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Baigiamajame darbe iSnagrinétos rapso aliejaus metilo esterio (RME) gamybos proceso
Salutiniy produkty utilizacijos problemos, pateikti statistiniai duomenys apie biodyzelino gamybos
bei susidaranciy Salutiniy produkty apimtis, aprasytos biodyzelino gamybos plétros perspektyvos,
savybés bei poveikis aplinkai, pagrindinés gamybos technologijos, Lietuvos bei uzsienio Saliy
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Remiantis gautais rezultatais pateiktos iSvados, rekomendacijos, mazuto emulsijos
modifikuotos glicerolio priedu techninis reglamentas.

Darba sudaro 6 dalys: jvadas, biodyzelino gamybos ir Salutiniy produkty utilizacijos apZvalga:
dabartiné situacija ir ateities perspektyvos, mazuto modifikuoto gliceroliu emulsijos paruosimo ir
deginimo eksperimentiniai tyrimai, oro tarSos sklaidos matematinis modeliavimas, bendrosios
iSvados ir pasiiilymai, literatiiros sarasas.

Darbo apimtis — 136 p. teksto be priedy ir publikuoty straipsniy, 57 pav., 24 lent., 10
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ABBREVIATIONS AND SYMBOLS

EU — European Union;
EU15 - old-time EU members;
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EU25 — number of member countries in the European Union after the accession of ten new

candidate countries on 1* of May 2004;

EC — European Commission;

JSC- joint stock company;

LAND- environmental protection normative documents of Lithuania
RME — rape methyl ester;

SME — soybean oil methylester;

DF — diesel fuel;

ASTM — American Society for Testing & Materials Standards;
EPA — Environmental protection agency;

B20 — 20 % biodiesel by volume, 80 % petroleum diesel by volume;
B100 — 100 % biodiesel by volume;

APR - aqueous-phase reforming

HFO — heavy fuel oil;

G — glycerol;

HFO-G — heavy fuel oil — glycerol emulsion;

LCA - life cycle assessment;

CO — carbon monoxide;

CO, — carbon dioxide;

NOy — nitrogen oxide;

SO; — sulphur dioxide;

MAC- maximum admissible concentration;

PM — particulate matter;

PAH — polycyclic aromatic hydrocarbon;

VOC - volatile organic compound;

ppm — parts per million;

HC — hydrocarbon;

FAME — fatty acid methyl ester;

USP - United States Pharmacopeia;

FCC - Food chemicals codex;
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PSA — pressure swing adsorption;

$ - American dollar;

€ - Euro;

H; — hydrogen;

atm — standard atmospheric pressure;
MONG — matter organic non — glycerol;
B — peak integral area;

K — constant;

A — X-ray wavelength;

t — crystal size;

0 - Brag angle;

C — concentration of the chemical air;

Q —rate of chemical emissions;

u — wind speed in x direction;

oy — standard deviation in y direction;
6, — standard deviation in z direction;

y — distance along a horizontal axis perpendicular to the wind,
z — distance along a vertical axis;

H — effective stack height;

AH — plume rise as defined by Briggs equation;
X — downwind distance;

u — wind speed in x direction;

F, — buoyancy flux;

g — acceleration due to gravity;

d — stack diameter;

V — exit velocity;

T, — absolute gas temperature;

T, — absolute air temperature.
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INTRODUCTION

The problem. The heavy fuel oil still is one of the most popular types of fuel in the major

heat supply and industrial boiler-houses in Lithuania. In the most region centres of Lithuania, which
are not connected to the natural gas network, the heavy fuel oil is the strategical fuel of a high
importance. In many cities heavy fuel oil is mostly used as an alternative for natural gas.
According to the order August 31, 2001 No. 438/268/266 signed by the Ministries of Environment,
Economy and Transport and Communications of Lithuanian Republic, prohibition for the heavy
fuel oil with sulphur content higher than 1 % usage came into force from January 1% 2004, unles the
SO, emission concentration level in the exhaust flue gas does not exceed value of 1 700 mg/Nm’.
Currently, the heavy fuel oil combustion MAC SO, values are defined in the normative document
LAND 43-2001 “Norms for the exhaust of pollutants from large fuel burning equipment®. Such
MAC SO, < 1 700 mg/Nm’ value can be obtained if heavy fuel oil is combusted with sulphur
content up to 1 % (according to the EU Directive 1999/32/EC). Neither SC ,,Mazeikiy nafta®, nor
Russia or Belarus oil refining companies produce heavy fuel oil, that would meet such requirements
(here sulphur content in heavy fuel oil ~ 2.0 - 2.5 %). In such a case, heavy fuel oil with sulphur
content ~ 2.2 % could be combusted in large fuel combustion equipment only if combined with at
least 50-55 % of biofuel. The biodiesel, produced from rape seed, does not emit sulphur compounds
during the combustion process. Only in such a case, when mixing the heavy fuel oil with biodiesel,
can the SO, emission level 1 700 mg/Nm’ and lower be achieved. Since the year 2008,
requirements for SO, emission will be even more strictened (according to the principle of linear
decrement 1 700 mg/Nm3 - 400 mg/Nm3), so the solution for this significant problem of Lithuania
energetics sector must be found as soon as possible.

Also, according to the Directive of the European Parliament and of the Council 2003/30/EC,
the use of biodiesel for transport is promoted. The attainable fuel quata is presented in this
Directive. By 2005, the minimum share of biofuels was 2 % and should gradually rise to 5.75 % by
the year 2010. With substantial increases in biodiesel output, there is inevitably proportionate
increase in glycerol volumes. The main restrictive factor for biodiesel production expansion - high
production costs and generated relatively large amounts of by-products. The cost of biodiesel is the
main hurdle to commercialization of the product. The main means for cost minimization and
profitability increment is the rational waste and by-products utilization.

The actuality of the investigation. Recently, the increase in crude oil prices, limited

resources of fossil oil and environmental concerns (lowering CO, emissions) leads to the significant

Dovilé Stepanonyté 13
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interest in biofuels. Biodiesel has become more attractive recently because of its environmental
benefits and the fact that it is made from renewable resources.

During rape seed oil transesterification by methanol a methyl ester biodiesel — rape methyl
ester (RME) - is produced. The biodiesel production generates wastestreams; however, unlike many
production processes, biodiesel production also produces by-products that are of significant market
value. In fact, the economic viability of today’s biodiesel industry is so sensitive that the overall
economic viability is highly dependent on the market price of these by-products. Glycerol is a major
by-product of the biodiesel production process, obtained through the transesterification reaction,
with most estimates of the by-product are as high as 10 % of the product output. High purity
glycerol has many potential customers in the world marketplace, including the pharmaceutical and
cosmetics manufacturers. However, biodiesel-derived glycerol is of poor quality and requires
expensive refining before it is suitable for new product technologies. So, it needs to be pointed out
that new niches for technically impure glycerol must be found with a view of biodiesel production
cost minimization and increment of competitiveness to conventional diesel.

Taking into account USA and EU Directives (Directive 2003/30/EC of the European
Parliament and the Council of 8§ May 2003 on the promotion of the use of biofuels or other
renewable fuels for transport), promoting biodiesel production and consumption extents, it could be
projected, that surplus glycerol will become even more sore point in a context of economically
viable and cost-effective biodiesel production development. At the present moment glycerol surplus
in a global market is significant. The expansion of biodiesel production worldwide is driving down
the value of glycerol and reducing by-product revenue of biodiesel and oleochemical producers. The
biodiesel production costs are higher than those of mineral diesel, therefore only efficient use of by-
products could enable biodiesel compete with coventional diesel in respect of production costs. To
ensure the future of this biofuel technology, the new outlets must be found for this by-product.

Lithuania, according to the EU Directive requirements, also promotes biodiesel production
and consumption, thus glycerol utilization researches are also in progress as well. Recently,
Lithuania with foreign associates participates in the scientific programme EUREKA for research in
glycerol utilization.

Investigation objective. The objective of investigation is the rape seed oil methyl ester
production by-product — glycerol utilization as related to SO, emission to the atmosphere lowering
it to MAC <1 700 mg/Nm’ level and economically beneficial glycerol utilization for biodiesel

production cost and glycerol surplus in the market reduction.
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Investigation tasks are the following:

1. To collect information from different sources and prepare a literature review for the
present situation of biodiesel production and by-product utilization practice.

2. To describe the present situation in Lithuania.

3. To investigate the heavy fuel oil — glycerol emulsion preparation, its stability,
homogeneity and dispersivity conditions and to obtain the most optimal solution.

4. To perform the phase composition and quantitative impurity analysis for the heavy fuel
oil - glycerol emulsion ash using the X-ray diffraction pattern analysis method at VGTU Institute of
Thermal Insulation.

5. To perform heavy fuel oil and prepared heavy fuel oil — glycerol emulsion combustion
experiments and measure CO, NOy, SO, and particulate matter emission concentrations in the
exhaust flue gas at JSC ,Rietavo veterinariné sanitarija“ boiler and to compare with their MAC
values.

6. To evaluate the heavy fuel oil — glycerol emulsion combustion process influence on SO,
emission concentrations.

7. To simulate model for dispersion of pollutants under various specific conditions.

Novelty of the investigation. The recent, traditional glycerol utilization methods leads to the
use of expensive distillation methods, thus the development of new, cost - effective technologies for
further new novel glycerol fraction applications is needed. The new solutions would eliminate an
unavoidably expensive glycerol phase processing and create conditions for more economically
efficient biodiesel production. This also would strenghten biodiesel and related companies viability
and competitive ability in local and foreign market. With reference to the results of this
investigation the probability to use heavy fuel oil modified by glycerol additive emulsion as a fuel,
with a purpose to meet the EU Directive 1999/32/EC requirements for SO, < 1 700 mg/Nm® and
glycerol utilization will be evaluated.

Practical value of the research. As a result of this investigation, the technological
regulations and recommendations would enable companies, which are interested in rational
biodiesel production by-product glycerol utilization, and also companies, using sulphurous heavy
fuel oil as a fuel to meet the EU requirements for heavy fuel oil combustion and to lower SO,

emission levels to the admissible concentrations.
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1. A REVIEW OF BIODIESEL PRODUCTION AND BY-PRODUCT UTILIZATION:
CURRENT SITUATION AND FUTURE PROSPECTS

1.1. A REVIEW OF THE SITUATION IN THE WORLD AND LITHUANIA

Nowadays we have based our mobility on the unrestricted use of fossil fuel. But these
resources are limited and using them often results in high environmental pollution. Substituting
mineral oil diesel with biodiesel from rape-seed oil in diesel engines is one way of reducing
environmental pollution. This option has now been fully researched, tested and demonstrated.

The global market for biodiesel is poised for explosive growth in the next ten years.
Although Europe currently represents 90 % of global biodiesel consumption and production, the
U.S. is now ramping up production at a faster rate than Europe, and Brazil is expected to surpass
U.S. and European biodiesel production by the year 2015. The biodiesel market in the U.S. has a
significant amount of room to grow to reach the status of its European counterparts. In Europe,
biodiesel represents 2 % of total on-road transportation fuel consumption and is expected to reach 6
% by 2010. The total biodiesel being sold in the U.S. amounts to less than 1/2 of 1% of all petro-
diesel on-road consumption in 2005.

As it is given in Fig. 1.1, close to 2 million tons of biodiesel were produced in 2004, mainly
in Germany, France and Italy. Production increased at ~ 35 % since 2002 and if the aim of the
Directive 2003/30/EC on the promotion of the use of biofuels for transport is attained, European
demand will increase to around 10 million tonnes per year (note : 1 tonne biodiesel equals 1.143

litres) [1].
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Fig. 1.1 Major EU biodiesel producers versus total EU production

It is estimated world production of biodiesel reached 3 billion litres per year in 2005/06 and

could be 3.7 billion litres per year in 2006/07. Biodiesel production has been driven in the European
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Union (EU) and the United States (US), however other regions are adopting biofuels at a rapid rate.
The US and EU markets are supported by government legislation, which has in affect created the
market for biodiesel, as it is still not as economical to produce as mineral diesel. The major
biodiesel producing countries are driven by similar goals - reduced pollution, increased jobs in the
rural sectors and a reduced reliance on imported mineral fuels. Each country has strong lobby
groups which reflect each of these causes. Malaysia and Indonesia are gearing up to supply the
global market with relatively inexpensive crude palm oil as a feedstock, and more recently plans
have begun to build biodiesel plants on several sites in the Association of South East Asian Nations
(ASEAN) region [1].

In other parts of the world, biodiesel is becoming increasingly important as governments
react to growing petroleum import dependency and enact new alternative fuels policies and targets.
Economic and environmental security concerns are giving birth to new government targets and
incentives in China, India, Brazil and Europe, aimed at reducing petroleum imports and increasing
the consumption and production of alternative and renewable fuels [2].

Use of biodiesel is most advanced in Europe [3]. B100 or pure biodiesel is now widely
available in Germany, Italy and Austria. In Germany there are over 1000 outlets where biodiesel is
cheaper than standard diesel. France, currently the largest user of biodiesel in the world, has a
minimum mix of 5 % in all diesel sold, with B50 becoming more common and popular. In both
Europe and the US some diesel car manufacturers have extended their warranties to cover biodiesel.
Biodiesel production in Europe and the US is given in Fig. 1.2 (million gallons/year; note: 1 US

gallon = 3.7854118 liters):
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Fig. 1.2 Absolute production of biodiesel 2002-2004 year
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Biodiesel production began in Austria in 1988 with a 500 t/y plant owned by a farmers’ co-
operative. Other plants soon followed, and the first industrial-scale biodiesel plant, with a capacity
of 10.000 t/y, started up in Austria in 1991. In the following years larger plants were established all
over Europe. Examples are Livorno, Italy (up to 80.000 t/y), Rouen, France (at 120.000 t/y the
world’s largest plant to date), Germany and Sweden. With 16 biodiesel plants, the Czech Republic
is the leader in number of sites.

