5 g) according to a standard method
(AOAC, 1984).
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Lubricating oils were screened for the
presence of methyl esters by thin layer chro-
matography (Christopherson and Glass,
1968; Freedman, Pryde and Kwolek,
1984b) using 10% solution in hexane, and
if detected they were determined quanti-
tatively as follows. Lubricating oil (5 g)
was saponified according to a standard
method used for oils (AOAC, 1984), and
the concentration of methyl ester was
determined from the amount of potassi-
um hydroxide neutralised during saponifi-
cation (Shriner, Fuson and Curtin, 1964).
The weight of the methyl ester in the oil
was calculated by multiplying the concen-
tration of methyl ester by its molar weight
(see preceding paragraph).

Pour-point depressants

Pour-point depressants were obtained
from Lubrizol Ltd. (Merseyside, UK) and
Elf Aquitaine (Tour EIlf, La Defence,
Paris, France). Weighed amounts were
stirred into 100 g of methyl ester, and
diesel/methyl ester blends were made up
by mixing the required amounts of the two
components.

Vehicle trials

Two light transport vehicles were operated
for one oil-change interval on fuels con-
taining mainly RVO methyl ester. The
vehicles were: (i) Peugeot 360 Xad saloon
with 1.905 1 normally-aspirated indirect
injection engine, 34,000 km driven before
test; (ii) Isuzu Trooper UBSS55 4-wheel
drive with direct-injection turbo-charged
2.771 1 engine, 231,000 km driven before
test.

Vehicle monitoring included engine
lubricating oil condition (methyl ester
content, viscosity and wear metals), fuel
economy and practical observations of
vehicle behaviour. Fuel economy was
measured for each vehicle during routine
use throughout an oil-change interval by
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logging fuel added and distance travelled.
Two of the fuel blends were compared
with mineral diesel in separate trials over
two similar rural road circuits of 58 and
101 km, respectively, in the Peugeot 360
Xad. Each trial consisted of three runs
with each fuel in a fully randomised
sequence. After each run the fuel needed
to bring the tank contents back to a pre-
determined level was measured. The
lubricating oil viscosities and analyses for
wear metal were carried out in the labora-
tories of Iarnrod Eireann, Inchicore,
Dublin 8. Wear metal concentrations
(mg/kg) in the lubricating oil were consid-
ered to be excessive if above the following
concentrations: 150 for Na, Fe and Cu, 25
for Si, 20 for Cr and Al.

Results

Raw material properties

The fatty acid composition of the nine dif-
ferent RVOs used in the present work var-
ied from batch to batch: based on the fatty
acid composition it appeared that in most
cases rapeseed oil was the predominant
component (Table 1). Other RVO proper-
ties also varied considerably, acid values
ranged from 1.9 to 7.4 (Table 2), and water
concentrations from 10 to 50 g/kg.

Table 1. Fatty acid composition of recovered vegetable
oil (RVO) samples and rapeseed oil

Fatty acid RVO Rapeseed
Cieo 4710145 6.1
Cye 0to02.4

Cyen 141059 23
Cyey 52.9 10 65.8 56.0
Cye 15.4 t0 20.7 242
Cyes 4110838 6.5
Cyoo 0.6 to 1.0 03
Cop 041023 03
Methyl ester properties

The properties of the methyl esters
obtained from RVO were compared to the
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limits in ONORM C 1191 (1997), the first
national standard for fatty acid methyl
esters as engine fuels. Similar conclusions
would have emerged if the draft EN stan-
dard, prEN14214, had been used (Euro-
pean Committee for Standardisation, 2001).

In spite of the varying quality of the
RVO, the properties of the methyl esters
were within specifications (Table 2) with
the exception of CCR. To achieve these
results, water had to be removed from the
starting material, and additional potassi-
um hydroxide was used for the transester-
ification of RVO with an acid value over
6.0. When the water concentration was not
sufficiently reduced or additional potassi-
um hydroxide was not used, total glycerol
concentration was above the specified
value. It was shown later in the laboratory
that the total glycerol concentration in
each batch with acid value above 6.0 could
be reduced to below the specified limit by
the addition of sufficient potassium
hydroxide to neutralise the free fatty acids.

