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Abstract

This article studies the use of animal by-products and derived products not intended for humans as possible fuels in
residential oil burning facilities. We first offer a chemical and physical description of the various types of animal by-
products and derived products not intended for humans with a view to their possible use as fuels. Animal by-products
and derived products not intended for humans have an extremely high viscosity for the pressure pulverisation burners
used in residential oil burning equipment. We therefore mixed diesel with animal by-products and other derived products
not intended for humans in different percentages so as to obtain suitable viscosity. To achieve this, we carried out a study
of the miscibility of animal by-products in diesel. We subsequently performed a series of combustion experiments for
mixtures of diesel and animal by-products, in varying (a) percentage of by-products in diesel, (b) injection pressure and (c)
excess air in combustion. We analysed the experimental combustion results based on (a) energy efficiency of combustion,
(b) CO and NOx emissions and (c) fossil-based greenhouse effect gases. Finally, we present the conclusions that
combustion of mixed diesel with animal by-products and other derived products not intended for humans for use as
boiler fuel low power does not require specific technology when using a conventional fuel oil burner for proper
combustion. One only needs to adjust the burner factors: pressure and air flow. In the study of the combustion of
mixtures, once the burner factor is adjusted, it appears that the combustion efficiency and greenhouse gas and emission
gases are acceptable. The costs of removing fat through incineration or landfill range from 34 to 59 €/ton. The solution
proposed in this work not only avoided the cost but also mentioned the value of residue use as fuel.
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Background
In 2007, the Council of Europe set out a series of ambitious
goals for 2020, given the name of ‘20-20-20’, which seek to
cut greenhouse gas emissions by 20%, cut primary energy
consumption by 20% through enhanced energy efficiency
and promote up to 20% use of renewable final energy con-
sumption [1].
Through the Directive 2009/28/CE, the European Par-

liament set a target for 2020 that 20% of final energy
should be from renewable sources. The directive promotes
energy generated from biofuels and bioliquids. For the lat-
ter to be considered sustainable, they must contribute to
cutting greenhouse gas emissions by at least 35%. As of 1
January 2017, their contribution to emission reduction
must reach 50% [2].

The directive stipulates that in order to be granted
financial support, biofuels and bioliquids must be classified
as ‘sustainable.’ This requires biofuels and bioliquids to be
generated using raw materials from both outside as well as
inside the various regions of UE. In addition, they must not
originate from land that has high biodiversity value or
large carbon reserves [3].
Bioliquids may be transformed for use in engines or used

directly as fuels in burners. When used as fuels in burners,
certain advantages are evident such as (a) requiring no
specific transformation processes, thereby enabling them to
be obtained relatively cheaply; (b) less rigorous specifica-
tions when used in burners than when used in engines; and
(c) a wider range of technologies linked to burners than to
heat engines. In addition, burners have a wider range of
regulation vis-à-vis fuel than heat engines [4].* Correspondence: julsan@eii.uva.es
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Some authors have explored the use of bioliquids. Batey
[5] conducted studies into combustion of biodiesel and
mixtures of oil and diesel in residential combustion facil-
ities; Raheman et al. [6] evaluated a 10.3-kW single-cylinder
water-cooled direct-injection diesel engine using blends of
biodiesel (B10 and B20) obtained from a mixture of mahua
and simarouba oils (50:50) with high-speed diesel (HSD) in
terms of brake-specific fuel consumption; Vanlaningham
et al. [7] analysed combustion of oil and soya seed for
heating; San José et al. [8] studied combustion of mixtures
of soya oil, rapeseed and sunflower oil with diesel in various
proportions over a range of combustion parameters in a
pressure pulverization burner and also studied combustion
of biodiesel that does not meet biofuel specifications [9].
The fat used for heating purposes has been analysed at

the University of Budapest by Lezsovits and Könczöl
[10] who researched the use of animal fats in industrial
steam generators that conventionally ran on diesel or
natural gas. The use of this by-product was intended not
only to remove it as a waste product but also to provide
an alternative non-fossil fuel. In Germany, F. Pfab [11]
treated animal fat from processing plants and subsequently
used it in combustion to generate steam in a tubular
boiler. Before feeding the fat into the burner, the burner
must be cleaned with a decanter and separator. Our study
breaks new ground in current technology by performing
combustion of animal fat at an injection pressure below 10
bars, compared to conventional 30 bar pressure. In Spain,
Dr. J. San José [12] has conducted a number of studies of
the combustion of lard in a commercial burner and into
the miscibility of lard in diesel. These studies posit an
important field of study in the description of animal fats
and their use as fuels in conventional diesel facilities.
Animal by-products and other derived products not