The EU is today the principal region in the world having developed biodiesel sector. Europe
produced 1.434.000 tons of biodiesel fuel in 2003, representing an average annual increase of 34.5
%, corresponding to 26 times the amount produced in 1992. Even though there is currently a
production over capacity in Europe, numerous new units should be created over the next years to
meet the requirements of the European directive on biofuels. The leading European biodiesel
producer is Germany, with a production of 715.000 tons. France, which was the leading biodiesel
producer until 2001, produced 357.000 tons in 2003, ahead of the other European Union countries
such as Italy (273. 000 tons). Evolution of the biodiesel production in the EU-15 is given in Fig. 1.3

[4]:
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Fig. 1.3 Evolution of the biodiesel production in the EU-15

Biodiesel accounted for nearly 80 % of EU biofuel production in 2004. Production was
close to 2 million tonnes compared with 1.5 million tonnes in 2003 - a 29.6 % growth in a single
year. Germany produced over half of the EU's biodiesel, with production above one million tons for
the first time. This can be explained by very favourable legislation that permits a total tax
exemption for biofuels whether they are pure or mixed with fossil fuels. Among the new Member
States, the Czech Republic is the biggest biodiesel producer [5]. Biodiesel production in Europe is

growing, and is becoming an important part of the European market for rapeseed. Annual biodiesel
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output is now over a million tons per year and requires the input of an estimated 2.7 million tons of
oilseed. Biodiesel is not cost competitive with petroleum diesel without subsidies or tax incentives
except in cases where petroleum prices are high in the extreme and vegetable oil prices are low.
Biodiesel has a major advantage over petroleum diesel in that it is derived from renewable sources;
thus, on a net basis, fewer greenhouse gases such as carbon dioxide are emitted into the atmosphere.
The political support for the production and consumption of biodiesel and renewable fuels appears
to be present to expand the biodiesel industry [6].

Two factors have contributed to Europe's aggressive biodiesel industry expansion (see Table
1.1). First, in 1992, reform of the Common Agricultural Policy addressed European agricultural
surpluses by idling some land used for food production through a set-aside policy. This policy,
which provides a substantial subsidy to non-food crop production, stimulated the use of set-aside
land for non-food purposes. In some instances the set-aside subsidy is topped up if the land is

planted to raw material for biodiesel production.

Table 1.1 European Union: Estimated biodiesel production, 2005/2006 (thous. t.)

COUNTRY 20035 Capacity | zoo06 Capacity
GETIAnY 1.5203 2.681
Italy 27 BL7
France 532 775
TE 129 445
Spain 100 224
Cczech Republic ig8 203
Foland o0 150
Fortugal 6 146
Amnstria 125 134
slovakia 89 89
Belginm o5 a5
Drenmark g1 g1
Greace 35 75
Sweden 12 52
Estonia 10 20
slovenia 17 17
Hungary ] 12
Lithmamnia 10 10
Latvia 5 8
ralta 2 3
Cyprus 2 2
TOTAL 4,228 &5.069

In September 2001 the Directorate — General Transport and Energy of the European
Commission drafted a proposal for a Directive of the European Parliament and of the Council on

the promotion of the use of bio-fuels for transport. In essence, the proposed directive aimed at
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increasing the use of biofuels for transport within the EU by requiring that a minimum percentage
of the total transport fuels sold in each Member State is biofuels in pure or blended form. By 2005,
the minimum share of biofuels should be 2 % and should gradually rise to 5.75 % by the year 2010
(these quantitative commitments set out have not been applied before 2005 in order to allow
sufficient time for Member States to establish the necessary production facilities). In order to
achieve this directive gave Member States the option of applying a reduced rate of excise duty to
pure or blended bio-fuels. The introduction of the EU’s directive has led to a large increase in
biofuels production, an increase of around 100 % over the last five years.

In response to increased demand for industrial oilseeds for the manufacture of biodiesel, set-
aside land planted to oilseeds for industrial purposes is estimated to have increased by 50 percent in
1995-1996 to about 0.9 million hectares. If recent increases in industrial oilseed production are
maintained, the Blair House Agreement limit of 1.0 million tonnes in soybean meal equivalent
could be approached and/or exceeded within the next few years. Second, high fuel taxes in
European countries normally constitute 50 % or more of the retail price of diesel fuel. The majority
of European governments believe that the alternative use concept for cereal grains has little
economic justification and will in fact merely add to, rather than relieve, pressures on agricultural
budgets.

Europe, Frost & Sullivan industry experts [7] anticipate annual market growth of up to 26 %
per annum until 2011 (Fig.1.4), since the imports of vegetable oil from all over the world are on the
increase and the enormous potential cultivation area for renewable raw materials in Central and
Eastern European countries is increasingly being developed. ~ 11 million tons of biodiesel is

projected to be produced in EU until 2010, so ~ 1.16 mln tons of glycerol will be generated then.
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Fig. 1.4 Annual market growth projections 2001 — 2011 year

Dovilé Stepanonyté 20



INVESTIGATION OF RAPE SEED OIL METHYL ESTER PRODUCTION AND BY-PRODUCT UTILIZATION

Despite strong political opposition, however, the European Parliament in February 1994
adopted a 90 % tax exemption for biodiesel. The combination of legislation supporting the use of
alternative fuels, differential tax incentives and oilseed production subsidies, resulted in biodiesel
being priced competitively with diesel fuel in a number of European countries. Tax incentives take
the form of significantly reduced assessments or exemption from taxes normally assessed on diesel
fuel.

As of 1995, western European biodiesel production capacity was over 1.1 million tonnes per
year largely produced through the transesterification process. This adds over 80,000 tonnes of
glycerol by-product to the market annually and has created a glut of glycerol on the market. In fact,
Germany is limiting production of biodiesel using the transesterification process because of an
excess supply of glycerol. One method of disposal of the excess glycerol is incineration; however
this wastes a manufactured product, creates an environmental risk and results in additional costs.
Germany is now focussing on biodiesel production using the cold pressed rapeseed method to avoid
the excess glycerol problem. In some European countries some marketing cooperatives have
produced biodiesel in a small scale through the transesterification process for their own
consumption. However, utilization of the glycerol by-product remains a problem.

Several other European countries have been considering biofuels policies as part of efforts
to achieve the EU biofuels target of 5.75 % of transport fuels by 2010. The proportion of biofuel in
total fuel consumption in EU contries meeting the target levels set in EU Directive 2003/30/EC [8]

is given in Table 1.2:

Table 1.2 Meeting target quantities in 2005 according to guideline 2003/30/EC

Meeting target quantities in 2005 according to
L] L]
gu1del1ne 2003/3 OIEC (proportion of biofuel in total fuel consumption)
EU member state Market share % ‘ EU member state Market share %
Belgium 2° Spain 2
Denmark 0 Estonia 0
Germany 2 Latvia 2
Finland 0.1 Lithuania 2
France 2 Malta 0.2
Greece 0.7 Poland n.a.’
Great Britain 0.2 Czech Republic 2.6 *
Ireland 0.1 Hungary 0.6
Ttaly n.a. Slovenia n.a.’
Netherlands 1.2 Slovakia 2
Austria 2.5 Cyprus n.a.
Portugal 1.2 Luxembourg n.a.’
Sweden 3 EU-25 1.4
“An offictal raport has yet to be submitted to the Commision, * 1 tal rise to 2.0 % by 2000
Source: EL- Commission, Varsion: 03,2005 Ufﬁp
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An EC Directive in 2003 provided targets for each country to meet by 2005 (2 %) and 2010
(5.75 %). Although the targets are voluntary, countries have had to submit plans for meeting targets,
or justifications for why they won’t. Some EU members have recently enacted biofuels promotion
laws or binding targets, including Hungary, which mandates 2 % of total energy from biofuels by
2010, and the Netherlands, with a target of 2 % of transport fuels.

The current situation in Lithuania. After entering the EU, Lithuania also committed itself
unconditionally to the Kyoto Protocol and various EU environmental directives. Apart from other
measures, the use of biofuels is to be increased considerably. On January 18, 2007 Lithuania
published an Updated National Energy Plan which emphasizes its commitment to renewable
energy, both biomass and biofuel. Lithuania aims to become less dependent on the world market for
its energy needs. It is currently heavily dependent on Russia, particularly for inputs for its nuclear
power plant and for natural gas. There is a general concern that Russia has become an unreliable
energy source, noting problems with the Russian energy supply to several of the countries in the
region. In addition, the high price of oil has also generated interest in alternative energy sources.

Since the beginning of April 2006, the diesel sold in petrol stations in Lithuania has been
blended with rapeseed methyl ester (RME), and petrol with ethyl alcohol (ethanol). The obligatory
use of biofuel was introduced by the Law on Biofuel [9] that was passed in 2000. Of course,
Lithuania cannot compete with Brazil, which has been the leader in the use of biofuel for several
decades, and produces half of the world’s ethyl alcohol. Neither can it compete with Germany,
which produces and uses the largest amount of biodiesel in Europe, at about two billion litres a
year. EU standards allow for the blending of up to 5 % of products of biological origin with fuel. In
such cases, special notice is not required at the point of sale. In most countries, a much larger
percentage of products of biological origin is allowed. For example, in America, the blend standard
is 10 % and in Brazil as much as 90 %.

Mazeikiy Nafta and Lukoil Baltija are still the largest companies which blend fuel with bio-
additives. The latter, which sells oil products, was the first to blend RME with diesel fuel, and ethyl
alcohol with petrol. It began to sell biofuels of both types, biodiesel and 92e5 petrol, in its petrol
stations a few years ago. Biodiesel price is similar to petrodiesel costs or even higher.

There are ten companies in Lithuania which plan to produce or are already producing
biological additives for fuel. While some are waiting for support from EU funds, or trying to decide
on sale prices, or looking for suppliers of the raw material, others can barely keep up with the
market and increase their production. JSC ,,Rapsoila®, which is located in the Mazeikiai region,
near the border with Latvia, belongs to the latter group. The picture of major Lithuanian rape seed

methyl ester producer JSC “Rapsoila” is given in Fig. 1.5:
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Fig. 1.5 JSC “Rapsoila” — the major RME producer in Lithuania

Four years ago it was the first company in Lithuania which began to produce biofuel. For
the last few years, its factory has been processing 30,000 tonnes of rapeseed, and out of the pressed
oil it has obtained 10.000 tonnes of RME each year [10]. It aims to increase production capacity to
the 30.000 tones of biodiesel in 2007. The company buys both rapeseed oil and rapeseed from
farmers and other companies. JSC ,,Rapsoila“ has a quality certificate, which testifies that the RME
it produces corresponds to the European standard. The biodiesel producton by-product rapeseed
oilcake is becoming more popular among cattle breeders. The company used to export a large
amount of it, but now they can hardly keep up with the demand of the local market. Rapsoila makes
biofuel only out of locally grown rapeseed. The company sells most of production to Mazeikiuy
Nafta and Lukoil Baltija, and some to the Statoil chain of petrol stations. Last year, though, when
the demand for RME was not high, they sold 65 % of their production to Germany, as the demand
there exceeded the rate of production. Now biodiesel costs the same as traditional diesel. It is
predicted, that if the demand does not exceed supply, the price will not rise. Though an ecological
product should cost more, like, for instance, ecological food products, but biofuel prices should be
competitive to conventional fuel to remain competitive and marketable. As the biodiesel in petrol
stations is now blended, anyone can use biofuel. However, a few years ago, when biofuel was still
making its way into the market, promotion campaigns were very necessary. Mazeikiy
Autotransporto Ukis was one of the first to use the biodiesel made by Rapsoila. Four of the
company’s buses filled their petrol tanks with pure RME, and 20 others used RME mixed with
traditional diesel. Vilnius city also participated in the biodiesel promotion campaign. In 2004, more
than half (136) vehicles of Vilniaus Autobusai filled their tanks with ecologically clean Rapsoila
fuel.
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The obligatory consumption for Lithuania of the 2 % biofuel, in accordance with the EU
directive, amounted to 20.000 tonnes in 2006 [11]. Of this, RME is 14,000 tonnes, and bio-ethanol
6.000. This target is quite easy for Rapsoila alone to achieve. It has been producing most of the
RME so far. The second ‘veteran’ in the production of bio-additives is the Stumbras distillery. The
company’s operation in Siluté has been going for three years now, and manufactures about 10.000
tonnes of bioethanol a year.

Biodiesel production capacities and perspectives in Lithuania are reflected by Fig. 1.6.

thous. tors of lhochesel

2004 2005 2006 2007 2008 2009 2010

O Prochiced
B Comnatment according to EU Directive

Source: Lithuanian energy institute

Fig. 1.6 Biodiesel production development in Lithuania

According to the Ministry of Agriculture, ~ 24.000 tonnes of RME will be needed in 2007,
and ~ 29.000 tonnes in 2008. ~ 7.000 tons of biodiesel was produced in 2005 along with ~ 742 tons
of glycerol generated. Moreover, according to the commitments to EU, at least ~ 40.000 tons of
biodiesel should be supplied to the market in 2010, and this would lead to 4.000 tons of glycerol.
Accordingly, the current situation shows that the production capacity is quite enough for the
manufacture of the necessary quantity of biofuel. In addition, there is a real flurry on the biofuel
market. As long as oil prices remain at around fifty dollars a barrel or even higher, the manufacture
of biofuel will have great potential. Currently oil prices are about seventy dollars a barrel or higher,
so the business is very profitable. That’s why many people are investing in factories in order to get
a share of the market.