The high CCRs obtained in the present
work were probably due to high polymer

concentrations arising from the long heat-
ing period of the Irish RVOs. Mittelbach
and Enzelsberger (1999) showed that the
polymer concentration in rapeseed oil
increased with heating time, which in turn
increased the polymer concentration, vis-
cosity and the CCR of the methyl ester
derived from this oil. The authors also
showed that methyl ester with viscosity
above 4.5 mm?s, derived from heated
rapeseed oil, will have sufficiently high
polymer concentration to increase the
CCR value above the specified maximum
of 0.05. Considering that the RVO used
here is derived mainly from rapeseed oil
(Table 1) and the viscosities of the RVO
methyl esters are mostly above 4.5 mm?/s
(Table 4), polymer concentrations in these
esters will probably be high enough to
increase the CCR values above 0.05.

The results suggest that the viscosity of
occasional samples would be above the
ONORM C1191 (1997) limit of 5.0 mm?s
at 40 °C. However, the average viscosity in
bulk lots should be well within the
ONORM C1191 (1997) limit. The iodine

Table 2. Recovered vegetable oil (RVO) and RVO methyl ester properties

Range Average ONORM C 1191
(n=22) (in SI units)
RVO properties:
Acid value 19to 74 53
Yield of crude methyl ester (g/kg RVO) 630 to 870 783
Yield of purified methyl ester (g/kg RVO) 590 to 860 730
RVO methyl ester properties:
Acid value 0.02 to 0.73 0.28 <0.8
Iodine no. 99 to 118 105 <115
Free glycerol (g/kg) 0.03 to0 0.2 0.075 <0.2
Total glycerol (g/kg) 1.0to 5.7 24 2.4
Methanol content (g/kg) 0to 1.5 0.4 £2.0
Water content (g/kg) 0.7to 1.9 1.1
Density (g/cm?) 0.877 to 0.887 0.883 0.87-0.89
Kinematic viscosity, 40 °C (mm?s) 45t05.1 4.9 3.5-5.0
Cold filter plug point (°C) 0to-14 =53 <0 summer
<-15 winter
Ash (g/kg) 0to00.19 0.07 0.2
Conradson carbon residue (total sample) 0.044 to 0.104 0.065 0.05
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values (99 to 117) were similar to those of
rapeseed oil methyl ester. Average cold
filter plug point (CFPP) was -5.3 °C, but
varied over a wide range (0 °C to -14 °C).
One of the factors identified, as contribut-
ing to this variation, was the fatty acid
composition of the ester. Higher propor-
tions of the high melting-point saturated
fatty acids led to higher CFPP values
(Figure 1).

Ester yields and losses: While it was pos-
sible to prepare methyl ester of acceptable
quality from RVO with simple methods of
transesterification, yields were low (Table
2). This was partly due to excessive losses
during purification (caused by limitations
in the reactor design), but even the yields
of crude methyl ester were low (630 to 870
g/kg RVO).

An attempt was made to establish if the
low yields were due to the reactivity of the
RVO or to impurities in the material.
Fatty acids were removed from very poor
quality RVO (acid value 8.0) in the labo-
ratory and the fatty-acid-free product was
transesterified using two concentrations

CFPP (°C)
&

14
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of potassium hydroxide. The results
showed that it was possible to obtain high
yields of methyl ester from fatty-acid-free
RVO, though somewhat lower than from
refined rapeseed oil (Table 3). Trans-
esterification of crude RVO gave much
lower yields by both methods.

Yield losses during esterification can be
caused by saponification of the triglyc-
erides to salts of fatty acids, and dissolu-
tion of the methyl ester in the glycerol
phase. Determination of fatty acids and
methyl esters in the glycerol phase indi-
cated that yield losses were attributed to
both factors. Fatty acid concentration of
the glycerol phase was higher with each
esterification than expected from the fatty
acid concentration of the starting materi-
al, hence some triglyceride must have
been saponified (Table 4). The methyl
ester concentration of the glycerol phase
increased with increasing fatty acid con-
centration of the glycerol phase, which
indicated that methyl ester was dissolved
in the glycerol by the potassium salts of
fatty acids.

10 12 14 16 18 20

Sum of saturated fatty acids (%)

Figure 1: Effect of saturated fatty acid content on cold filter plug point (CFPP) of methyl
esters produced from different batches of recovered vegetable oil (RVO).
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Table 3. Yields of methyl ester (g/kg) from recovered vegetable oil (RVO) and fatty acid free RVO

Raw material

Transesterification method

Low potassium hydroxide

High potassium hydroxide

Fatty acid free rape oil 9851 +42 926+8
Fatty acid free RVO 973+12 913+5
RVO 839+9 777x7

I Average of five esterifications.
295% confidence interval.

