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G. Huber, E. Remmele, K. Thuneke, P. Emberger
Technology and Support Centre in the Centre of Ege# for Renewable Resources
Schulgasse 18, 94315 Straubing, Germany, Tel. 9429 300-210, Fax: -211, e-mail: poststelle @tfzdoayde

ABSTRACT: Common fuels for (adapted) diesel enginesfassil diesel fuel, fatty acid methyl ester (FEMr
biodiesel) or vegetable oils. Further potentialgeioic substitutes are the citric acid esters tyibittate (TBC) and
triethylcitrate (TEC). Their use as fuel was applieda patent in Germany in 2010. Proposed advastage low
soot combustion, independence of energy importstaltiee possibility of local production and a braadr material
base. Comparison of their properties with relevael ttandards showed, that only some of the demaredmet.
However, few rapeseed oil characteristics (e. gdaiton stability and viscosity) can be improvedhé citric acid
esters are used as a blend component. The opesaatihgmission behaviour of a vegetable oil compatiHP unit
fuelled with various rapeseed oil/TBC blends wereestigated and a trouble free and soot emissiorcesdangine
operation due to the high molecularly bound oxygentent was observed. Long term test runs are sagefor an

entire technical validation.
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1 INTRODUCTION

Due to the limited availability of fossil resouscand
the dramatically increase in fuel prices, biogenic
alternatives are gaining more and more importance.
Furthermore, a better greenhouse gas balance étexp
for certain biofuels compared to fossil fuel ancedo
their chemical properties also lower values forcéje
limited exhaust components have been observed.

Two potential alternatives for fossil diesel faet the
citric acid esters triethylcitrate (TEC) and triblgtirate
(TBC). Their use as fuel was applied for patent in
Germany in 2010 (DE 10 2009 015 441 Al). According
to the patent applicant the advantages are low soot
combustion, independence of energy imports dudeo t
possibility of local production and a broad raw ent
base. Until now no scientific examinations of theic
acid esters concerning their fuel properties antsson
behaviour have been conducted and no use as fuel in
large scale is known [6].

2 OBJECTIVE

It was the purpose to examine the chemical prasert
of the citric acid esters and to assess their lsilittaas
fuel. In a further step various dosed admixturediesel
and rapeseed oil fuel should be investigated coirogr
their influence on fuel quality. At last test ruosa CHP
unit fuelled with the respective blends should be
conducted.

3 STATE OF THE ART

Triethylcitrate and tributylcitrate are esters diffric
acid and ethanol or 1-butanol (Fig. 1 and Fig. 2).
Nowadays citric acid is industrially produced by
fermentation of carbohydrates by means of a trarnisge
type of the mold fungusAspergillus niger. Also the
alcohols can be produced by fermenting carbohysrate
butanol via the bacteri@lostridium acetobutylicum and
ethanol via yeast e.gsaccharomyces cerevisiae or the
bacteria Zymomonas mobilis. Due to the fact that
lignocellulose can be converted in fermentable
carbohydrates, not only sugar or starch from g@in
beets are possible feedstock for the productionitat

acid esters but also waste wood or straw. In &éurstep
the respective alcohol and the carbon acid ardlfina
bonded by a three step esterification. Currentgiebf
application are use as plasticizers in the plasatidsstry,
food additive or pharmaceutical [9][1][10][4].

Triethylcitrate has an oxygen content of 40.4 wt-%
and tributylcitrate of 30.7 wt-% [4]. It is knowrhat
oxygenated fuels or mixtures of oxygenated fueld an
oxygen-free fossil fuels are causing lower sootssioins
when burned in engines. Different studies have gmov
that fuels with oxygen contents of more than 38tvbr
for example an admixture of 30 vol-% EB85 to didsel
enable a nearly soot free engine operation [7][8].

Due to the high oxygen content of the citric acid
esters advantages in the soot emission behaviote we
expected and were already determined qualitatibgly
the patent applicant but not according to standadi
methods. Fuel relevant parameters such as igitiibil
lubricity or viscosity have been widely unknown.
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Figure 1: Triethylcitrat (TEC) (GoH»007)
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Figure 2: Tributylcitrat (TBC) (GgH3,07)

In Germany, both citric acid esters are grouped in
water hazard class 1, which is defined as slightly
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hazardous to water [2]. Rapeseed oil fuel is noardms

to water. That means that a maximum content ofa2-9

% of TBC or TEC is allowed to be added to rapeseed oil
fuel if the mixture should remain not hazardousvaier
according to the rules for classifying mixturesrex 4
VwVwS). Diesel fuel is hazardous to water, watezdrd
class 2 [2].