What concerns biodiesel by-products utilization practices in Lithuania, the similar problems
are observed. Recently, the rape meal has found its utilization niche, though glycerol utilization
question remains under a big question-mark. Currently, the largest biodiesel producer JSC
“Rapsoila” deposits surplus glycerol in the repositories and is expect for the potential customers

along with novel niches for glycerol utilization.
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Arvi, a new Marijampolé-based company producing biodiesel, is opened. With investment
exceeding 23 million litas, the company appeared on the premises of “Arvi Cukrus”, in Vilkaviskis.
The projected capacity is 12.000 tonnes per year. It will produce biodiesel from rape grown by local
farmers, and lard to be supplied by “Rietavo Veterinarin¢ Sanitarija”, a company also owned by
Arvi. “Arvi Cukrus” has signed numerous agreements with local farmers on buying up rapeseed.
Half of the fuel manufactured will be used for company transport, and the rest will be sold. The
Joniskis-based company “Siaurés Vilkas” is also making great efforts to enter the biofuel market. It
is marketing rape, wheat and barley both at home and abroad. In 2005, the company acquired the
bankrupt oil producer “Obeliuy Aliejus” in an auction, and set up “SV Obeliai”, a special company
for manufacturing biofuel. To start the new business, it took out a three million euro loan (10.4 min
Lt), and expects to receive 3.5 million litas more from EU structural funds [12]. At the moment, the
projected production capacity is 6.000 tonnes a year, but the company has ambitious plans for next
year.

The farmers who grow rape and sell the seed earn about 2.100 litas per hectare. If they sell
their own pressed oil, oilcake and rape straw, with subsidies from the state, they can get over 3.200
litas per hectare. The cost price of biofuel is about a third higher than that of oil products.
Therefore, without state support, the business would make a loss. Biodiesel and bioethanol are
made from rapeseed and grain respectively, and the manufacture of the fuel should be subsidised in
order to make it affordable for the customers. It is estimated that a tonne of biodiesel would require
a 450-litas subsidy, and a tonne of bioethanol about 200 litas. According to the Biofuel Association,
the aggregate total of subsidies for biofuels would amount to 14.1 million litas this year, including
9.1 million litas for biodiesel and 5 million litas for bioethanol. In 2007, the projected subsidies for
the acquisition of grain should amount to 9.12 million litas, and for rapeseed 24 million litas. In
2008, it should be 12.54 million litas and 36.8 million litas respectively. In 2007, manufacturers of
bioethanol will be compensated 114 litas per tonne for the acquisition of grain, and manufacturers
of RME, 160 litas per tonne for the acquisition of rapeseed. In 2007, the need for rapeseed will
reach 600,000 tonnes. In 2006, farmers harvested only 239.000. So, the farmers should significantly
increase productivity. According to experts, the quantity of rapeseed grown in Lithuania is enough
for one medium-size plant. Average EU biodiesel plants process from 200.000 to 400.000 tonnes a
year. This kind of capacity allows them to remain competitive.

The development of the biofuel market is a strategic objective for the country, leading us to
independence from Russia in energy terms. Needless to say, this business will contribute to the
creation of job opportunities in rural and urban areas, increase farmers’ earnings, and provide an

opportunity to choose an ecological and quite inexpensive fuel.
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1.2. MAIN RAPE METHYL ESTER (RME) CHARACTERISTICS

Tackling climate change presents a major challenge to society to find ways of cooperating
and innovating to make possible the big cuts in carbon emissions that are necessary. Biofuels from
crops offer not just the potential for significant carbon reductions from transport, but other
environmental benefits as well.

"The use of vegetable oil as a fuel may today be rather insignificant, but such products can
become very important over time such as petroleum and coal-tar-products today." Even though
these perceptions may sound new today, they were written down in the year of 1912 by Rudolf
Diesel in a patent specification. It took about 80 years until vegetable oil actually played a role as a
fuel [13].

In any case it is a high-tech product that contributes a great deal to the reduction of noxious
exhaust fumes and thereby represents an important relief to the environment. Biodiesel is the name
of a clean burning alternative fuel produced from domestic renewable resources [14]. Biodiesel is
produced from any fat or oil through a refinery process called transesterification. Biodiesel can be
used directly as a fuel or blended with petrodiesel. The most common blend being 20 % biodiesel
by volume with 80 %, petroleum diesel represented as BD20. Its physical and chemical properties
as it relates to operation of diesel engines are similar to petroleum based diesel fuel. Biodiesel is
clean, environmentally friendly, burns completely, easily biodegradable, and emits less pollutions
than diesel oil when used in diesel engines.

In Europe the use of rapeseed oil fuels in diesel engines has been intensively investigated
since the beginning of the on-going energy crisis. In the beginning, the emphasis was placed on the
technical possibilities associated with the use of rapeseed oil as a fuel. However, research has
shown that pure rapeseed oil can only be used in specially designed engines. Research that followed
indicated that rapeseed oil methyl ester (RME) was a suitable replacement for petroleum diesel fuel
(DF). After this discovery, research has focused on the engine exhaust emissions that result when
fueling with both unmodified rapeseed oil and RME. In the USA research has focused on soybean
oil methylester (SME). Nowadays both RME and SME are called biodiesel. Initially,
environmentally relevant research concentrates on the federally regulated hydrocarbons (HC),
carbon monoxide (CO), and nitrogen oxides (NO) exhaust gas emissions. In addition, a series of
current publications compare the environmentally important but nonregulated polycyclic aromatic
hydrocarbons (PAH), aldehydes, and ketones and in some cases, the aromatic compounds.

Rape methyl ester (hereinafter referred to as RME) is the rape methyl ester that is produced

from the rape-oil by the esterification and that is intended for the diesel engines. Usually the mix of
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the traditional diesel fuel and RME, which is called biodiesel, is used for engines. The optimum mix
of biodiesel fuel is when the composition of mix is 35 % of RME and 65 % of traditional diesel
fuel. As the producers of RME, “Rapsoila” JSC, claims the ratio of RME may be increased up to 50
percent. Biodiesel improves the lubrication of the engine. If the biodiesel fuel is used, the smokiness
is reduced by 60 % in comparison to the mineral diesel fuel; due to this fact, while executing the
technical inspection of the vehicles in accordance to LAND 15-96, the vehicles, which technical
condition do not allow their exploitation, if the traditional mineral diesel fuels are used, will be
possible to exploit while using the biodiesel fuel. RME is characterized for the bigger amount of
oxygen in comparison to diesel fuel (10.8%); due to this fact it burns much better in the engine. The
bio raw materials are neutral in regard to emissions of CO; [15].

The temperature of the combustion of RME is higher than 1200°C whereas the temperature
of the combustion of the diesel is only about 550°C. In regard to fire prevention, the RME is more
suitable for stationary engines that work indoors and for the engines of the vehicles that carry
people, fuel, dangerous materials and etc. The cetene number of diesel fuel is not less than 51 (the
minimum limit during the winter season is 48), and the cetene number of RME is 51. So these fuels
are very similar. The bigger the cetene number, the more quickly the fuel is inflamed and it is more
easy to start the engine that is very important during winter season.

The density is also very important characteristic of fuel. It helps to decide on the chemical
and fractional composition, the viscosity and the calorific value of the fuel. The density of the diesel
is 0.82-0.845 g/cm’, and the density of RME is 0,84-0,89 g/cm’, if the temperature is 150°C. The
density of RME is less dependable on the temperature. Due to the higher density of RME, a smaller
quantity of RME 1is used while going the same distance.

The kinematic viscosity of diesel fuel in the temperature of 400°C is 4.5mm?s; the
kinematic viscosity of RME in the same temperature is 3.5-5.0 mm?/s. In regard to these facts, the
better qualities belong to the diesel fuel because it better filtrates through cleaning filters, its fluidity
is better. However, the more viscous fuel has better lubricating and sealing qualities. The ash-
content increases not only the quantity of slag, but also it increases the abrasion of cylinder. Due to
these facts, the ash-content should not be higher than 0.01 %. Yet, the ash-content of RME is 0.02
%. However, the ashes of RME are of biological nature and are not characterized by the abrasive
qualities.

Biodiesel dissolves the deposits that accumulate in the tanks of fuel, the housings of filters
and pipelines during the longer period of time. The rapidly increased quantity of contamination may
block the filters of fuel system and disorder the work of entire supply system. It is particularly

relevant, if the fuel is kept in the casual unclear tanks or if infiltrated fuel is poured to the tanks.
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Due to this reason it is recommended to clean the entire supply system, to change the filtrating
elements before the usage of biodiesel.

The biodiesel slightly changes rubber parts. However, the research that has been carried out
in the Czech Republic showed that the negative effects are not so intense if the mix of 30 % of
RME and 70 % of mineral diesel is used; this mix may be used in the usual engines without

changing their construction and exploitation requirements [16].

1.3. ADVANTAGES AND DRAWBACKS OF BIODIESEL FUEL

Key benefits of Biodiesel [17]:

e Similar physical and chemical properties to petroleum diesel.

e For each unit of energy input, biodiesel creates 3 or more energy units.

e Engine performance is virtually the same as petroleum diesel. Higher cetane value than
conventional diesel, means reduced knocking and smoother running engine.

e [t can be used in almost any diesel with little or no engine modification.

e Non-toxic, biodegradable and essentially free of sulphur and carcinogenic benzene. No
danger from oil spills and safer to handle.

e Safe storage is possible due to the higher flash point of biodiesel. This reduces risk of fire in
transport, storage and delivery of biodiesel.

e Produces a significantly improved emissions profile because it contains virtually no sulphur
or carcinogenic benzene.

e Markedly improves combustion and makes for a significantly cleaner burn because biodiesel
supplies additional oxygen (contains 11 % oxygen by weight vs. diesel has 0 % oxygen).
Biodiesel have higher oxygen content which ensures complete combustion of hydrocarbon.

e Mixes readily with petroleum diesel, making it a very effective fuel additive. In a 20 %
blend with diesel, emissions are significantly reduced.

e Improved lubricity of the fuel means there is less need for maintenance of injectors and
injector pumps.

e C(Cleans fuel system instead of leaving deposits like normal diesel does.

e Quality is assured by ASTM standards.

Socio-Economic benefits of Biodiesel use:

e Expansion of farming capacities.
e C(Creates new production jobs and a new industry.

¢ Insurance against oil embargos.

Dovilé Stepanonyté 28



INVESTIGATION OF RAPE SEED OIL METHYL ESTER PRODUCTION AND BY-PRODUCT UTILIZATION

e Reduces dependency on foreign oil.

Environmental benefits of Biodiesel use:

e It's a renewable energy source — inexhaustible energy source.

e It reduces the emission of particulate matter by 40 %, carbon monoxide by 44 %, unburnt
hydrocarbon by 68 %, polycyclic aromatic hydro-carbons by 80 %, carcinogenic nitrated
PAHs by 90 % on an average compared to petrodiesel.

e Sulphur emissions are essentially eliminated with pure biodiesel. The exhaust emissions of
sulphur oxides and sulphates (major components of acid rain) from biodiesel are essentially
eliminated compared to diesel.

e Free of carcinogenic benzene and other carcinogenic emissions are reduced.

e [t is safe to handle as it is non toxic and biodegradable.

e Does not increase life cycle carbon (CO;) in the atmosphere helping stop global warming.
Decreases fossil fuel based CO, by 78 %.

e Reduces hydrocarbon (HC), carbon monoxide (CO), particulate (PM;) emissions and flue

gas.

One of the major selling points of biodiesel is that is environmentally friendly. Biodiesel has
fewer emissions than standard diesel, is biodegradable, and is a renewable source of energy.

Emissions control is central to the biodiesel argument, especially in legislation matters.
Sulphur and its related compounds contribute to the formation of acid rain; carbon monoxide is a
widely recognized toxin; and carbon dioxide contributes to the greenhouse effect. There are also
some lesser known compounds that cause concern, such as polycyclic aromatic hydrocarbons
(PAHSs), ring-shaped compounds that have been linked to the formation of certain types of cancer.
Particulate matter (PM) has negative health effects, and unburned hydrocarbons contribute to the
formation of smog and ozone.

Biodiesel does reduce hazardous emissions. Of the current biofuels, biodiesel is the only
one to have successfully completed emissions testing in accordance with the Clean Air Act.
Biodiesel has similar properties to petroleum diesel fuel and can be blended with petroleum diesel
fuel at any ratio [18]. In addition, B100 (pure biodiesel) can reduce CO, emissions by 78 % and
lower the carcinogenic properties of diesel fuel by 94 %.

Another feature of biodiesel is that it is biodegradable, meaning that it can decompose as the
result of natural agents such as bacteria. According to the EPA (Environmental Protection Agency),

biodiesel degrades at a rate four times faster than conventional diesel fuel. This way, in the event of
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a spill, the cleanup would be easier and the aftermath would not be as frightening. This would also
hold true for biodiesel blends. The high environment friendliness of biodiesel is being highlighted
by its classification as water hazardous class 1, meaning that biodiesel is being classified a not very
hazardous to water. The traditional diesel is classified as water hazardous class 2. The reason results
in a higher biological degradability of biodiesel. Within 21 days biodiesel is biologically degradable
by 98 %. As a comparison: Mineral diesel reaches a biological degradability of only 70 %.

Biodiesel could also lower dependence on imported oil and increase our energy security.

Biodiesel also contributes to an engine's lubricity, or its ease of movement. Biodiesel acts as
a solvent, which helps to loosen deposits and other gunk from the insides of an engine that could
potentially cause clogs. Since pure biodiesel leaves no deposits of its own, this results in increased
engine life. It is estimated that a biodiesel blend of just 1 % could increase fuel lubricity by as much
as 65 %.