intended for human consumption, which are recoverable
in energy terms, are in abundant supply as waste and
are found in the animal-based food production chain in
(a) intensive livestock holdings, hen manure and other
similar products, and in (b) slaughterhouses and retailers.
The former are usually processed in the actual livestock
holdings themselves, whereas the latter, which provide the
case study for the present article, are dealt with by offi-
cially accredited firms.
The amount generated in slaughterhouses and by re-

tailers in kilogram per animal slaughtered depends on
the animal species. Studies carried out by the Ministry of
the Environment, Rural and Marine Affairs in Spain put
the estimates for mean production of waste per species at
(a) bovines, 166.25 kg/animal; (b) dairy cows, 260.45 kg/
animal; (c) swine, 10.79 kg/animal and (d) ovine, 8.05 kg/
animal [13].
Handling these animal by-products as waste, together

with the use of transformed animal fat as a biomass re-
source in combustion processes, is controlled under

European Union Regulation 1774/2002. The said regula-
tion lays down strict rules concerning animal welfare and
public health to be applied when collecting, transporting,
storing, handling, processing and using or eliminating this
kind of by-product. These rules have been applicable
throughout the whole of the EU since 1 May 2003 [14].
Processing any animal by-products and derived products

not intended for human consumption generated in slaugh-
terhouses and livestock resource processing companies
firstly involves grinding the raw material followed by
high-pressure heat treatment to remove excess moisture
and kill microorganisms. One fraction of the subsequent
by-product is in the form of flour and the other in the
form of fat. In processing plants, the fraction of flour
obtained accounts for between 25% and 40% wt. f.m. of

Table 1 Animal fat not intended for human consumption
linked to animal census of EU in tons

Bovine Dairy
cows

Sheep Swine Fat
(total)

Belgium 2,509.5 517.7 0 6,176.3 36,105.5

Bulgaria 531.1 291.6 1,368.0 664 11,060.9

Czech Republic 1,319.4 375.4 0 1,846.0 19,919.0

Denmark 1,630.0 573 0 12,293.0 31,151.0

Germany 12,706.2 4,181.7 1,799.7 26,900.8 206,250.0

Estonia 236.3 96.5 0 371.7 4,044.6

Ireland 5,917.7 1,027.0 3,122.0 1,500.4 77,823.9

Greece 679 144 8,980.0 1,087.0 15,362.0

Spain 6,075.1 845.3 18,551.6 25,704.0 98,234.0

France 18,992.0 3,641.0 6,904.0 14,063.0 257,605.2

Italy 5,832.5 1,746.1 7,009.0 9,321.1 94,505.2

Cyprus 54.7 23.4 328.9 463.7 1,348.2

Latvia 379.5 164.1 0 389.7 6,538.1

Lithuania 748 359.8 58.5 929.4 13,570.7

Luxembourg 194 46 7.5 89.4 2,702.0

Hungary 681 239 1,181.0 3,168.0 12,822.6

Malta 15 6.4 12.4 69.3 291.1

Netherlands 3,960.0 1,518.0 1,211.0 12,206.0 69,902.3

Austria 2,013.3 532.7 358.4 3,134.2 30,153.0

Poland 5,561.7 2,529.40 213.7 14,775.7 102,279.9

Portugal 1,374.8 275.1 2,512.0 2,144.7 20,674.8

Rumania 2,008.8 1,190.5 8,264.2 5,358.8 46,580.3

Slovenia 470.1 109.5 0 395.6 6,591.5

Slovakia 467.1 159.3 394.2 687.3 7,735.9

Finland 908.9 284.3 0 1,339.9 14,156.2

Sweden 1,474.5 348.6 274.3 1,520.1 21,067.5

United Kingdom 9,896.0 1,847.0 21,295.0 4,385.0 143,480.0

EU 27 86,636.2 23,072.4 83,845.4 150,984.1 1,351,955.3

EU livestock census (1,000 animals) in December 2010 and animal fat not
intended for human consumption linked to animal census in tons.
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the total processed by-product, whereas for the fat
fraction this percentage ranges from 6% to 15% wt f.m. of
the total by-product [15].
The amount of fat obtained in Europe is shown in

Table 1 [16]. This waste has a high-energy quality which
ranges between 38.7 and 42.1 MJ/kg and which may be
used as raw material to obtain biodiesel [17-19]. However,
the economic crisis, the strict specifications imposed by
the European Union on biodiesel and the investment
required by such processing plants have made animal fat
not intended for human consumption a waste product,
the fat from which must be burnt in application of the
current legislation.
The present article presents co-combustion of animal

fats not intended for human consumption as an alternative
fuel for conventional diesel facilities due to the following
advantages:

� It is a waste product which must be destroyed, as a
result of which its calorific potential may be used
and the waste thereby being removed.

� It is biomass not intended for human consumption
such that it does not cause price distortions in food
products.