4 MATERIALS AND METHODS

In order to evaluate the characteristics and the
suitability of triethylcitrate and tributylcitratas fuel for
diesel engines, bFENEDER[4] investigated both fuels by
laboratory analysis regarding 22 fuel relevant pesters.
Afterwards the results have been compared with the
demands of the standards for diesel fuel (DF) (BN
590), rapeseed oil fuel (RF) (DIN 51605) and FAME
(DIN EN 14214). An excerpt of the most important
values is shown ifablel.

Furthermore the characteristics of various mixwe
the citric acid esters and diesel fuel respectivapeseed
oil fuel have been analysed concerning heatingevalu
oxidation stability, dynamic viscosity and ignitioielay.

In the last step BBER [5] investigated mixtures of
TBC and rapeseed oil as fuel in a vegetable oil
compatible combined heat and power unit (CHP). The
system was equipped with all necessary measurement
devices in order to evaluate the operating and stams
behaviour. The CHP was operated at about 90 % load
(7.3 kW electrical power output) with all differefitels.

The TBC content was increased step by step in fotigwi
concentrations: 2.9; 10; 20; 30; 40 and 50 wt-%. Al
mentioned emission and operating values are mean
values of three 30 minute averages. Dust load ef th
exhaust gas has been determined according to the
standard VDI 2066. The limited gaseous emissions
hydrocarbon (HC), carbon monoxide (CO) and nitrogen
oxides (NQ) have been continuously measured by a gas
analysis system. The TBC content was increased [is ste
until the emission optimum was reached. Tests WMIC
mixtures have not been conducted due to the icserffi
miscibility with diesel and rapeseed oil fuel.

5 RESULTS
5.1 Laboratory analysis of the pure esters
Element content (ICP-Screening)

For TEC the concentrations of undesirable elements
(Na, K, Mg, Ca, P) have been within the specifiaatid
the mentioned fuel standards and have been inatinger
of the detection limit of 0.5 mg/kg. For TBC the soui
(45 mg/kg) and phosphor (10 mg/kg) content exceeded
the limits of both biofuel standards considerabdy.
reason for that could be found in the productioocpss,
where amongst others sodic supplies are used [4].
Deposits at the injection valves or a reduced serlife
of an exhaust gas aftertreatment system have to be
expected when an engine is operated with a fueh wit
such high Na and P contents.

Derived cetane number (ignition delay)

The ignition delays of the citric acid esters were
measured with a Fuel Ignition Tester and the rewve
been converted into a derived cetane number with an
empiric formula. The values were found to be 1&# f
TEC and 25.4 for TBC and are therefore below the
minimum demand of 40 for rapeseed oil fuel. Podd-co
start behaviour of an engine operated with pureacid
esters is assumed [4].

Distillation range

The requirements of the diesel fuel standard
concerning the distillation range of both TEC and TBC
were met [4]. The vaporisation of the citric acistezs
occurs in a diesel engine conform temperature range

Density

The density at 15 °C of TEC is 1145 kg/m? and of
TBC it is 1046 kg/m3. The limits of all three standaare
considerably exceeded by both substances [4]. As th
initial jet spreading or spray angle decreases with
decreasing gas/liquid density ratio, the fuel/aixing in
the cylinder is negatively influenced by a fueltwitigher
density [3].

Flash point

The flash point of TEC is 171 °C and of TBC 125 °C.
The requirements of DIN EN 590 (55 °C), DIN 51605
and DIN EN 14214 (both 101 °C) are met [4]. No
additional safety requirements regarding fire preios
in storage and transport compared to the standsaid f
are necessary.

Net calorific value

The minimum stipulated net calorific value for
rapeseed oil fuel is 36 MJ/kg. The requirementeigher
fulfilled by TEC (20 MJ/kg) nor by TBC (26 MJ/Kkg) [4].
Despite the higher density of the esters also tiienve
associated net calorific value is considerably lothan
for DF and RF. A higher consumption and a lower
cruising range of a so fuelled vehicle is the resul

Oxidation stability

The oxidation stability according ©IN EN 15751
of both citric acid esters is more than 100 hodise
requirements of all three standards are easily Net.
excessive oxidation and polymerisation with regglti
filter plugging have to be expected [4].