Biodiesel is also safer. It is non-toxic (about 10 times less toxic than table salt) and has a
higher flashpoint than conventional diesel. Because it burns at a higher temperature, it is less likely
to accidentally combust. This makes movement and storage regulations easier to accommodate.

Esterified biomass oils are suitable for application in diesel engines as their viscosity,
density, and cetane number are similar to those of diesel [19]. (RME) indicates a higher cetane
number for RME compared to regular diesel. This results in a good ignition quality, which means
higher engine efficiency and a better prospect for emission reduction. RME density is slightly
higher than of diesel, compensating for the reduced energy content of RME to some extent as per
volume LCV are closer. This lower value is due to the much higher oxygen content of RME
compared to diesel. Because vehicles using RME have, on an energy basis, the same fuel
consumption as those running on diesel fuel, this lower energy content leads to larger fuel
consumption. Biodiesel can be easily used in existing diesel engine in its pure form or in any
blending ratio. Unlike ethanol though, the use of biodiesel in pure form requires min or engine
adaptation as it is not compatible with some types of synthetic and natural rubbers. Biodiesel
properties are related to the oil they come from. RME and SME present better freezing point
properties than palm oil methyl ester for instance.

Biodiesel have similar properties than diesel. However they shown better lubricity, no
aromatic or sulphur contaminant and higher cetane number which allow lower emissions of most of
the pollutants common with petroleum products. US Environment Protection Agency (EPA)
reported that the potential for emission reduction of a fuel is almost linear to its biodiesel
concentration, with the exception of NOy. One of the major advantages to compare to diesel is its

ability to reduce SOy emissions. Sulphur which increase lubricant properties of diesel can be
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replaced by a small quantity of biodiesel. However, this may require high concentrations of
biodiesel depending on the goal sought after.

Biodiesel is non-toxic, biodegradable, and especially beneficial for use in urban, enclosed,
or environmentally sensitive areas. It has even been used for crude oil clean-up. A 5% blend

eliminates microbiological contamination in fossil diesel.

Drawbacks of Biodiesel [20]:

e Cost of biodiesel production is curently high.

e Disadvantages of using biodiesel produced from agricultural crops involve additional land use,
as land area is taken up and various agricultural inputs with their environmental effects are
inevitable.

e Solidification and thus clogging of the system at lower temperatures persists. It requires special
anti freezing agents.

¢ Biodiesel has high viscosity during fuel injection.

e Pure biodiesel reduces the fuel economy and power by 10 %.

e In the first weeks of using biodiesel, the fuel system is being cleaned so there may be a few fuel
filter changes to be made.

e Biodiesel is less suitable for use in low temperatures. Cloud point and gel point are higher — can
be solved by using anti-gelling agents.

e Engines prior 1993 that are going to use 100 % biodiesel should change their rubber seals with
VitronTM or other non-rubber seals (a blend of up to 35 % biodiesel can be used with no
changes).

e NOy emissions are not reduced. Interested parties are developing fuel formulation, fuel additive,
and engine operational strategies to eliminate it. Transportation & storage of biodiesel require
special management. Some properties of biodiesel make it undesirable for use at high
concentrations. For example, pure biodiesel doesn't flow well at low temperatures, which can
cause problems for customers with outdoor storage tanks in colder climates. A related
disadvantage is that biodiesel, because of its nature, can’t be transported in pipelines. It has to
be transported by truck or rail, which increases the cost.

e There have been a few concerns regarding biodiesel’s impact on engine durability.
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One of the problems with the fuel itself is the increase in NOy in biodiesel emissions. Often,
in diesel fuel manufacturing, when you decrease the amount of particulate matter in the emissions,
there is a corresponding increase in nitrogen oxides, which contribute to smog formation. Though
some of this can be addressed by adjusting the engine itself, that's not always feasible. There are
technologies being researched to reduce NOy amounts in biodiesel emissions. Nitrogen oxide
emissions from biodiesel blends could possibly be reduced by blending with kerosene or Fischer-
Tropsch diesel.

Another problem is biodiesel's behavior as a solvent. Though this property is helpful, it's
kind of a double-edged sword. Some older diesel vehicles (such as cars made before 1992) may
experience clogging with higher concentrations of biodiesel. Because of its ability to loosen
deposits built up in the engine (which may be there from old diesel fuel), biodiesel can cause the
fuel filter to become jammed with the newly freed deposits. Biodiesel manufacturers suggest
changing the fuel pump shortly after switching to high-concentration biodiesel blends. Components
within these older fuel systems may also become degraded. In addition to deposits within the fuel
system, biodiesel also breaks down rubber components. Some parts in the older systems, such as
fuel lines and fuel pump seals, may become broken down due to their rubber or rubber-like
composition. This is usually remedied by replacing such components. Though many manufacturers
have included biodiesel in their warranties, potential for problems could still exist.

Also, in some engines, there can be slight decrease in fuel economy and power. On average,
there is about a /10 % reduction in power. In other words, it takes about 1.1 liters of biodiesel to
equal 1 liter of standard diesel.

The major drawbacks to biodiesel are connected to the bigger picture, namely the market
and associated logistics. Of these, the most important is cost. This all depends on variables such as
the feedstock used and market conditions.

The other, perhaps more important issue is that of amount and availability. Though
biodiesel isn't necessarily produced in countries, it can be made available in all of them. There are
three major ways to get biodiesel, with each particular method better suited for certain types of
customers. Biodiesel can be purchased directly from the supplier, from a petroleum distributor, or

from public pumps. This production is flexible, and can be increased or decreased as needed
1.4. COMPARISON OF PETROLEUM DIESEL AND BIODIESEL EMISSIONS

Biodiesel is the only alternative fuel to have fully completed the health effects testing
requirements of the Clean Air Act. The use of biodiesel in a conventional diesel engine results in

substantial reduction of unburnt hydrocarbons, CO and PM compared to emissions from diesel fuel.
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In addition, the exhaust emissions of sulphur oxides and sulphates (major component of acid rain)

from biodiesel are essentially eliminated compared to diesel (Fig. 1.7) [21]:
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Fig. 1.7 Relative emissions: diesel and biodiesel

Compared with conventional diesel fuel, diesel-biodiesel blends showed lower carbon
monoxide (CO), and smoke emissions but higher oxides of nitrogen (NO,) emission.

It becomes obvious that by use of RME the cancerogenic danger is significantly lower
compared to diesel engines. On the other hand, the aldehyde emissions of biodiesel induce
disadvantages for this alternative fuel.

The benefit of using biodiesel is proportionate to the blend level of biodiesel used.
Substituting B100 for petroleum diesel in vehicles reduces the life cycle consumption of petroleum
by 95 %. A 20 % blend of biodiesel and petroleum diesel (B20) causes the life cycle consumption
of petroleum to drop 19 %.

Biodiesel decreases the solid carbon fraction of particulate matter (since the oxygen in the
fuel enables more complete combustion to CO,), eliminates the sulphur fraction (as there is no
sulphur in the fuel), while the soluble or hydrogen fraction stays the same or is increased.

The most common blend rate is 20 % biodiesel, 80 % petroleum diesel. This mixture is
referred to as B20. Pure or neat biodiesel is called B100 [22]. Emission results for pure biodiesel
(B100) and mixed biodiesel (B20-20 % biodiesel and 80 % petrodiesel) compared to conventional
diesel are given in Table 1.3 [23]:
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Table 1.3 Average biodiesel emissions compared to conventional diesel

Emissions B100 B20
Regulated Emissions

Total Unburned Hydrocarbons -93% -30%

Carbon Monoxide -50% -20%

Particulate Matter -30% -22%

NO, +13% +2%

Non-Regulated Emissions

Sulphates -100% -20%*

Polycyclic Aromatic Hydrocarbons -80% -13%
NPAH (Nitrated PAHs)** -90% -50%***

Ozone Potential of Speciated HC -50% -10%

Life-Cycle Emissions

Carbon Dioxide (LCA) -80%

Sulphur Dioxide (LCA) -100%

*Estimated from B100 results. **Average reduction across all compounds measured.
*#*2-nitroflourine results were within test method variability.

Of the major exhaust pollutants, both unburned hydrocarbons and nitrogen oxides are ozone
or smog forming precursors. The use of biodiesel results in a substantial reduction of unburnt
hydrocarbons, carbon monoxide and particulate matter. Emissions of nitrogen oxides are either
slightly reduced or slightly increased depending on the duty cycle of the engine and testing methods
used. Based on engine testing, using the most stringent emissions testing protocols required by EPA
for certification of fuels or fuel additives in the US, the overall ozone forming potential of the
speciated hydrocarbon emissions from biodiesel was nearly 50 percent less than that measured for
diesel fuel [24].

The life-cycle production and use of biodiesel produces approximately 80 % less carbon
dioxide and almost 100 % less sulphur dioxide compared to conventional diesel. From Table 1.3 it
is clear that biodiesel gives a distinct emission benefit almost for all regulated and non-regulated
pollutants when compared to conventional diesel fuel but emissions of NOy appear to increase from
biodiesel. NOy increases with the increase in concentration of biodiesel in the mixture of biodiesel

and petrodiesel. This increase in NOx may be due to the high temperature generated in the fairly
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complete combustion process on account of adequate presence of oxygen in the fuel. This increase
in NOy emissions may be neutralized by the efficient use of NOy control technologies, which fits
better with almost nil sulphur biodiesel than conventional diesel containing sulphur.

The study on mechanism of soot formation from diesel as well as biodiesel (RSME)
indicates reduction in total particulate matter. When the engine is operated on RSME, soot
emissions (insolubles) are dramatically reduced, but the proportion of emissions composed of fuel
derived hydrocarbons (fuel solubles), condensed on the soot, is much higher. This implies that the
RSME may not burn to completion as readily as diesel fuel. Since concern over particulates arises
partly from the potential harmful effects of the soluble fraction, it might be suspected that emissions
from RSME would be more harmful however data shows no tendency for the mutagenicity of
exhaust gas to increase for a vehicle running on 20 % RSME and 80 % diesel blends.

Comparative emissions of greenhouse gases for diesel and biodiesel in various stagers of life

cycle are depicted in Table 1.4:

Table 1.4 Emissions of greenhouse gases (g/km)

Diesel Biodiesel

Extraction 15.84 Fertiliser Production 15
Transport 2.74 Fertiliser Application 10
Refining 13.63 Agricultural Machinery* 25
Distribution 0.95 Oil Production 3
Vehicle Operation 245 Processing Straw** 1

Processing Gas 17

Transport

Vehicle Operation
Total 278.16 | Total (Straw Processing) 59

Total (Gas Processing) 75

* Assumed mineral diesel oil used. ** Emissions of straw include those from transporting straw.

As it can be seen from Table 1.4, the emissions of greenhouse gases during the production
of diesel are about 32 g/km. These are hardly a half of the emissions from producing biodiesel even
when straw rather than electricity is used to fire the processing. However, this difference is far

outweighed by the emissions of CO, during the combustion of the diesel itself (245 g/km).
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1.5. BIODIESEL PRODUCTION PROCESSES

Biodiesel, which is produced from plant and animal-based feedstock, represents an
alternative to petroleum-based diesel fuel. This fully renewable resource can be produced from
cultivated high oil-yielding plants that are energetically charged from energy derived from the sun
and absorbed carbon dioxide. Animal-based products (fats and oils) are energetically charged from
plants, which also means that they are also ultimately energetically charged from the sun and
composed of absorbed atmospheric carbon dioxide because animals directly use plants and thus
indirectly use these primary energy and carbon sources. Chemically speaking, biodiesel is a mixture
of mono-alkyl ester of fatty acids obtained from extracted plant oils and/or collected animal fats
[25].

The starting substances for biodiesel are traditionally plants. In Europe countries mainly
rapeseed oil is being used. Biodiesel produced from rape seed is known as Rape Methyl Ester —

RME. The biodiesel production process input and output are given in Fig. 1.8.
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Fig. 1.8 Biodiesel production process — input and output

There are three primary ways to make biodiesel [26]:

» Base catalyzed transesterification of the oil;
» Direct acid catalyzed transesterification of the oil;

» Conversion of the oil to its fatty acids and then to biodiesel.
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However, the base-catalyzed, methyl-transesterification of soybean or rapeseed oil has been
the predominant production technique used for biodiesel production. The monoesters commonly
known as biodiesel are usually produced through the transesterification of vegetable oils or animal
fats. Both oils and fats are triglycerides or fatty esters of glycerol. During this process, the oil
(previously extracted prior to production) is reacted with a primary alcohol (methanol [CH30OH])
and a base (sodium hydroxide, aka. caustic [NaOH]) to form the fatty acid mono alkyl ester (in this
production case, a fatty acid methyl ester which is often referred to as FAME). The
tansesterification reaction is affected by molar ratio of glycerides to alcohol, catalysts, reaction
temperature, reaction time and free fatty acids and water content of oils or fats [27].

Molecules having three fatty acid chains are referred to as triglycerides. Raw triglyceride
vegetable oils have properties similar to those of petroleum-based diesel fuels and can be used as a
direct replacement without engine modification for a limited operating duration. Long-term diesel
operation on raw vegetable oils causes numerous problems including injector coking, contamination
of lubrication oil, engine deposits, and increased emissions. These problems are primarily the result
of the high viscosity of the triglyceride oils as compared to petroleum-based diesel fuels. Increased
viscosity adversely affects fuel injection duration, pressure, and atomization. The increased
injection line pressure can lead to advanced injection timing, increasing combustion pressures and
temperatures, and increased NOy formation in the exhaust [28 - 30].