� It allows for the use of conventional technology
such that no major investments are required in
equipment.

� As it is biomass, it complies with all policies
concerning reduction of greenhouse gas emissions
and use of fossil fuel alternatives.

Methods
Animal fats are glycerine esters (triglycerides) and fatty
acids. Fatty acids found in animal fats may be saturated
CnH2nO2 and unsaturated [20]. One characteristic of
saturated fatty acids is that at room temperature they
are solid. Animal fats tend to be rich in this kind of acid.
These include the following:

� Formic or methanoic acid, with a single carbon and
formula CH2O2, which in the developed form is
H-COOH

Figure 1 Type FN1. (a) Room temperature. (b) Heated to a temperature of 40°C.

Table 2 Characteristics of animal fats and diesel

Property Test method Type of fat

FF NF1 NF2 Diesel

Density at 15°C (kg/m3) ASTM D-4052 911 916 910 848

Density at 35°C (kg/m3) ASTM D-4052 899 904 898 635

Kinematic viscosity at 40°C (mm2/s) ASTM D341-09 40.87 51.97 41.64 2.7

Kinematic viscosity at 100°C (mm2/s) ASTM D341-09 8.46 9.06 8.64 1.2

Percentage of S by mass ASTM 1552 0.03 0.04 0.03 0.07

Percentage of C by mass ASTM 5291 76.8 75.1 75.1 86.6

Percentage of H by mass ASTM 5291 11.6 11.6 11.7 12.3

Percentage of O by mass ASTM 5291 11.3 12.9 13.0 1.03

Percentage of N by mass ASTM 5291 0.2 0.16 0.05 -

Ashes EN 6245 0.002 0.164 0.002 -

HHV (MJ/kg) ASTM 240 39.4 38.8 39.0 44.9

LCV (MJ/kg) ASTM 240 36.9 36.3 36.5 42.3

HHV higher heating value, LCV lower heating value.
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� Acetic acid or ethanoic acid with two carbons.
It is an intermediate product of animal
metabolism

� Butyric acid or butanoic acid, C4H8O2 or in the
developed form CH3-(CH2)2-COOH

� Palmitic acid, C16H3O2, the developed formula
which is CH3-(CH2)14-COOH

� Stearic acid, C18H36O2, the developed formula
which is CH3-(CH)16-COOH

Unsaturated fatty acids are generally liquid at room
temperature. Due to their chemical structure, they can be
mono- or poly-unsaturated. The following can be found
in animal fat:

� Oleic acid, C18H34O2, with the formula
CH3-(CH2)7-CH=CH-(CH2)7-COOH

� Linoleic acid with the formula
CH3-(CH2)4-CH-CH2-CH=CH-(CH2)7-COOH

Diesel tank

Feed tank

Thermostatic bathFeed tank

Figure 2 System for feeding the fuel to the burner.

Table 3 Characteristics of the mixtures of animal fats and diesel

Name Percentage
of C

Percentage
of H

Percentage
of O

Percentage
of S

Density (15°C) Viscosity (100°C) LHV

(kg/m3) (mm2/s) (MJ/kg)

FF-10 85.62 12.23 2.06 0.06 854.3 1.36 41.7

FF-20 84.64 12.16 3.08 0.06 860.6 1.62 41.2

FF-30 83.66 12.09 4.11 0.06 866.9 2.07 40.7

FF-40 82.68 12.02 5.14 0.05 873.2 2.45 40.1

FF-50 81.70 11.95 6.17 0.05 879.5 3.12 39.6

FF-100 76.80 11.6 11.3 0.03 911.0 8.61 36.9

FN1-10 85.45 12.24 2.23 0.07 854.8 1.36 41.7

FN1-20 84.30 12.16 3.40 0.06 861.6 1.64 41.1

FN1-30 83.15 12.09 4.59 0.06 868.4 1.95 40.5

FN1-40 82.00 12.02 5.78 0.05 875.2 2.44 39.9

FN1-50 80.85 11.95 6.965 0.06 882.0 3.13 39.3

FN1-100 75.1 11.6 12.9 0.04 916.0 9.06 36.3

FN2-10 85.45 12.24 2.23 0.06 860.3 1.38 41.7

FN2-20 84.30 12.18 3.42 0.06 860.4 1.60 41.1

FN2-30 83.15 12.12 4.62 0.06 866.6 1.89 40.5

FN2-40 82.00 12.06 5.82 0.05 872.8 2.48 40.0

FN2-50 80.85 12.00 7.02 0.05 879.0 3.10 39.4

FN2-100 75.1 11.7 13.0 0.03 910.0 8.64 36.5
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when determining their behaviour or efficiency during
combustion, as it is the physical-chemical characteristics
which provide such knowledge. Table 2 shows the main
physical-chemical characteristics of three fats: FF, food fat,
NF1, non-food fat type 1 and NF2, non-food fat type 2.
The features of the three fats in Table 2 show that the

three types of fat evidence very similar characteristics. The
main differences with diesel are viscosity and percentage
of oxygen, which means that a specific burner must be
used for combustion of fats due to their high viscosity and
that combustion must take place with lower excess air due
to the oxygen content of the fat.