Acid number

The acid numbers of TEC and TBC are very low and
the requirements of the standards are easily met. N
increased wear and corrosion due to acid fuel
components have to be presumed [4].
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Lubricity

The lubricity of the citric acid esters was fouadbe
very good and the requirements are met. No problems
due to excessive wear have to be expected [4].

Kinematic Viscosity

The kinematic viscosity at 40°C of TEC is
11.7 mm?/s and of TBC it is 12.5 mm?/s. Neither TEC
nor TBC can fulfil the requirements of DIN EN 590
(max. 4.5 mm#/s) and DIN EN 14214 (max. 5 mm?/s).
The limit of the rapeseed oil standard DIN 51605 of
maximum 36 mm2/s is met by both esters [4]. Convgyin
characteristics and atomisation of the esters greated
to be better than of RF but worse than of DF and EAM

Table I: Comparison of the fuel relevant properties of
DF, FAME, RF, TEC and TBC [4]

Properties DF FAME RF TEC TBC
Limit Limit Limit Analysed Analysed
values values values values values

DINEN | DINEN DIN
590 14214 51605
IC-content in wt-%* 85.9 76.8 77.5 52.3 60.3
O-content in wt-%* 0 11.0 10.9 40.4 30.7
H-content in wt-%* 13.6 12.1 11.6 7.3 9.0
IP-content in mg/kg - <4.0 <3.0 < 0.5 9.6
INa-content in mg/kg - (Na + - 0.7 45.0
IK-content in mg/kg <K5).0 <05 <0.5
[Ce-content in mg/kg - (Ca+ <1.0 <0.5 <0.5
IMg-content in mg/kg <M§)O <1.0 <05 <05
IS-content in mg/kg <10 <10 <10 6.8 14.2|
IAsh contenin wt-% <0.01 <0.02 - < <
0.005 0.005

Cetane numb >51.0 >51.0 - - -
Derived cetar number - - > 40 18.4 25.4
Distillation rang¢

0l-% at 250 °C <65 - - 0 38

0l-% at 350 °C > 85 _ N 100 100
PSvo-%at < 360 - R 299 258
temperature i°’C
Density at 1 °C in 820.0 860.0 910.0 1144.8 1046.1
kg/m¢ - - -

845.0 900.0 925.0

Flash pointin °C > 55 > 101 > 101 171.0 125.0
[Total contaminatio <24 <24 <24 2 21
n mg/kc
INet calorific value >36.0 20.3 25.7
n MJ/kg
ICarbon residu <0.3 <0.01 0.04
n wt-%
ICopper strip corrosio 1 1 1 1 1
Corrosion class]
Oxidation stabilit’ >20 >8.0 >6.0 > 100 >100
nh
Acid numbe <0.50 <20 0.01 0.02
N Moon/g
lLubricity (wear sca < 460 - - 224 255
diameter) irpm
Kinematic viscosity a 2.00 — 3.50 — <36.0 11.7 12,5
KC °C in mm?/s 4.50 5.00

ater conten <200 <500 <750 375 408
n mg/kg

ater hazard cla* 2 1 - 1 1
*) Property not included in any of the mentioneanstards

5.2 Results of the laboratory analysis of mixturds o
TEC/TBC with diesel or rapeseed oil fuel

Due to the polarity and the higher density of TEC,
phase separation was observed at mixtures witheldies
and rapeseed oil fuel. TBC is less polar due to thleeh
alcohol butanol and is therefore readily solublaiesel
and rapeseed oil fuel.

As mentioned in chapter 5.1, the net calorificueabf
both citric acid esters is lower than that of DR &RF.
With increasing TBC and TEC content the net calorific
value of the mixtures is decreasing linear, Siggire 8.

TEC and TBC are featuring very good oxidation
stability beyond 100 hours. Therefore the oxidation
stability of rapeseed oil fuel can be increasedabging
citric acid esters.

The kinematic viscosity of TEC and TBC is between
RF and DF. Therefore the viscosity of DF is negdfive
influenced and that of RF is positively influenced b
mixing it with a citric acid ester.

Pure TBC has an ignition delay of about 8 ms at
525 °C and 34 bar in a Fuel-Ignition-Tester (FITheT
value for pure RF is about 2.6 ms. The ignition géfa
the FIT is defined as the time between the start of
injection and the first pressure rise of 0.2 barthe
combustion chamberFigure 3 shows the values for
different mixtures. It is obvious that the negative
influence of the citric acid ester is low at mirdwsage.
Only at 80 wt-% TBC and 20 wt-% RF the ignition delay
is doubled. For TBC and DF mixtures a similar behawio
was observed.