Therefore, the fatty acid composition of the feedstock plays a vital role in determining the
feedstock’s suitability for biodiesel production. It is important to note that the FAME is 100%
biodiesel. When directly used as fuel without blending with petroleum diesel, the pure biodiesel is
often referred to as “neat” biodiesel. However, most often, biodiesel within the general marketplace
is sold as a petroleum diesel/biodiesel blend. These blends are compositionally identified within the
marketplace using the “B” designation, which defines the volumetric biodiesel composition of the
blend by placing the percentage composition immediately after the letters “B”. For example, a 20%
biodiesel/ 80% petroleum diesel is designated as a B20 blend. Therefore, the biodiesel reaches the
European norm E DIN 51606 and is thus approved as a fuel for all motor vehicles.

The transesterification process is one useful method of reducing the high viscosity of
triglyceride oils. In this process, the long fatty acid chains are removed from the glyceride molecule
by reacting with alcohol and a catalyst. Common catalysts are potassium hydroxide, sodium
hydroxide, and sodium methoxide. The reaction produces fatty monoesters and free glycerol. Any
remaining unreacted monoglycerides, diglycerides, or triglycerides make up the bonded portion of

the remaining glycerol in the fuel. Together, the free and bonded glycerols make up the total
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glycerol percentage remaining. This total glycerol percentage is used to determine the completion of
the reaction.
The transesterification process is given in the 1.1 equation, where R, R,, and Rj represent

long hydrocarbon chains:

0 0
I | |
CHy-0-C-R CH;-0-C-Ry
|
| 0 0 CH; -OH (1.1)

| | [ |
CH-0O0-C-R; + 3CH:OH —— CH;-0-C-R; + CH-OH
(catalyst) |

|
| 0 0 CH, -OH
| | [
CH,-0O-C-R; CH;-0-C-Rs
Triglyvceride Methanol Mixture of methyl esters Glycerin

The transesterification reaction is similar to saponification, which is used to produce soap

from fatty acids. A stoichiometric material balance yields the following simplified equation [31]:

Oil or Fat (1000 kg) + Methanol (107.5 kg) = Methyl ester (1004.5 kg) + Glycerol (103 kg) (1.2)

This reaction reduces the molecular weight of the triglycerides by 60 % when the methyl
ester is formed. Additionally, viscosity is reduced eightfold and volatility increases [32].

After reacting, two phases are formed, the glycerol and ethanol/alcohol phases, because
glycerol has a higher specific gravity and is immiscible in the biodiesel phase. A static gravity
settling vessel is often used to separate these phases; however, a centrifuge separator can also be
used. Once the glycerol phase is separated, the alcohol is then removed from the biodiesel using
distillation or flash evaporation. With most processes, the biodiesel is cleaned using one to several
water washes. Outside of reagent purity, the key factors impacting the production of biodiesel in
terms of quality, rate, and efficiency include temperature, mixing, catalyst type/concentration, and
alcohol to ester ratio [32]. The glycerol is collected and can be sold as an industrial feedstock to
other processes or refined for sale within the pharmaceutical industry. The biodiesel and alcohol are
separated allowing recycle of the alcohol within the plant. The biodiesel collected undergoes further

processing for cleanup, consisting of water cleanup, distillation, drying, and filtration.
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The base catalyzed reaction is currently the most used process in biodiesel production. Steps

of biodiesel production are presented in Fig. 1.9 [33]:
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Fig. 1.9 Base catalyzed Biodiesel production process

Catalyst Mixing: The catalyst is sodium hydroxide or potassium hydroxide and it dissolves
in the alcohol.

Transesterification: Transesterification, where the pretreated triglycerides are reacted with
methanol to form the raw methyl esters and glycerol. There are two basic steps: the reaction process
followed by separation of the methyl ester and glycerol streams. In most technologies, these two
steps are undertaken twice to push the transesterification closer to completion by reducing the
concentration of glycerol in the second stage. The reaction is also pushed closer to completion by
using an excess of methanol. The system is closed for preventing alcohol loss. Processes are
generally designed to a high level of conversion, and methyl ester purity (>98 %), as lower
conversion rates result in increased levels of mono- and di-glycerides, causing processing problems
with emulsion formation and low temperature hazing problems with the biodiesel itself as these
compounds have higher melting points (and viscosity) than the methyl ester.

Neutralization: Sometime the product from the transesterification has acid, thus, there is a

need of neutralization to make solution to neutral.
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Phase Separation: The product from the transesterification is glycerol and biodiesel. The
glycerol is much denser than biodiesel. They can be gravity separated and the glycerol drawn off
the bottom of the setting vessel.

Purification: Biodiesel from phase separation is not pure. It can be purified by washing
gently with warm water to remove residual catalyst or soaps and dried. Glycerol purification,
removing methanol for recycling to the transesterification process. Further impurities, such as
catalyst, tallow and methyl ester, are carried in the glycerol and may be removed to produce a
higher grade of glycerol.

Methanol Recovery: The alcohol is removed from separation and it is recovered using
distillation equipment and is re-used. Methyl ester purification, which removes the excess methanol,
catalyst and glycerol carried from the transesterification process. Methanol removed is recycled to
the transesterification process.

Quality control: The finish biodiesel must be analyzed using sophisticated analytical
equipment to ensure it needs ASTM specifications.

The most important aspects of biodiesel production to ensure trouble free operation in diesel
engines are [34]:

» Complete Reaction
Removal of Glycerol
Removal of Catalyst

Removal of Alcohol

YV V VYV V

Absence of Free Fatty Acids

The type and concentration of fatty acids in a feedstock are directly related to several key
properties in the resulting biodiesel. Conventional diesel fuel consists of long-chain, unbranched
hydrocarbons. One of the major reasons biodiesel is a suitable substitute for conventional diesel is
the fact that biodiesel consists of long, unbranched chains of fatty acids. One of the most important
characteristics of any diesel fuel is its cetane number, which is a measure of the ignition quality of a
diesel fuel. The ignition quality is directly related to the ignition delay of the fuel, and the shorter
the ignition delay time, the higher the cetane number. Therefore, a high cetane number indicates
good ignition quality. Long-chain, unbranched, saturated hydrocarbons have high cetane numbers
while branched hydrocarbons and aromatic compounds have low cetane numbers. However, too
high or too low of a cetane number can result in incomplete combustion in both cases. Most engine
manufacturers recommend a cetane number between 40 and 50 [35]. If a feedstock is mainly

composed of fatty acids that are saturated, then the cetane number of the biodiesel derived from that
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feedstock could be too high. Likewise, if a feedstock is mainly composed of fatty acids that are
highly unsaturated, then the cetane number could end up being too low. Two other important
properties are cloud point and heat of combustion. Cloud point is the temperature at which a fuel
becomes cloudy due to the formation of wax crystals, and these crystals can clog fuel lines and
filters [35]. The heat of combustion is the amount of heat that is released when a certain amount of a
material burns. Both cloud point and heat of combustion are directly related to the level of
saturation and the number of carbons in a fatty acid. In general, as a fatty acid becomes more
saturated or if the number of carbons in a fatty acid chain increase, then cloud point and heat of

combustion increase.
1.6. UTILIZATION METHODS FOR BIODIESEL BY-PRODUCTS

Like most other production processes, biodiesel production generates wastestreams;
however, unlike many production processes, biodiesel production also makes by-products that are
of significant market value. In fact, the economic viability of today’s biodiesel industry is so
sensitive that the overall economic viability is highly dependent the market price of these
byproducts. The by-products will become more and more important in the future as biodiesel
production increases. The amount and value of the co-products play a critical role in the seed oil
prices as the price of oilseeds, cake and oil are intrinsically bound together.

This chapter presents a listing of the major chemicals/products used within the biodiesel
process. Also, included in this chapter are by-products, both value-added and waste, that are

produced. [36].

SEED MEAL

Seed meal is the other by-product of the process and can be a valuable livestock feed,
depending on the seed type. In fact, the meal product portion of the operation can be more
profitable than the biodiesel production, since the fuel is a commodity feeding into a very
competitive market. The crushing of rape seed produces rape seed oil that can be sold to the food
market and/or sold to the biofuel market where it is converted into biodiesel. The meal remaining
after the oil has been extracted can be sold to the livestock industry as feedstuff (rape seed meal)

and/or can be used as a soil amendment or fertiliser (Fig. 1.10) [37]:

Dovilé Stepanonyté 41



¢ INVESTIGATION OF RAPE SEED OIL METHYL ESTER PRODUCTION AND BY-PRODUCT UTILIZATION

Canola seed

Jl

|" Crusher '-I
. Press !

CANOLA T CANOLA
gremenenes QIL MEAL wms onom s e

y v
l ﬂ‘\ L

Ub{\a\@ L__-_~“L.'\-
_————____jl e —
. otner oils | ~_Ot11Er feeds |
L — | er
: 5 ——
v _nﬁ‘“ge‘ R +* FOOD (OIL) MARKET LIVESTOCK INDUSTRY
-O\ e

3 oo -~ f
i
ol T gy ¥
o ' im,
— af

c..’*{\n —
N
Il Mormal d“'-‘f‘*‘-‘]_J ]
"———‘______ | soil an'mndf‘l_ﬂ_”fj'

| I—
FERTILISER /SOIL
AMENDMENT

FUEL MARKET

Fig. 1.10 Rape seed flowchart

As well, the residual meal left after pressing the oil from rapeseed contains both valuable
proteins and toxic chemicals.The toxic chemicals are removed to yield a meal with nearly 40
percent better-balanced proteins. This protein-rich meal can improve the nutrition of animal feed
and increase its economic production. The isolated toxic chemicals may be used as a soil fumigant
or to selectively kill pests or unwanted weeds. In the testing, such chemicals have killed dreaded
slugs, yet are pet-friendly [38].

The forage production seems the best way for rapeseed meal utilization. Thus the larger
biodiesel production plants should organize forage for cattle, hogs and fowl forage, when adding
corn and vitamin enriched mineral premixes to the meal. Since forage is twofold expensive than
rapeseed meal, such production would be the cost-effective one [29]. Approximately 90-93 % of
dry matter, 10-20 % fat, 26-31 % protein is left in the residual meal after mechanical rapeseed
crushing. The irreversible amino acids are found in the rape proteins, and fat acids in the adipose
[30].

Industrial rapeseed meal and canola meal could be used as a fertiliser and soil amendment.
Rapeseed meal is a good organic fertiliser with responsible amounts of nitrogen, phosphorus and
sulphur. In the longer term, rape seed meal could be used as a source of specific proteins that could
be the raw material for the production of several products with industrial applications. These

include soil amendments, soil fertilisers, bio-polymers, surfactants and adhesives [37].
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LECITHIN

Lecithin is used widely in foods as an emulsifier, stabilizer, and antioxidant. Its chemical
name is phosphatidylcholine, which identifies its major components of choline, phosphoric acid,
glycerol, and fatty acids. Lecithin is separated from soybean oil by the addition of water and

centrifuging. It is purified prior to use as a food additive.

SOLVENTS

To first remove the oil from the seeds, they must undergo some sort of extraction process.
This can take place via either pressure extraction or solvent extraction. The extraction of oil by
expeller, sometimes called a screw press, is a physical process. The oil is squeezed from the heated
seeds. However, most conventional processors in the U.S. use solvent extraction. In that process a
solvent, usually hexane is used to leach the oil from the seeds. In pressure extraction the only
products are oil, meal, and trace amounts of water. However, in solvent extraction, the extraction
fluid must be separated from the raw oil. After a distillation step, the solvent can then be recycled in

the system and used again.

ALCOHOL

Methanol is one of the two main reactants in the biodiesel process. As with any reaction, the
efficiency is not 100% and not all of the alcohol will go to produce biodiesel and glycerol.

This excess alcohol vapor can be recaptured and recycled back to the feed to be used again
in the main process. Maintaining an efficient recycle stream can lead to reduced process costs by
reducing the amount of methanol wasted in the process. By recycling, the excess alcohol is no

longer a waste.

ACID OR BASE

During transesterification, an acid or base is used as a catalyst for the reaction. By
definition, a catalyst is not used up in the reaction and therefore should be recycled. Such is the case
in the biodiesel process. The acid or base can be reused after a separation step. Most large scale
biodiesel operations use base catalyzed reactions due to their favorable economics. Low
temperature, low pressure, and high conversion make the base catalyzed reaction far more feasible.
The most common bases used are sodium and potassium hydroxide, and are usually mixed with the
methanol before reaction.

Erudic acid is a by-product to biodiesel production, valuable in making more than 200
industrial products such as pharmaceuticals, plastics, cosmetics, ink, and photographic and
recording materials.
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SOAP

When water builds up in the system, soap can form as a product. While soap can be sold as a
commodity, it takes away from more profitable products. Because of this, the process should be set

up in such a way that minimizes the production of water.

WATER

Very little water is associated with this process. Minute amounts of water may be present in
the rape seeds before oil extraction, but this water should be dealt with before it enters the biodiesel
process. Due to the water that can get into the process after pressing the seeds, soap can form in the
system. This soap combines with the glycerol and makes it difficult to separate. It is common for
crude oil to be degummed prior to caustic refining. Usually oil refiners add acid to the soap stock to
form acid oil that can be sold to fatty acid processors. If the soap stock has not been degummed
prior to caustic refining, then an acid oil water emulsion will form which will be a problem. Caustic
refining of degummed oil in a self cleaning centrifuge will minimize the waste disposal problems.
The only other water associated with the process is in the heating unit. Steam is used to heat the
process, but it condenses in its own loop and is not a waste water issue. Additionally, management

of the wash waters must be considered.

GLYCEROL

During biodiesel production, vegetable oil is mixed at high speed with alcohol, resulting in
two layers of fluid - the top one is usable biodiesel, the lower is glycerol. This impure glycerol has
little economic value and is too costly to purify into a useable product. It’s too condensed to dispose
of directly, so one current use is mixing it with organic waste for composting. The value of
biodiesel by-products must be increased, to reduce the cost of biodiesel itself.