Since the present study seeks to achieve combustion
of fats using conventional diesel combustion facilities
which are normally mechanical pressure pulverization
burners, we conducted a study of the mixture of fats
with diesel in order to reduce the viscosity of the fats.

Analysis of the miscibility of the fats in diesel
Above their melting point, oils and fats are totally, and
in all proportions, miscible with organic solvents [21,22].
At room temperature, fats are doughy, preventing them

from being handled and mixed for use as fuels. We carried
out a melting analysis based on the principle of turbidity.
Figure 1 shows a sample at room temperature and a
melted sample.
After numerous tests, we concluded that not all fats

undergo phase change at the same temperature, and we
set 30°C as the minimum melting point temperature for
all of them.
The miscibility and/or solubility of the diesel samples

is tested by mass and because of the apolar nature of
both fluids, dissolution is not a problem. Since there are
no functional groups and the molecular structure is
similar, there are no chemical reactions between the two
products. In certain cases, some problems of stratification
and turbidity of the fats could be seen at low temperatures.
The conclusion is that for combustion assays using
mixtures of animal fats and diesel, it is important to
heat and stir the (animal fat-diesel) mixture before it is
fed into the burner for subsequent use as fuel. During
heating, the mixture must reach a temperature of above

Table 4 Boiler and burner characteristics

Description/value

Boiler model - AR/25GT (ROCA)

Boiler type Cast iron

Heating capacity 26.7 kW

Water capacity 26 l

Approximate weight 210 kg

Maximum working temperature 110°C

Burner model KADET-TRONIC (ROCA)

Nozzle 0.5 GPH

Angle 60°

Pump pressure 8 to 16 bars

Flow fuel 1.86 kg/h

Air regulation 0 to 10 m3/h

Figure 3 Diagram of the experimental facility.
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mixture is homogeneously balanced.
A tank has been designed to ensure the balance of the

mixture. This consists of a jacketed container which,
together with the water pumped in by a thermostatic bath
and coupled with an electrical stirrer, keeps the mixture
warm, thereby ensuring that the animal fat-diesel mixture
is kept uniform. Figure 2 shows a diagram of the tank in
which the samples were kept.

Characteristics of the mixtures
The burner used has a limitation on fuel viscosity; this
forced us to use mixtures of diesel and up to 40% lard.
Our study of the mixture allows us to conclude that to
have an even mixture of animal fat and diesel, the mixture
cannot contain over 40% animal fat in mass. Each mixture
is labelled with an identification code consisting of letters
and two numbers: FC-XX, FN1-XX and FN2-XX.
The meanings of the letters are the following:

◦ FF refers to edible fat.
◦ NF1 refers to type 1 non-edible fat.
◦ NF2 refers to type 2 non-edible fat.

The numbers represent the percentage (%) of fat
used in the mixture. Four mixtures in varying percent-
ages (10, 20, 30 and 40) were prepared for each type
of fat.
Describing each of the mixtures performed, based on

the knowledge of the properties of the pure components
that make up the (theoretical) mixtures, we use the addi-
tivity rule with regard to a physical property:

Pmt Tð Þ ¼ xa � Pa Tð Þ þ 1−xað Þ � Pd Tð Þ;

where Pmt(T) is the physical property of the theoretical
mixture at temperature T, xa is the molar fraction of the
fat in the mixture and Pa(T) and Pd(T) are the physical
properties of the fat and diesel. A significant deviation
can be seen in the viscosity calculated based on the values
of the original compounds and their value percentage
measured in the laboratory. As a result, the viscosity data
are measured in the laboratory (empirical measurements)
since the mixtures of fats and diesel cannot be considered
as Newtonian liquid [23].
Table 3 shows the results of the mixtures of the various

fats and diesel in different proportions.
The experimental facilities are divided into four parts: (a)

the boiler-burner unit, (b) the fuel feed system, (c) the heat
dissipation system and (d) the control and measuring
system.
Boiler-burners. Combustion for heating is performed

using burners prepared for the controlled and optimised
combustion of a specific fuel. The basic conditions to be
met by the burner are the following:

1. It should adapt to the combustion chamber where it
is to be used.

2. It should be equipped with a suitable margin of
regulation.

3. It should be possible to control the shape and
dimension of the flame.

4. It should function in a stable manner.

Table 5 Characteristics of the generating group used in the combustion assays

Parameter Unit Operating value Error Description

Tinlet °C 90 ±1 Represents the water temperature in the distributor located in the inlet circuit