Improvement of low-temperature properties
The CFPP of the methyl ester produced
should be adequate for the climate in
which it is to be used. Table 5 shows the
average ambient temperature distribution
for an inland region of Ireland. On aver-
age, the occurrence of temperatures
below —10 °C is less than 1 h per year.
From this it would appear that a CFPP of
—10 °C would be very safe, and that a value
of -8 °C (exceeded only 4.8 h per year)
should very rarely cause problems. For
summer use, a CFPP limit of 0 °C should
be adequate.

Pour-point depressant additives were
effective in lowering the pour points and
CFPPs of two RVO samples, but they had
only a slight effect on the cloud points
(Table 6). However, the RVOs used here
were derived mainly from rapeseed oil
(Table 1), but tallow occasionally dissolves
in vegetable oil during cooking. It was
reported (Rice, Frohlich and Leonard,

1997) that pour-point depressants did not
lower the CFPPs of tallow methyl esters,
and mixtures of tallow and vegetable oil
methyl esters could be similarly affected.

The low-temperature properties of
blends with varying proportions of methyl
ester and mineral diesel oil suggest that a
blend with roughly equal amounts of RVO
ester and mineral diesel would have ade-
quate low-temperature properties for
Irish winter conditions (Tables 5 and 7).
Again cloud point was unaffected, but
CFPP and pour point were lowered in
proportion to the amount of mineral
diesel in the blend (Table 7).

Vehicle tests

For these trials, ester blends containing
mainly RVO methyl ester were chosen to
give CFPP values from -3 to -8 °C, while
keeping the iodine number below 115
(Table 8). All blends were used for at least
one oil-change interval. Fuel No. 3
allowed for substantial use of tallow and

Table 4. Effect of free fatty acid (FFA) concentration (g/kg) in recovered vegetable oil (RVO) and esterification
method on yield (g/kg) of methyl ester

Raw material Transesterification

FFA concentration in Methyl

method

ester yield'

RVO Glycerol
Fatty acid free RVO Low KOH 0.3 22.21+4.3? 973!
High KOH 0.3 50.6%+6.0 913
RVO Low KOH 39.1 67.7%£2.0 839
High KOH 39.1 94.4+1.3 777

!Average of five esterifications.
295% confidence interval.
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Table 5. Occurrence of low temperatures at an inland Irish meteorological station (Kilkenny, mean
1960 to 1974)

Temperature No. of hours per year at or below given temperature
€0 May-October November—April Full year
0 11.4 444.0 455.4
-1 5.0 286.9 291.9
-2 1.7 181.5 183.3
-3 0.5 110.7 111.2
—4 0 65.5 65.5
-5 0 34.0 34.0
-6 0 17.7 17.7
-7 0 7.7 7.7
-8 0 4.8 4.8
-9 0 2.0 2.0
-10 0 0.9 0.9

RVO esters in a blend selected as likely to
be suitable for year-round use in Ireland.

The fuel economies of the Peugeot dur-
ing routine work with fuel blends 2 and 3
and mineral diesel were 16.3 km/l (over
5,723 km), 15.9 km/I (over 7,877 km) and
16.9 km/1 (over 16,268 km), respectively.
Under similar routine driving conditions
the Isuzu Trooper achieved 11.0 km/l
(over 7,037 km) with fuel blend 1 and 11.2
km/l (over 8,015 km) with mineral diesel.
In all cases fuel economy was slightly
lower with the biofuels, the difference
being from 1.5 to 5.9%. In the road circuit
trials, fuel economies with the biodiesel
blends were from 1.6 to 4.6% lower than

with mineral diesel, and differences
between blends were small. None of the
differences in the trial reached statistical
significance.