Glycerol 1s a major by-product of the biodiesel fuel production process, gained through the
tranesterification reaction, with most estimates of the byproduct as high as 10 % of the product
output. Approximately one litre of biomass oil plus 10 % of methanol are needed to make 1 litre of
biodiesel and 350 g of glycerol.

Separation of glycerol from biodiesel is relatively simple. Centrifuging after the reaction is
finished or even gravitational settling are both sufficient at accomplishing a good separation,
depending on how fast the separation is to be completed and the purity of glycerol desired.

The resulting raw glycerol from this esterification process is contaminated with alcohols and
inorganic salts. Currently, biodiesel producers are purifying the glycerol so that it is acceptable as

either food-grade or pharmaceutical grade. Most (97 %) of the glycerol used today is a highly
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refined product (97 %+ purity). Glycerols of three different purities (low, medium, high) reflected
different stages of the same process of rapeseed oil methyl ester production [39]. The most

pronounced variations among purities were the concentrations of water, glycerol, phosphorus and

methanol (Table 1.5):

Table 1.5 Chemical composition of glycerol as related to purity

Purity of glycerol

Low Medium High

Water, % 26.8 1.1 2.5
Composition of the dry matter', %

Glycerol 63.3 85.3 99.8
Ether extract 0.71 0.44 na.’
P 1.05 2.36 n.a.
K 2.20 2.33 n.a.
Na 0.11 0.09 n.a.
Pb 0.0003 0.0002 n.a.
Methanol 26.7 0.04 n.a.
" Concentrations of cadmium, mercury and arsenic were below the detection limit.
* not analysed.

Glycerol of different purities can be included in mixed diets for ruminants up to 10 % of the
dry matter as a substitute for rapidly fermentable starch sources, e. g., wheat or tapioca, without
negatively affecting ruminal environment, ruminal nutrient turnover and whole-tract digestibilities
of organic matter constituents. When fed with a low-starch concentrate, pure glycerol at dietary
inclusion levels up to 20 % had no effect or positive effects on nutrient digestibilities. When
included in diets containing high-starch concentrates, glycerol reduced cell-wall digestibilities but
had no obvious effect on whole-tract organic matter digestibilities. Chemical as well as physical
pellet quality variables were not affected greatly. The preserving effect on concentrate pellets of the
glucogenic substance glycerol must be emphasized.

Glycerol is an excellent feed constituent, even when included in an impure form as derived
from biodiesel production. Glycerol may serve as an ingredient both of pelleted concentrates and of
total mixed rations. In pelleted concentrates, the contribution to the hygienic quality of the feedstuff
might be of special interest. Economic assessment will be decisive of a wider use of glycerol as a
dietary ingredient for ruminants.

Glycerol in its pure form, is a sweet-tasting, clear, colorless, odorless, viscous liquid. It is

completely soluble in water and alcohols, slightly soluble in many other common solvents and
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insoluble in hydrocarbons. Liquid glycerol boils at 290°C under normal atmospheric pressure. Its
specific gravity is 1.26 and its molecular weight is 92.09 [40]. It is a relatively stable compound and
is considered flammable. Until after World War II, nearly all commercial glycerol was produced as
a by-product in the manufacture of soap or from the hydrolysis of fats and oils. Today, substantial
amounts of synthetic glycerol are prepared from propylene. Crude glycerol is purified to make
various grades, such as dynamite grade, yellow distilled and chemically pure glycerol. Only the
highest grades of glycerol are used in foods and medicines.
The glycerol product is categorized as follows [41]:
1. Crude (75 - 90 % glycerol);
2. Refined:
e 99.5 % technical grade;
e 96 9% USP (vegetable — based);
e 99.5 % USP (tallow — based);
o 99.5 % USP (vegetable — based);
e 99.5% USP/FCC — Kosher;
e 99.7 % USP/FCC — Kosher.
3. Kosher.

Glycerol (1,2,3 propanetriol) is an unavoidable by-product of producing fatty acid products
and fuels. Most (97 %) of the glycerol used today is a highly refined product (97 %+ purity).
Purification costs are high ($400 per ton) and glycerol prices range between $0.60 and $0.90 per
pound. As a result of its high price, most glycerol product markets are small and fragmented. Crude
glycerol (50 % to 90 % glycerol by weight) sells at a discount to USP prices, depending on the
glycerol content of the product, the amount and type of contaminants present, and supply and
demand balances. Biodiesel producers receive between 5 and 15 cents/Ib for crude glycerol (50 %
glycerol) and 80 % to 88 % refined sells for between 30 and 40 cents/lb. [42].

Small increases in fatty acid consumption for fuels and products can increase world glycerol
production significantly. The expansion of biodiesel in recent years has had major impact on
glycerol prices. In fact, regardless of United States B2 biodiesel policy, world production of
biodiesel is likely to increase in S. America, Australia, Southeast Asia, Asia, the former USSR,
Africa, and elsewhere. Biodiesel production from local soy and palm oils can be cost effective in
many countries with high petroleum prices or poor balance of payment positions due to petroleum

imports (in United States dollars).
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The potential future output of glycerol is expected to increase as biodiesel plants come on
line, and the output will greatly outpace demand. Biodiesel production has already had a significant

impact on the price of refined glycerol, as Fig. 1.11 shows [42]:
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Fig. 1.11 Fluctuation of glycerol prices in Europe

At current glycerol market prices, glycerol credit reduces biodiesel cost in the range of 0.05
to 0.1 US$/I of biodiesel in the EU. A large biodiesel expansion would flood the international
market with glycerol. Therefore the development of new applications for glycerol would allow a
rapid growth of the biodiesel industry.

The refined glycerol market is more complex to penetrate than the crude glycerol market.
This is because, for crude glycerol, a small number of refineries represent the entire potential
customer base. In contrast, refined glycerol can be sold to hundreds of different companies.

Biodiesel production is much more economical if you have a good market for the glycerol.
However, with the coming growth in biodiesel production, pressure will be put on glycerole prices
and finding markets for non-kosher or non-halal glycerol may become increasingly difficult. The
glycerol market is not that big by chemical industry standards, and the additional glycerol being
produced by the biodiesel industry ruined that market. In 2005, glycerol has been as much as €500
per tonne cheaper than competing petrochemicalderived glycols, even though demand in 2006 was
up 5 % since the beginning of the year. It is not clear how much of the increased demand is a result
of glycerole replacing petrochemical-based raw materials, In September 2005, the price of glycerol
had fallen to €450 per tonne, compared with a peak of over €1000 two years ago forcing the closure
of many fatty acids producting plants and glycerol refineries [43].

Glycerol literally has thousands of uses. However, those uses are in constant flux as new

technologies are adapted. Here is an overview of the most common uses [44]:
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Foods and Beverages

Glycerol is used to moisten, sweeten and preserve foods and drinks. It is used for meat
casings and the remainder finding application in many different areas, such as
emulsifiers,humectants, heat transfer media, flavors and colors, sweeteners, edible plasticizers (i. e.,
raisins saturated with glycerol remain soft when mixed with cereals. Certain glycerol esters, such as
glycerol mono and distearate, are used for reduced fat foods. Polyglycerols find use as emulsifiers.
Primary competition in this market segment is again sorbitol. Examples: soft drinks, candies, cakes,
casings for meats and cheese, dry pet foods. As an intermediate, glycerol also is used in margarine,
salad dressings, frozen desserts and food coatings.

Drugs

Glycerol is one of the most widely used ingredients in drugs and pharmaceuticals. Glycerol
is used to increase smoothness and lubrication, and in the production of gel caps. Uses include:
capsules, suppositories, ear infection remedies, anesthetics, cough remedies, lozenges, gargles, as an
emollient for skin medications and as a vehicle for antibiotics and antiseptics.

Cosmetics and Toiletries

Because glycerol is nontoxic, non-irritating and odorless, it is used as a moisturizing agent
(or humectant) and emollient (softening agent) for cosmetics and toiletries, including: toothpaste,
skin creams and lotions, pre-shaving lotions, deodorants, make up, lipstick and mascara.

Tobacco

Glycerol keeps tobacco moist and soft to prevent breaking and crumbling during processing;
it also adds flavor to chewing and pipe tobaccos. Glycerol also is used to manufacture cigarette
filter tips.

Paper and Printing

Glycerol is used to soften and reduce shrinkage during paper manufacturing. Related uses:
grease-proof paper, food wrappers and to manufacture printing ink.

Textiles

Glycerol is used to size and soften yarn and fabric and to lubricate many kinds of fibers in
spinning, knitting and weaving operations.

The agricultural sprays

It can be used of as an adjuvant with humectant properties increasing herbicide activity in
low humidity conditions. Used as a spreader or wetting agent — a material that increases the area
that a droplet of a given volume of spray mixture will cover on a target. Used as an antifoaming
agent in micronised wettable sulphur. This enables the product to be mixed in a tank effectively and

sprayed on evenly.
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Surface coatings

It can be used in the manufacture of alkyd resins; this is an important component of surface
coatings.

Electrical and electronics

It can be widely employed in manufacturing electrolytes for electrolytic condensers, which
are used in radios and neon lights, and in processes for electrodeposition and treatment of metals.

Cryoprotectant

It can be used as a cryoprotectant is a substance that is used to protect biological tissue from
freezing damage (damage due to ice formation). Glycerol has been used for decades by
cryobiologists, those biologist specialists in the effects of low temperatures on organisms, to reduce
ice formation in cattle sperm and embryos that are cold-preserved in liquid nitrogen.

Other common uses

Glycerol has also found use in the production of other materials. The explosives industry,
production of polyether polyols (foams for furniture, car seating, carpet underlay, packaging) and
alkyd resins (coatings), both of which are large volume markets that could offer an opportunity to
expand glycerol’s utility. Glycerol also is used as a plasticizer, humectant, lubricant, and in textiles,
photography, gas drying, and production of electrolytic capacitors. Examples:

» As a lubricant for food processing machinery;

To manufacture resin coatings;
To add flexibility to rubber and plastic;
As a building block in manufacturing flexible foams;

To manufacture dynamite; and

vV V V V V

To create a component used in radios and neon lights.

The profitable glycerol market is very important to maintaining sound economics in the
biodiesel process. While biodiesel is the primary product of the process, prospective buyers must
also be found for the secondary product, glycerol. Industrial chemicals such as CP glycerol, USP
glycerol, and dynamite glycerol are all potential markets for high-grade glycerol. The market for
glycerol has been volatile in the past. Extensive biodiesel production could flood the glycerol
market and lower the glycerol price.

The expansion of biodiesel production worldwide is driving down the value of glycerol and
reducing by-product revenue of biodiesel and oleochemical producers. Further expansion of the
biodiesel industry will produce as much as one billions pounds of glycerol and reduce its price to a
point where it may become a useful platform chemical. However, biodiesel-derived glycerol is poor

quality and requires expensive refining before it is suitable for new product technologies. Glycerol
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refining technology is relatively mature and requires significant economies of scale to be
economical.

The potential research avenues are:

» Produce products from crude glycerol in situ followed by product separation;
» Improve biodiesel technology to produce higher quality glycerol;
» Develop glycerol-refining technology suitable for small biodiesel producers.

Of these options, the one that can simultaneously reduce biodiesel production costs, glycerol
refining costs, and increase by-product revenues is the second option above. A new technology that
eliminates mobile catalysts and replaces them with fixed catalysts or a catalyst-free technology will
achieve that goal. The target markets for glycerol coproducts must be large, as future supplies from
a biodiesel driven industry will create billions of pounds of glycerol. There are three directions that
research could focus on:

» develope new market uses for crude (unrefined) glycerol

» develope new chemistry or products that are chemical derivatives of purified
glycerol

» develope new chemistry or products from crude glycerol in situ.

Fuel uses for glycerol are attractive from a large market perspective but should be avoided
unless there is compelling evidence that 1) the glycerol does not cause long term engine damage as
seen in previous research studies, 2) the price structure of the resulting compound can be supported
by the fuel market.

Glycerol has a tradition of volatile price movements. Moreover, the market is currently
undergoing radical changes driven by very large supplies of glycerol from biodiesel production.
Researchers and industry looking at new uses for glycerol needs to attract larger funds and a lot of
investment money before it can start to replace petrochemicals as a source of raw materials for the
production of many chemicals. Eventually glycerol will replace ethylene glycol in anti-freeze,
propylene glycol in animal feeds and other petrol derived chemicals in coatings. A lengthy period of

high oil prices is what the fledgling sector needs to establish itself as a new force in chemicals.
1.7.  PROCESSES FOR GLYCEROL UTILIZATION

As the biodiesel production is increasing exponentially, the crude glycerol generated from
the transesterification of vegetables oils has also been generated in a large quantity. Despite of the
wide applications of pure glycerol in food, pharmaceutical, cosmetics, and many other industries, it
is too costly to refine the crude glycerol to a high purity, especially for medium and small biodiesel

producers. Many research projects and studies have been conducted and innovative utilizations of
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the crude glycerol are under investigations [45]. It will be beneficial to the research community as
well as biodiesel industry in understanding the progress of glycerol for value-added applications
and for reference in manipulating their own integrated plans for sustainable and profitable biodiesel
production. This section summarizes the currently available studies and possible ways on the

utilizations of crude glycerol generated from biodiesel industry [46].

Hvdrogen or syn gas production from glycerol using pvyrolysis and steam gasification

Processes

Hydrogen is considered as a novel fuel for the twenty-first century, mainly due to its
environmentally benign character. At present, hydrogen is produced entirely from fossil fuels such
as natural gas, naphtha, and coal. In such cases, however, the same amount of carbon dioxide is
released during the production of hydrogen as that formed by direct combustion of those fuels.
Biomass is an attractive alternative to fossil feedstocks because it has essentially zero CO, impact.
It is well reported that pure glycerol is an excellent source of hydrogen [47].