Treturn °C 80 ±1 Indicates the water temperature in the return collector, through which all the water
flows prior to returning to the boiler

Psupply Bar 2.5 ±0.2 Input water pressure in the main circuit, immediately before the distributor

Preturn Bar 2 ±0.2 Water pressure at the water pump exhaust located before entry into the distributor

Psupply fuel Bar 10 to 30 ±0.1 Input pressure at the fuel pump

Preturn fuel Bar 5 ±0.1 Exhaust pressure at the fuel pump

Tfuel °C 20 ±0.5 Fuel temperature located in the tank

Tboiler °C 85 ±1 Water temperature when passing through the boiler

Troom °C 20 ±1 Air temperature

Table 6 TESTO measuring equipment, model 342-3

Parameter

Fume analyzer TESTO model 342-3

Electrochemical O2 sonde Range 0% to 21%

CO sonde (with H compensation) Range 0 to 4,000 ppm

NO sonde with electrolyte cell Range 0 to 3,000 ppm

Temperature sonde (five sondes)

Termopar type K

Measuring interval −40° to 1,000°C ± 0.5°C

Pressure sonde (four sondes)

Manometers Spiral

Impulse pressure interval 1 to 40 bars; 1% accuracy

Aspiration pressure interval 0.2 to 1 bar; 1% accuracy
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Table 7 Reference values analysis of diesel fumes

Fuel
P Excess air CO O2 TH NOx Combustion performance

(bar) (n) (ppm) (vol.%) (°C) (ppm) (%)

Diesel

10 1.2 88.3 13.17 171.6 46 86.0

10 1.3 251 14.30 202.8 37 84.4

10 1.4 1530.7 15.37 212.5 14.7 83.3

12 1.2 96.3 13.83 172.9 41.0 84.1

12 1.3 150 14.3 214.4 39.3 82.9

12 1.4 412.7 15.7 219.4 24.3 81.7

14 1.2 - - - - -

14 1.3 70.3 14.8 243.3 54.3 79.2

14 1.4 385.8 14.8 247.9 37.0 77.3

Other conditions 

Steady state

Starting the diesel burner and 
installation of dissipation

Set injection pressure conditions 
and air flow

Steady state

Mixture of diesel fuel is 
introduced into the tank and 

Steady state

Smoke analysis

HOME TEST FOR A BLEND OF CERTAIN OIL AND FAT

Starting the water bath and pump

Mixture oil and fat

Test data

Steady state

Assay valid

End of test

Fuel change

Fuel change

Yes

Yes

Yes

Yes

Yes
Yes

No

No

No

No

No

No

Figure 4 Diagram of the measuring process.
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5. It should be equipped with safety and regulation
systems to ensure automatic functioning

In the case of burners for liquids, the following features
are also required:

1. Capacity to achieve correct combustion intensity
(amount of fuel per specific volume)

2. Capacity to operate with a minimum amount of
excess air (maximum flame temperature)

Burners for liquid fuels are based on two technologies:
fuel vaporisation and fuel pulverisation in small drops.
This study uses a pressure pulverisation burner, which can
burn fuels with a viscosity between 1 and 5°E at 20°C,

Table 8 Combustion analysis of the diesel and food fat

P Excess air CO O2 TH TA NOx

(bar) (n) (ppm) (vol.%) (°C) (°C) (ppm)

FF-10

10

1.2 103 5.4 211.7 23 30

1.3 129 5.6 217.1 23 28

1.4 189 6 217.8 23 27

12

1.2 76 5.2 220.6 23 29

1.3 81 5.6 222.3 23 27

1.4 130 5.9 223.9 23 25

14

1.2 47 5.1 227.5 23 28

1.3 54 5.5 229.8 23 26

1.4 95 5.9 231.9 23 25

FF-20

10

1.2 120 5.1 214.6 23 32

1.3 131 5.6 217.2 23 30

1.4 196 6 218 23 29

12

1.2 61 5.2 222.4 23 33

1.3 65 5.6 224.1 23 31

1.4 94 5.8 227.9 23 29

14

1.2 36 5 233.7 23 33

1.3 37 5.3 238.3 23 32

1.4 58 5.6 241.3 23 30

FF-30

10

1.2 122 5.3 212.5 23 32

1.3 185 5.7 216.1 23 28

1.4 300 6 221.3 23 26

12

1.2 74 5 225.3 23 34

1.3 84 5.4 227.7 23 33

1.4 117 5.8 229.6 23 31

14

1.2 46 5.1 233.1 23 35

1.3 41 5.3 239.1 23 34

1.4 69 5.6 243 23 33

FF-40

10

1.2 150 5.1 222.7 23 28

1.3 198 5.4 225 23 27

1.4 198 5.4 225 23 26

12

1.2 40 4.8 229.1 23 35

1.3 36 5.1 232.1 23 34

1.4 68 5.4 240.9 23 32

14

1.2 21 4.9 241.3 23 38

1.3 25 5.2 246.9 23 36

1.4 41 5.4 250.3 23 35

Table 9 Combustion analysis of the diesel and non-edible
type 1 fat mixtures

P Excess air CO O2 TH TA NOx

(bar) (n) (ppm) (vol.%) (°C) (°C) (ppm)