10

ms
8
7
)
S
§° L
Z 4
k=y
3 - i
4= @ = I 2 =
2
1
0 10 20 30 40 50 60 70 80 wt-% 100
TBC content
Figure 3: Ignition delay of rapeseed oil fuel and

tributylcitrate mixtures, determined in a Fuel-lgom-
Tester (FIT).

5.3 Emission behaviour of the CHP unit fuelled with
TBC — rapeseed oil fuel blends

By adding tributylcitrate to rapeseed oil fuel thest
emission behaviour of the CHP was significantly
improved, seeFigure 4. An optimum was detected
between 30 and 40 wt-% TBC. Compared to pure RF a
decrease of 40 % was achieved and compared to ©F th
dust emission have been halved. At 50 wt-% the dust
emission increased again and the test series wppest.

As main reason for the initial improvement in soot
formation an increasing oxygen content of the fuab
identified. Due to the decreasing net calorificiglmore
fuel has to be injected with increasing TBC content.
Furthermore, a slower heat release and pressurease
was detected for the TBC blends compared to DF or RF
in the constant volume ignition delay tester. Both a
leading to a longer combustion time and the soot
oxidation is influenced negatively so that the esiois
increases again.
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Figure 4: Dust emissions of the CHP unit operated with
RF-TBC blends (e. g. TBC10 means rapeseed oil fuel
with a content of 10 wt-% TBC etc.)

Carbon monoxide and hydrocarbon emissions are
shown inFigure 5 and Figure 6. They were hardly
influenced by blending rapeseed oil fuel with
tributylcitrate up to a concentration of 30 wt-%. gher
dosage the emissions were increasing significazuigl
even the DF value was clearly exceeded. Reasomdbr t
was similar to the dust emissions: An increasing
combustion time was resulting in a more and more
incomplete oxidation of CO and HC.
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Figure 5: Carbon monoxide emissions of the CHP unit
operated with TBC/RF blends
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Figure 6; Hydrocarbon emissions of the CHP unit
operated with TBC/RF blends

Admixture of TBC to RF did not lead to a
dust/nitrogen oxide trade-off as often observed rwhe

measures are taken in order to reduce one of them.

Figure 7 shows that nitrogen oxides emissions were
decreasing also with increasing TBC content. At 484nt
the emissions were falling even below the DF value.

Reason for that is the already mentioned slowerspres
rise after the ignition and the shifting of the dmmtion
towards late.
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Figure 7: Nitrogen oxide emissions of the CHP unit
operated with TBC/RF blends

5.4 Operating behaviour of the CHP unit fuelled with
TBC — rapeseed oil fuel blends

During the short term studies a trouble free emgin
operation was assessed for all blends. The fuel
consumption increased linear due to the decreasatg
calorific value with rising TBC content, sdggure 8.
Only at 50 wt% the fuel consumption was
disproportionately high. Reason for this is probathlg
more and more incomplete oxidation and utilizatafn
the fuel.
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Figure 8: Net calorific value of TBC-RF blends and fuel
consumption of the CHP

The efficiency of the CHP was hardly influenced by
varying its fuel. The electrical efficiency for @lre fuels
and blends was nearly constant at about 26 % igeee
9. Only for TBC50 the value was slightly lower, due to
the same reasons as mentioned for the dispropattion
high consumption of this fuel. The overall efficognfor
all different fuels was measured to be between 180 a
82%.
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Figure 9: Electrical and thermal efficiency of the CHP
unit with different fuels

6 CONCLUSION AND OUTLOOK

Due to the low ignitibility of citric acid estetheir
use as a pure fuel for conventional diesel engises
problematic, but a limited admixture in order topirove
the emission behaviour is possible. Test serieh wit
various fuel mixtures in a vegetable oil compatiGldP
unit showed, that dust emissions could be reduged b
40 % by adding 30 wt-% of TBC to rapeseed oil fuel.
Furthermore nitrogen oxides emissions could beaediu
whereas carbon monoxide as well as hydrocarbon
emissions remained at the same level. Due to therlo
net calorific value of TBC, increased fuel consumpti
was observed. The engine efficiency however waglyar
influenced. Further advantages of admixture of TBC t
rapeseed oil fuel are improvements in viscosity and
oxidation stability. The low ignitibility of the gic acid
esters is a disadvantage. Long term test runs are
necessary for an entire technical validation.
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