Glycerol, a by-product from production of biodiesel process, has an ability to produce value
added products using three possible processes namely pyrolysis, steam gasification and catalytic
steam reforming.

Glycerol is a potential feedstock, for hydrogen production because one mole of glycerol can
produce up to four moles of hydrogen [48]. Hydrogen (H;) is mostly used in refinery hydrotreating
operations, ammonia production and fuel cells [49]. When glycerol is cracked at high temperature
to produce hydrogen, it is possible to get carbon monoxide as one of the gaseous products.
Formation of syn gas (H,+CO) in the ratio of H,/CO equal to 2:1 could be used as a feedstock in
Fischer Tropsch synthesis to produce long chain hydrocarbon (-CH,-; green diesel) [50]. Gases
which are produced from thermal cracking of glycerol would have medium heating value and can
be used as a fuel gas. Therefore, it was proposed to produce value added products such as hydrogen
or syn gas and medium heating value gases from glycerol using fixed bed reactor without a catalyst.
Non-catalytic processes such as pyrolysis and steam gasification are technologies that can produce
value-added products such as hydrogen and syn gas from glycerol. Pyrolysis is the high temperature
thermal cracking process of organic liquids or solids in the absence of oxygen [51]. Steam
gasification produces gaseous fuel with higher hydrogen content than the pyrolytic process in the
presence of oxygen and it reduces the diluting effect of nitrogen, used as a carrier gas in the

pyrolysis, in the produced gas [52].
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The pyrolysis process yields liquid fuels at low temperatures (400 to 600°C) and gaseous
products at high temperatures (>750°C). Gasification is a process related to pyrolysis, but the major
difference between is that gasification achieved in the presence of oxygen, in the form of air, pure
oxygen or steam. Value added products such as hydrogen or syn gas is produced from pyrolysis of
glycerol in a fixed bed reactor [50]. The pyrolysis of glycerol can be carried out in two ways;
pyrolysis with and without any carrier gas (nitrogen). It is found that the complete conversion of
glycerol occurred at 700°C. The gaseous product essentially consisted of syn gas (Hy/CO ratio:
1.77). After carried out steam gasification of glycerol the syn gas can be further converted to
hydrogen by water-gas shift reaction and can be used as a fuel for fuel cells. Also, syn gas could be

converted to green diesel using the Fischer-Tropsch reaction.

Catalytic treatment of glycerol

Catalytic steam reforming of organic compounds is one of the processes used to produce
hydrogen. Catalyst is mainly used to increase the reaction rate and to increase the selectivity of
hydrogen. Steam reforming reactions of any oxygenated organic compounds such as glycerol and

acetaldehyde proceeds according to the following equation 1.3 [53]:

C H O + (n-k) H O nCO + [(ntm/2-k)] H_ (1.3)

Because of the excess steam used in the process, carbon monoxide further undergoes the
water gas shift reaction to produce CO, and H,. Research has been also carried out to produce
hydrogen from biomass-derived oxygenated compounds such as methanol, glycerol and ethylene
glycol using catalytic aqueous phase reforming reactions [54].

The optimum conditions to produce maximum gas yield (71 wt %), volume of gas (1.32 L/g
of glycerol), syn gas composition (93 mol %) and minimum amount of char (8.1 wt %) and liquid
(21.9 wt %) in pyrolysis of glycerol process were at 800°C, 50mL/min of nitrogen and quartz
packing with the particle diameter 0.21-0.35mm. Glycerol was completely converted to gas which
was mostly syn gas of 93 mol % (mole ratio of H /CO is 2) and a small amount of char when 50:50
weight ratio of steam to glycerol was used with the quartz packing of particle diameter of 0.21-
0.35mm at 800°C. The addition of steam enhanced the gasification of glycerol process to produce
large volume of gas and hydrogen yield. The crude glycerol was completely gasified into gaseous
product when the steam to crude glycerol weight ratio of 50:50 was used at 800°C with quartz
packing having particle diameter of 0.21-0.35mm. The gas product yield and synthesis gas

production was 91.1 wt % and 79 mol % respectively. There was no significant change in the
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product gas composition for the steam gasification synthetic mixture and crude glycerol. Net energy
recovered from pyrolysis and steam gasification processes were 111.7 kJ/mole of glycerol fed and
117 kJ/ mole of glycerol, respectively. The studies show that there is a strong potential for making
syn gas, methane, ethylene, and high-heating value gas from the pyrolysis of glycerol. Overall
conclusion from this research is that a waste by-product glycerol from biodiesel production can be
completed converted to gaseous products such as hydrogen or syn gas and medium heating value
gas in the range of 21MJ/m’- 13.9 MJ/m [48].

It was also suggested that the steam reforming of biomass derived oxydegenated
hydrocarbon such as glycerol, sorbitol and ethylene glycol using nickel based steam reforming
catalyst could maximize the production of hydrogen. They also suggested that the robustness of a
nickel based catalyst guarantee this operation over thousands of hours.

From this review, it is clear that glycerol has an ability to produce value added products
using three possible processes namely pyrolysis, steam gasification and catalytic steam reforming.
Very few researchers are working in the chemistry of gasification of glycerol .The results obtained
by Chaudhari and Bakhshi showed that there is no liquid product in pyrolysis of glycerol process at
700°C. This result was in contrast with those obtained by Stein and Antal who reported that
pyrolysis process produced liquid products consisting of acrolein and acetaldehyde. Also, the results
indicated that glycerol pyrolysis and steam gasification could lead to high quality hydrogen
production. Thus, pyrolysis and steam gasification of glycerol processes should be revisited to
understand the chemistry of the reactions and process parameters such as temperature, carrier gas
flow rate and packing material. In addition, steam to glycerol weight ratio should be tuned to
maximise the yield of hydrogen or syn gas. Therefore, it was proposed that detailed pyrolysis and
steam gasification studies would be carried out for both pure glycerol and crude glycerol to produce

value-added products.

Hvdrogen generation from glycerol using agueous - phase reforming (process)

Investigation on the technical and economic feasibility of generating hydrogen from
biomass derived glycerol utilizing Virent Energy System’s (Virent) aqueous-phase reforming
(APR) process is provided [55]. Virent has developed the novel APR process and has shown that it
is effective for generating hydrogen from aqueous solutions of glycerol. The key breakthrough of
the APR process is hydrogen can be generated from oxygenated hydrocarbons such as glucose,

sorbitol, glycerol, and ethylene glycol via liquid-phase reforming. The APR process is a simple one-

Dovilé Stepanonyté 53



INVESTIGATION OF RAPE SEED OIL METHYL ESTER PRODUCTION AND BY-PRODUCT UTILIZATION

step reforming process that can generate easily purified hydrogen and as such is especially cost
effective.

APR process is a unique and innovative pathway to biofuel and bioproduct production. This
catalytic route is superior to high temperature thermochemical or fermentation pathways. It is
simple, thermally efficient, and entirely scalable for small distributed or large centralized
production. Unlike time-consuming fermentation, this robust and fast process does not depend on
living microbes or enzymes. The simplicity of the process results in low capital and operating costs.
The process uses a simple reactor system at relatively low temperatures and pressures and, once it is
operating, no additional energy inputs are needed. As a platform technology, the BioForming
process can reliably convert many types of sugars into many different fuels and chemicals.

The APR process:

1) generates hydrogen without the need to volatilize water, which represents a major energy
saving;

2) occurs at temperatures and pressures where the water-gas shifts reaction is favorable,
making it possible to generate hydrogen with low amounts of CO in a single chemical reactor;

3) occurs at pressures (typically 15 to 50 bars) where the hydrogen-rich effluent can be
effectively purified using pressure swing adsorption technology;

4) takes place at low temperatures that minimize undesirable decomposition reactions
typically encountered when carbohydrates are heated to elevated temperatures; and

5) utilizes agricultural derived feedstocks.

Virent is investigating using low-value raw glycerol streams as feedstock to Virent’s novel
aqueous-phase reforming (APR) process to generate hydrogen. The resulting hydrogen can be
purified and utilized as a renewable chemical reagent necessary to produce ammonia, methanol and
hydrogenated food oils as well as a fuel for current internal combustion engines and future
hydrogen fuel cells.

The overall concept for this proposed method of hydrogen generation from biomass is to
utilize raw glycerol. This raw glycerol can be mixed with water and the resulting aqueous solution
can be fed to the APR process that generates hydrogen in a single reactor. The effluent gas from the
APR process can be purified to produce high purity hydrogen. A schematic of the process is given
in Fig. 1.12:
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Fig. 1.12 Overview of the production of the hydrogen from biodiesel waste

Aqueous-Phase Reforming Process - Virent’s novel APR process generates hydrogen by
reacting a carbohydrate, in this case glycerol, with water to form carbon dioxide and hydrogen as
follows:

C3H803 + 3H20 — 3C02 +7 Hz (14)

This reforming reaction takes place over a catalyst in a single reactor at temperatures
between 200 and 250°C and at pressures above the bubble point of water (16 and 40 bar,
respectively). The reforming reaction is endothermic and requires heat input. This heat can be
supplied by combustion of product hydrogen as shown in Fig. 1.12. Since the APR process runs at
low temperature, an alternative method of providing process energy will be to utilize waste heat
streams from other associated processes. Thermal efficiencies of the process can be maintained via
proper heat exchange (i.e. preheating feed to the reactor by exchanging with the reactor effluent,
see). Alkanes such as methane, ethane, and propane are also formed in low concentrations in the
APR reactor. The alkane formation is an exothermic process, and while alkane formation lowers the

hydrogen yield, the formation of these compounds provides heat for the endothermic hydrogen
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generation process. These alkanes can be separated from the APR effluent and combusted to
provide the necessary process heat.

Gas Purification - the non-condensable gas stream leaving the APR contains predominately
CO, and H,. Hydrogen can easily be purified from this gas stream utilizing pressure swing
adsorption (PSA) technology. Importantly, the gas stream that exits the APR is at desired feed
pressures for the PSA unit (between 16 and 40 bar). Accordingly, the PSA unit does not need an
expensive and energy consuming compressor to provide the necessary feed pressure. This results
lower capital costs and increased system energy efficiency. Another important feature is that the
PSA technology will generate a waste hydrogen stream (typically 10 to 20 % of the feed) due to the
pressure swing and purging cycles. This waste stream would also contain the alkanes produced in
the APR process. Combustion of the waste hydrogen and alkanes would provide much of the
necessary processing heat for the reactor.

Gas Utilization —the gas stream leaving the APR could be utilized directly as a high energy
fuel gas to power internal combustion engines, gas-fired turbines, and solid oxide fuel cells. The
high temperature waste heat from such devices could be recycled back to provide the necessary
process heat for the APR process. In such a configuration, the APR process could generate a fuel
gas stream that contains over 100 % of the heating value of the feed glycerol. In addition to fuel,
purified hydrogen from the waste stream could be used as a chemical reactant for hydrogenation
reactions. It also is possible to efficiently purify the CO, from the high-pressure effluent stream of
the APR process. This purified CO, could be used either as a chemical or sequestered making the
process of generating hydrogen from corn a consumer of the greenhouse gas CO,.

Finally, the waste stream could provide a starting reactant for the production of biodiesel.
Hydrogen and CO, reacted over a catalyst of copper and zinc is converted to methanol by the

reaction:

6H2 + 2C02 — 2CH3OH + 2 HzO (15)

Providing this starting material for biodiesel production from the waste stream can represent
a large reduction in material costs. Laboratory proof-of-concept measurements have shown it is
possible to generate hydrogen in high yields via the conversion of glucose in the liquid-phase [56].
In particular, the selectivity for H, production decreased in the order: Ethylene glycol > Glycerol >
Sorbitol > Glucose. Subsequent investigations have shown that a variety of catalyst compositions
are active for the generation of hydrogen via the aqueous-phase reforming of oxygenated

compounds.
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Glycerol combustion

The glycerol by-product burns well, but unless it's properly combusted at high temperatures
it will release toxic acrolein fumes, which mainly form at between 200 and 300°C. Using the by-
product in a burner to preheat the vegetable oil for biodiesel processing would be an elegant
solution, if it worked well enough. It's an elusive goal. Complete and clean combustion of the by-
product requires a burning temperature in excess of 1000°C. And perhaps preheating and
atomisation as well with the sort of low-tech burners backyard brewers have made so far, what
happens instead is that the burner might burn for long enough to pre-heat the oil, but then it gets
gunged up with sticky black stuff that won't burn (mostly soap) and it goes out. If you want more
heat you have to clean it out and start it up again. Another disadvantage is that it's not a clean burn;

it smokes, especially towards the end of the burn when it's trying to combust the soap [57].

Glycerol vacuum distilation

Vacuum distillation is a simple and efficient process to recover glycerol from crude glycerol
with high contents of salt and MONG (matter organic non-glycerol). On average, 141.8 g glycerol
was recovered from 1 kg glycerol residue, leaving 142.6 g distilled bottom. The distilled bottom
comprised mainly salt, high boiling MONG and some glycerol. The crude glycerol was distilled at
120°C - 126°C and 4.0 x 10-1 - 4.0 x 10-2 mbar pressure to produce 96.6% glycerol. The optimum

pH for the distillation was < 5 in which foaming was obviated [58].

New chemical modifications of glycerol

There is a tremendous potential to develop a variety of new processes and product lines
from glycerol, taking advantage of its unique structure and properties. Glycerol is a nontoxic,
edible, biodegradable compound. These characteristics provide important environmental benefits to
new platform products. Most products are based on unmodified glycerol or simple modifications to
the glycerol molecule. More complex chemistry was hindered by its high cost. Lower cost glycerol
could open significant markets in polymers, ethers, and other compounds.