FN1-10

10

1.2 145 5 213.6 23 46

1.3 167 5.3 224.3 23 45

1.4 213 5.6 233.1 23 46

12

1.2 112 4.8 237.3 23 50

1.3 94 5 245.2 23 51

1.4 124 5.4 252.1 23 48

14

1.2 68 4.8 255.9 23 53

1.3 66 5.1 261.8 23 52

1.4 89 5.3 269.4 23 52

FN1-20

10

1.2 215 4.8 212.1 23 56

1.3 329 5.2 220.7 23 61

1.4 425 5.5 230.6 23 64

12

1.2 277 4.9 236.5 23 70

1.3 252 5.4 239.5 23 68

1.4 316 5.6 245.5 23 67

14

1.2 186 4.7 254.6 23 78

1.3 161 5.1 260.2 23 76

1.4 211 5.3 266.6 23 74

FN1-30

10

1.2 624 4.4 235.2 23 78

1.3 558 5.1 239.7 23 81

1.4 638 5.5 246.6 23 81

12

1.2 603 4.7 248 23 88

1.3 521 5 253.2 23 89

1.4 506 5.4 258 23 90

14

1.2 300 4.4 266.8 23 94

1.3 226 4.9 270.8 23 98

1.4 315 5.2 276.5 23 96

FN1-40

10

1.2 872 4.3 229.6 23 96

1.3 634 5.1 237 23 98

1.4 910 4.4 249 23 104

12

1.2 728 4.5 252.9 23 105

1.3 636 4.9 259.2 23 102

1.4 737 5.2 261.5 23 105

14

1.2 637 4.6 266.2 23 107

1.3 534 4.7 271.1 23 109

1.4 626 5 276 23 110
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enabling regulation of the pressure between 10 and 20
atm and the air flow through which combustion is
performed. If we add the mixture percentages to these
two control parameters, we have the three parameters to
be controlled and optimised in combustion for generating
heat using mixtures of fat and diesel. The characteristics

of the boiler and the burner are shown in Table 4. The
burner and boiler are widely used commercial equipment
in Spain. The system for feeding the fuel to the burner
comprises two tanks, one containing the diesel used for
the experiment to be considered stationary and the
other containing the fuel mixtures. Figure 2 shows the
system for feeding the fuel to burner.
Heat dissipation is through a two-tube radiator facility,

with direct return. Figure 3 shows the layout of the facility.
The facility control parameters are shown in Table 5.

These values should be kept within a specific interval for
the test to be considered stationary.
The control and measuring system. The fume analysing

equipment and the parameters obtained during each test
are those used to describe the combustion and are
shown in Table 6.
The results from the combustion of the mixtures were

analysed based on three aspects:

� Emissions of pollutant gases
� Combustion efficiency
� Greenhouse gases

Before analyzing the combustion of a mixture, it is found
that the set boiler-burner works properly by an analysis of
diesel fumes, which is considered patron fuel; Table 7 pre-
sents the reference values analysis of diesel fumes.

Experimental designs
Excess air, compared to the stoichiometric flow rate, is
modified among values 1.2, 1.3 and 1.4 so as to establish
the optimal combustion conditions for these mixtures in
the burner used.
Having determined the variables, the test matrix to

be conducted is posited to ensure that all the levels of
all variables will be tested with the levels of the
remaining variables in the same number of times. In
other words, the design will maintain orthogonality.
The order of the assays will therefore be carried out
thus

1. Three types of animal fat are studied (three levels).
2. Four mixtures with different proportions of each

animal fat with diesel are carried out (four levels).
3. The injection pressure is varied using three values

for each mixture (three levels).
4. Excess air is varied using three values for a single

sample of one type of fat at a specific percentage
(three levels).