The Isuzu Trooper had a significant
accumulation of ester in the lubricating
oil, reaching about 16% at the end of the
trial (Fuel 1, Figure 2). On the other hand,
in the Peugeot 360 Xad there was no
detectable dilution of the lubricating oils
with methyl ester (Fuels 2 and 3, Figure
2). The ester dilution led to a rapid fall in
the viscosity of Fuel 1. However, there was
no sign of any other adverse effect, such as
an increase in viscosity near the end of the
oil-change interval. Wear metal levels in

Table 6. Effect of additives on low-temperature properties of two recovered vegetable oil (RVO) ester samples

Sample Additive Concentration of Cloud point Cold filter Pour point
additive (°C) plug point (°C)
(mg/kg) O
1 None +3 -1 -3
CP7134 300 +1 -1 -10
CP7134 600 +2 -4 -12
Lubrizol 2000 +3 -6 <-18
2 None +3 -4 -3
CP7134 300 +1 -1 =5
CP7134 600 +2 -4 -12
Lubrizol 2000 +3 -6 -18
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Table 7. Low-temperature properties of blends of recovered vegetable oil (RVO) ester and mineral diesel oil

Proportion of RVO ester in blend Cloud point Cold filter plug point Pour point
) O] (0

1.0 +3 -3 -3

0.8 +3 -5 -6

0.6 +3 -8 -6

0.4 +3 -11 -9

0.2 +3 -12 -18

0.0 +3 -15 <-21

the lubricating oils were all within accept-
able limits.

The only operational problem of signif-
icance to affect the vehicles in the course
of the trials arose from inadequate low-
temperature properties. Fuel 2, with a
CFPP of -3 °C, was in use during the cold-
est period of the winter when tempera-
tures were occasionally below -10 °C
(Figure 3). This led to starting difficulties
and fuel filter blockages in the coldest
periods.

Discussion

The results of transesterification show
that it is possible to produce biodiesel
from the RVO that is being collected in
Ireland at present. However yields may be
low, and high CCR values and variable
low-temperature properties are also likely
to be a problem. Consequently it may not
be possible to use biodiesel derived from
RVO on its own. It may need to be blend-
ed with biodiesel from other sources or
mineral diesel.

A study of Irish temperature data sug-
gests that a fuel for year-round use in the
Irish climate should have a CFPP value
not higher than -8 °C. To achieve this tar-
get with RVO ester, blending with miner-
al diesel is the most reliable option. Apart
from low-temperature problems, the
change from mineral diesel to RVO ester
as a vehicle fuel may be expected to lead
to a slight reduction in fuel economy.

Yields of RVO ester in these trials
have been low in comparison with those
obtained from refined vegetable oils
(Freedman et al., 1984a). This would have
a significant effect on the economics of
biodiesel production from RVO. Analysis
of the glycerol phase has shown that yield
losses are due to saponification of the tri-
gyceride, and dissolution of the methyl
ester in the glycerol phase by potassium
salts of fatty acids.

Since low potassium hydroxide transes-
terification produced less fatty acids, yield
loss due to saponification could be min-
imised by reducing the amount of potassium

Table 8. Fuel blends used in vehicle performance trials

Full blend Proportion of methyl ester in blend Cold filter plug point
°C
TME! CME? RVOME? Diesel C)
1 0.05 0.30 0.65 0.00 -3
2 0.05 0.00 0.95 0.00 -3
3 0.1 0.00 0.40 0.50 -8

ITME = tallow methyl ester.
2CME = camelina methyl ester.
SRVOME = recovered vegetable oil methyl ester.
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Figure 2: Viscosity variations with three fuels in one oil-charge interval.

hydroxide. However, even if saponifica-
tion is minimised, free fatty acids in the
RVO will end up as potassium salts in the
glycerol phase and dissolve some methyl
ester. To maximise yields, fatty acids will
therefore need to be removed from the
RVO or esterified by a different method.
Laboratory transesterifications have shown
that removal of free fatty acids from the
RVO and low potassium hydroxide trans-

Ambient temperature (°C)

esterification (Method 1) gives nearly quan-
titative yields of methyl ester (Table 3).
Considerable yield improvements in the
transesterification of animal fats with high
free fatty acid concentration have been
reported, by acid catalysed conversion of
free fatty acids to methyl esters, either
before (Canacki and Van Gerpen, 2001)
or after (Frohlich, Rice and Vicente,
2000) base catalysed esterification.

1 4 7
Dec '96

10 13 16 19 22 25 28 31

3 6 9 21 24 27 30

Jan '97

12 15 18

Figure 3: Daily ambient temperatures during coldest period of vehicle performance trials.
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