The number of tests to be conducted in order to
maintain orthogonality coincides with the product of the
number of levels of all the variables:

Table 10 Combustion analysis of the diesel and
non-edible type 2 fat mixtures

P Excess air CO O2 TH TA NOx

(bar) (n) (ppm) (vol.%) (°C) (°C) (ppm)

FN2-10

10

1.2 68 5.1 217.7 23 29

1.3 74 5.3 221.2 23 27

1.4 88 5.5 229.1 23 26

12

1.2 39 4.8 231.4 23 28

1.3 42 5.2 236.5 23 27

1.4 53 5.4 243.1 23 26

14

1.2 24 4.8 244.5 23 31

1.3 26 4.9 249.7 23 30

1.4 36 5.2 255.3 23 28

FN2-20

10

1.2 69 4.9 219.1 23 29

1.3 72 5.2 224.9 23 28

1.4 94 5.4 227.3 23 27

12

1.2 43 4.7 231.9 23 31

1.3 47 5.1 235.7 23 30

1.4 54 5.3 243.6 23 28

14

1.2 27 4.7 246.5 23 31

1.3 27 4.9 253.6 23 30

1.4 33 5.3 258.9 23 29

FN2-30

10

1.2 60 4.8 222.9 23 29

1.3 63 5.3 224.4 23 27

1.4 87 5.5 230 23 26

12

1.2 41 4.8 234.2 23 32

1.3 43 5.1 239.9 23 30

1.4 49 5.2 246 23 29

14

1.2 28 4.4 249.9 23 33

1.3 30 4.8 255.9 23 31

1.4 36 5.1 260.5 23 30

FN2-40

10

1.2 52 4.6 224.4 23 29

1.3 62 4.9 228.2 23 28

1.4 70 5.2 236.9 23 27

12

1.2 36 4.7 239.4 23 31

1.3 36 4.9 246.7 23 30

1.4 50 5.1 255.9 23 29

14

1.2 28 4.5 260.1 23 33

1.3 28 4.7 265.4 23 33

1.4 32 5 272.1 23 32
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3� 4� 3� 3 ¼ 108 tests:

Finally, we present the procedure followed in the
experimental tests and the requirements the facility must
meet if results are to be accepted as valid (Figure 4).

Results and discussion
A total of 108 combustion tests were carried out in which
the following conditions were met: (a) stable working
conditions for the boiler, (b) air flow and fuel injection
pressure adapted to the test, (c) uninterrupted running
of the facility for each mixture and (d) the values for each
test within the error limits for the measuring equipment.
Tables 8, 9 and 10 show the parts per million in CO

fumes, the percentage of oxygen in fumes, fume
temperature, air temperature or reference temperature
and the concentration of nitrogen oxides in fumes
obtained from the combustion.

With regard to the emissions of pollutant gases, we
analysed emissions of carbon monoxide and nitrogen
oxides. Combustions were considered acceptable when
the concentration of fumes is less than 500 ppm of CO
and/or is less than 300 ppm of NOx, the limits that are
imposed under current legislation.
Combustion efficiency is defined by the following ex-

pression:

ηcomb ¼
LHV−Ps−Pi

LHV
;

where Ps is sensible heat loss (MJ/kgcomb), Pi, is heat loss
from incomplete combustion (MJ/kgcomb) and LHV is
lower heating value (MJ/kgcomb). Sensible heat loss (Ps)
corresponds to the energy the combustion gases have
when extracted compared to the reference conditions of
the combustion process. When these losses are higher,
the internal energy of the flue gas (flue gas temperature)
is greater. They also increase with flue gas flow,
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Figure 5 Combustion performance for FF, FN1 and FN2 in terms of the three factors.
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creases the flow of flue gas, transporting a greater amount
of heat.
Sensible heat loss is defined by the following percentage

expression:

Ps ¼ M1
Hs � CpA � tH−trefð Þ

LHV
;

where M1
Hs is mass of combustion of flue gas in

(kg/kgcomb); CpA, heat capacity at constant pressure
of flue gas heat (MJ/kg °Ccomb); LHV, lower heating
value of the fuel in (MJ/kg); tH, temperature of flue
gas at output in (°C); and tref, the ambient temperature in
degrees Celsius (°C).
Heat loss from incomplete combustion (Pi) corre-

sponds to the energy of the combustion products which
have not been totally oxidised. This occurs in cases of
incomplete combustion, the loss being greater with the
higher amount of unburnt gas. When total carbon oxi-
dation does not occur, the combustion product will be

CO rather than CO2:

Pi ¼ V 1
Hs � LHVCO � ρco � COð Þ

LHV
;

where V1
Hs is the volume of dry of flue gas in (nm3/kgcom),

LHVCO is the lower heating value of CO in (MJ/kgCO), ρco
is the density of CO in (kg/m3) (CO), percent by volume
in the flue gas (nm3

CO/nm
3) and LHV is the lower heating

value of the fuel in megajoules per kilogram of combustion
(MJ/kgcomb).
The combustion efficiency represents the amount of

energy transferred to the heat system of the energy re-
leased by the fuel. The combustion performance values
are shown in Figure 5 for FF, food fat, NF1, non-food fat
type 1 and NF2, non-food fat type 2 mixtures in terms
of the injection pressure, the mixture percentage and
excess air during combustion.
As seen in Figure 5, the combustion efficiency is reduced

when increasing the percentage of non-fat foot type 1, be-
ing very significant when it exceeds 30% in the mixture
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Figure 7 Combustion performance for FF, FN1 and FN2 in terms of percentage of fat.
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and also seen in Table 9, which increases the unburned
(CO); this is due to be a fat containing many solid parti-
cles impinging on the phenomenon of the fuel spray.
The results are similar to those obtained in diesel com-

bustion. It is worth noting that fats have a lower LHV than
diesel and that the energy released per unit of mass in the
combustion process is therefore lower. However, fats have
a higher percentage of oxygen in their composition and
thus require less airflow, which reduces loss due to fumes.
These two phenomena together mean that the perform-
ance values of the mixtures and diesel are similar.
The average combustion performance values are shown

for each fat in terms of injection pressure. For FN1,
performance decreases as injection pressure increases.
As a result, increasing injection pressure does not enhance
combustion, as can be seen in Figure 6.
The average combustion performance values are shown

for each fat in terms of the percentage of fat in the mixture
(Figure 7). Combustion efficiency decreases as the per-
centage of fat in the mixture increases. This is because the
fats have a lower calorific value and contain oxygen, which
produces higher excess air during combustion.
The average combustion performance values are shown

for each fat in terms of excess air (Figure 8). The perform-
ance follows a clearly linear trend, diminishing as the
airflow involved in the combustion increases.
By increasing the percentage of fat in the fuel mix, an

ascent is observed in the evolution of NOx. This is because
one side has more oxygenated fuel component as we
increase the percentage of fat, which increases the flame
temperature and results to higher nitrogen content in the
fat as we increase the percentage of NOx.
The greenhouse gases considered in this study were

emissions of CO2 associated with diesel combustion, as

it is a fossil fuel, since the CO2 generated by combustion
of fats is renewable. The evaluation was carried out in
terms of the basic composition of the diesel and fats and
the mixture percentage. This value is shown in Table 11,
which also shows the kilogram of CO2 emitted during
full combustion per kilogram of fuel, distinguishing
between the kilogram originating from fossil diesel and
those from non-fossil fat.

Conclusions
Animal fat as an animal by-product not intended for
human consumption is an abundant resource. Each year,
Europe generates 1.35 million tons. Taking an average
LHV of 42.1 MJ/kg, the energy potential per year is 56.8
million GJ/year which would mean a reduction in CO2

emissions of 4.43 million tons/year compared to diesel.
Providing a basic description of fats has enabled us to

determine that their composition is similar to the com-
position of diesel, with a lower carbon and hydrogen
content and higher oxygen content. This is due to the
type of fatty acids contained in animal fats compared to
the hydrocarbons that make up diesel. We also see that
the LCV of fats is around 10% lower than that of diesel
in all cases and that the density of fats is just under 10%
higher than that of diesel. As a result, the energy flow by
volume is similar in fats and diesel. The main difference
between diesel and fats is in the viscosity. At 40°C, the
viscosity of fats is 20 times higher than that of diesel.
This property has a major impact on pulverization and
proper combustion of liquid fuels and it should be
remembered that at room temperature animal fats are
mostly solid.
When fats are melted at a temperature above 38°C

they are totally soluble in diesel, the mixture being fully
homogeneous, and no dissolution limit having been
found. Studies performed into the stability of the mix-
ture and its homogeneity indicate that the mixture
should be kept at 38°C and constantly stirred to ensure
it does not lose its homogeneity.
We observed that combustion performance diminishes

when the percentage of fat in the mixture is increased,
which concurs with the lower LCV of fats compared to
that of diesel.
We observed that combustion performance diminishes

when pressure is increased, concurring with the theoret-
ical studies carried out which indicate that above a certain
injection pressure, no improvements in the pulverization
process are seen, although it does contribute towards a
detachment of the flame.
We also observed that performance diminishes when the

combustion air flow is increased, which is accounted for by
the amount of oxygen contained in the fats, meaning that
they require less excess air for combustion.

Table 11 Greenhouse gas emissions of the combustion of
fat and diesel mixtures

Total CO2 Non-fossil CO2

(kg/kg fuel) (kg/kg fuel)

FF-10 3.14 0.28

FF-20 3.10 0.56

FF-30 3.07 0.84

FF-40 3.03 1.13

FN1-10 3.13 0.28

FN1-20 3.09 0.55

FN1-30 3.05 0.83

FN1-40 3.01 1.10

FN2-10 3.13 0.28

FN2-20 3.09 0.55

FN2-30 3.05 0.83

FN2-40 3.01 1.10
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