From a technical standpoint, glycerol’s multifunctional structure can be exploited by several
different means. It is clear that a very large number of products and product classes could, in
principle, be derived from glycerol [59].

Selective oxidation of Glycerol. Glycerol’s structure lends itself to catalytic oxidative
processes using inexpensive oxidizing agents such as air, oxygen, hydrogen peroxide, or bleach.
Combining these inexpensive oxidizing agents with an inexpensive source of glycerol will allow the

production of a number of new derivatives. A few research groups have investigated this
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technology, but their focus has been limited to a small number of catalysts, leaving a number of
questions of selectivity and yield unanswered.

Glycerol carbonates as a new solvent and product. Glycerol carbonate is a relatively new
material in the chemical industry, but one that could offer some interesting opportunities, as it can
be prepared directly and in high yield from glycerol. Glycerol carbonate has been investigated as a
novel component of gas separation membranes, polyurethane foams, as a surfactant component, as a
new solvent for several types of materials, as a component in coatings, as a potential component of
the paint industry, as a nonvolatile reactive solvent, and as a component of detergents. As glycerol
becomes less expensive, the use of glycerol carbonate in applications occupied by currently cheaper
carbonates should be investigated. Dimethyl carbonate is being positioned as a green replacement
for phosgene in the production of polycarbonates and polyurethanes. Inexpensive glycerol
carbonate could serve as a source of new polymeric materials for this industry. Glycerol carbonate
can be prepared by very simple processes, such as the direct reaction of glycerol with urea, or the
treatment of glycerol with ethylene or propylene carbonate. Direct production of glycerol carbonate
from glycerol and carbon dioxide under supercritical conditions has also been reported.

Glycerol as a component of new polymers. Glycerol has traditionally played a role in the
production of several types of polymers, some of which are available commercially. Selective
etherification reactions can convert glycerol into polyglycerol esters, which have been suggested for
use as biodegradable surfactants and lubricants and as replacements for conventional poly
(oxoethylene) nonionic surfactants.

Polyglycerol and polyglycerol methacrylates are used as treatments for wood to improve its
stability. This application would compete with the more widely used polyethyleneglycols. However,
glycerol based polymers offer additional benefits including lower amounts of leachability into the
environment. As the cost of glycerol decreases, processes to manufacture polyglycerols through
modification of its structure become more affordable, and would lead to new optimized wood
treatments. More recently, significant attention is being given to preparation and properties of new,
more highly branched polymers. Glycerol’s multifunctional structure is well suited for the
production of these new types of polymers. In addition, glycerol has been used with lactic acid to
prepare branched polylactide polymers. More generally, branched polymers exhibit a wide range of
new properties that could be exploited in useful marketplace products.

A number of more specific product application areas have been suggested for branched
polymers. Many of these could be very high value applications, such as use in sensors, personal

care products, or organic conductors. Other applications in larger volume markets have been
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suggested, and branched polymers could find utility as polyester polyols, surfactants, coatings, and
alkyd resins, new solvents, and polyurethanes.

New highly branched polymers have been made using glycidol as a starting monomer. The
resulting structure is a branched polyether polyol, but is frequently referred to as a polyglycerol.
Glycidol is a high value component in the production of a number of polymers, including epoxy
resins and polyurethanes. Glycidol has been conventionally synthesized from epichlorohydrin,
which in turn is derived from the chlorination of allyl alcohol. More recently the high yield
preparation of glycidol from glycerol carbonate, and thus, from glycerol, has been reported, making
it likely that low cost glycerol could be used to produce low cost glycidol and its family of products.
Small scale production of these highly branched glycidol polymers has been commercialized in
Europe by Hyperpolymers (Germany).

Using glycerol as a starting material for the production of other small molecules also offers
a new opportunity. Glycidol has the advantage of being a current commercial, albeit specialty
product. Lowering its cost by producing low cost glycerol presents new opportunities to further
expand of the glycerol product family. For example, extensive work has been carried out on
catalytic transformations of epoxides. Should the cost of glycerol, and thus, the cost of glycidol
drop, it will become important to investigate the ability of these processes to convert glycidol into a
source of alcohols and other epoxide derivatives.

Co-polymers and blends of glycerol with citric acid, lactic acid, and starch were prepared by
condensation reactions. These materials were shown to have potential in coating applications.

Biochemical transformations. Glycerol can also serve as a feedstock in biochemical
transformations [59]. Glycerol has been investigated for the fermentative production of 1,3
propanediol, one of the primary components of DuPont’s Sonora (1,3 PDO and terephthalic acid), a
polymer being investigated for use in textiles and carpeting. This is by no means a new process.
Fermentation of glycerol to PDO was described as early as 1881. Simple economic evaluation
indicates that biochemical PDO production would be more economical than chemical PPO
production. A primary question for this application area is the proper choice of biochemical
feedstock. Current prices of glycerol imply that an alternate fermentative route from glucose would
give cheaper 1,3-PDO. A considerable effort has been carried out to improve biochemical PDO
production. It was reported that minimizing the amount of methyl glyoxal and glycerol-3-phosphate
produced during fermentation using engineered E. Coli improves the conversion of glycerol to PDO
by removing these two enzyme inhibitors.

As glycerol prices fall, industrial/government partnerships to develop new products and

identify large market uses provides mutual benefits. There is a specific expertise in the development
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of new catalytic oxidations based on novel polyoxometallate catalysts, and the use of simple radical
based oxidations of polyols, which have been examined as new types of nylons. As their cost drops,
these intermediates can be considered as components of new polyfunctional, glycerol derived
polymers, such as polyesters and nylons. Other selective oxidation products may find applicability
as structural analogs of polylactic acid.

Glycerol in UV filters. Glycerol esters were developed that exhibit strong absorption in the
ultraviolet region. Such compounds serve as organic UV filters for personnel care formulations

[60].

1.8. ATMOSPHERIC AIR POLLUTION DISPERSION MODELLING

Atmospheric dispersion modeling is the mathematical simulation of how air pollutants disperse
in the ambient atmosphere. It is performed with computer programs that solve the mathematical
equations and algorithms which simulate the pollutant dispersion. The dispersion models are used to
estimate or to predict the downwind concentration of air pollutants emitted from sources such as
industrial plants and vehicular traffic. The models serve to assist in the design of effective control
strategies to reduce emissions of harmful air pollutants [61].

The dispersion models require the input of data which includes:

e Meteorological conditions such as wind speed and direction, the amount of
atmospheric turbulence (as characterized by what is called the "stability class"), the
ambient air temperature and the height to the bottom of any inversion aloft that may
be present.

e Emissions parameters such as source location and height, source vent stack diameter
and exit velocity, exit temperature and mass flow rate.

e Terrain elevations at the source location and at the receptor location.

e The location, height and width of any obstructions (such as buildings or other
structures) in the path of the emitted gaseous plume.

Many of the modern, advanced dispersion modeling programs include a pre-processor
module for the input of meteorological and other data, and many also include a post-processor
module for graphing the output data and/or plotting the area impacted by the air pollutants on maps.

There are five types of air pollution dispersion models, as well as some hybrids of the five
types:

Box model assumes the airshed (i.e., a given volume of atmospheric air in a geographical

region) is in the shape of a box. It also assumes that the air pollutants inside the box are
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homogeneously distributed and wuses that assumption to estimate the average pollutant
concentrations anywhere within the airshed.

Gaussian model assumes that the air pollutant dispersion has a Gaussian distribution,
meaning that the pollutant distribution has a normal probability distribution. Gaussian models are
most often used for predicting the dispersion of continuous, buoyant air pollution plumes
originating from ground-level or elevated sources. Gaussian models may also be used for predicting
the dispersion of non-continuous air pollution plumes (called puff models).

Lagrangian dispersion model mathematically follows pollution plume parcels (also called
particles) as they move in the atmosphere and model the motion of the parcels as a random walk
process. The Lagrangian model then calculates the air pollution dispersion by computing the
statistics of the trajectories of a large number of the pollution plume parcels.

Eulerian dispersions model is similar to a Lagrangian model in that it also tracks the
movement of a large number of pollution plume parcels as they move from their initial location.
The most important difference between the two models is that the Eulerian model uses a fixed
three-dimensional Cartesian grid as a frame of reference rather than a moving frame of reference.

Dense gas models simulate the dispersion of dense gas pollution plumes (i.e., pollution
plumes that are heavier than air).

Any method, which is permissive to measure, to calculate or forecast air pollution level
could be applied for air quality estimation. There are three main air quality estimation methods [62]:

1. Air pollution measurements.

2. Inventory of pollutants emitted from pollution source.

3. Pollutants dispersion modeling.

Many computer based programmes could be applied for pollution dispersion simulation,
hereinafter are given some of them:

AERMOD atmospheric dispersion modeling system is an integrated system that includes
three modules: (1) A steady-state dispersion model designed for short-range (up to 50 km)
dispersion of air pollutant emissions from stationary industrial sources.

(2) A meteorological data preprocessor (AERMET) that accepts surface meteorological
data, upper air soundings, and optionally, data from on-site instrument towers. It then calculates
atmospheric parameters needed by the dispersion model, such as atmospheric turbulence
characteristics, mixing heights, friction velocity, Monin-Obukov length and surface heat flux.

(3) A terrain preprocessor (AERMAP) whose main purpose is to provide a physical
relationship between terrain features and the behavior of air pollution plumes. It generates location

and height data for each receptor location.
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AERMOD also includes PRIME (Plume Rise Model Enhancements) which is an algorithm
for modeling the effects of downwash created by the pollution plume flowing over nearby
buildings.

ADMS 3 (Atmospheric Dispersion Modelling System) is an advanced atmospheric pollution
dispersion model for calculating concentrations of atmospheric pollutants emitted both continuously

from point, line, volume and area sources, and intermittently from point sources (Fig. 1.13)

ADMS 3 can model:
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Fig. 1.13 ADMS 3 simulation potential

The model includes algorithms which take into account: downwash effects of nearby
buildings within the path of the dispersing pollution plume; effects of complex terrain; effects of
coastline locations; wet deposition, gravitational settling and dry deposition; short term fluctuations
in pollutant concentration; chemical reactions; radioactive decay and gamma-dose; pollution plume
rise as a function of distance; jets and directional releases; averaging time ranging from very short
to annual; and condensed plume visibility. The system also includes a meteorological data input
preprocessor.

ISC3 (Industrial Source Complex) model is a popular steady-state Gaussian plume model
which can be used to assess pollutant concentrations from a wide variety of sources associated with
an industrial complex. This model can account for the following: (1) Point, area, line, and volume
sources, (2) Settling and dry deposition of particles, (3) Downwash, (4) Separation of point sources,

(5) Limited terrain adjustment.
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CONCLUSIONS

Recently, the increase in crude oil prices, limited resources of fossil oil and environmental
concerns (lowering CO, emissions) leads to the significant interest in biofuels. Biodiesel has
become more attractive recently because of its environmental benefits and due to the fact that it
is made from renewable resources.

Europe is the leader in biodiesel production. Rape seeds are the main raw material for biodiesel
production in Europe. The largest producers — Germany, France and Italy.

EU Directive 2003/30/EC on the promotion of the use of biofuels or other renewable fuels for
transport provided voluntary targets for each country that minimum share of biofuels should be
2 % by 2005 and should gradually rise to 5.75 % by the year 2010.

Biodiesel is environmentally friendly. It reduces the emission of particulate matter by 40 %,
carbon monoxide by 44 %, unburnt hydro carbon by 68 %, polycyclic aromatic hydrocarbons by
80 %, carcinogenic nitrated PAHs by 90 % on an average compared to petrodiesel. The exhaust
emissions of sulphur oxides and sulphates from biodiesel are essentially eliminated compared to
diesel. One of the problems with the fuel itself is the increase in NOy in biodiesel emissions.
Transesterification is the reaction of a fat or oil with an alcohol to form simpler esters and
glycerol — the main by-product in biodiesel production process (about 10 % based on biodiesel).
Other by-products may be seed meal, lecithin, solvents, alcohol, acid/base, soap, water.

High purity glycerol has many potential customers in the world marketplace, including the
pharmaceutical and cosmetics manufacturers as well as several others. The glycerol produced
by transesterification is only about 50 — 80 % pure. So, it needs to be pointed that new niches
for technically impure glycerol must be found with a view of biodiesel production cost
minimization and increment of competitiveness to conventional diesel. Recently used procesess
for impure glycerol utilization are syn gas or hydrogen production through gycerol pyrolysis,
vaccum distilation, new chemical modifications and etc.

The main limiting factors for biodiesel production expansion — high production costs and
generated relatively large amounts of by-products. The biodiesel production costs are higher
than those of mineral diesel, therefore only efficient use of by-products, especially glycerol,
could enable biodiesel to compete with coventional diesel in respect of production costs. To
ensure the future of this biofuel technology, new outlets must be found for this by-product.
Many computer based programs could be applied for air pollution dispersion simulation, thus it
is particularly important to choose the most suitable to achieve objectives established for

simulation.
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2. EXPERIMENTAL INVESTIGATION OF HEAVY FUEL OIL - GLYCEROL
EMULSION FORMATION AND COMBUSTION PROCESSES

2.1. INTRODUCTION

One of the most perspective raw materials for the biodiesel production in Lithuania is oily
rape seed. The main by-product of biodiesel production process — glycerol - amounts 10-12 % from
all amount of biodiesel produced.

The object of this research is to verify the possibility of rapeseed oil methyl ester production
by-product - glycerol usage to lower SO, emission level into the atmosphere from boiler-houses
combustion processes. According to norm LAND 43-2001 “Norms for the exhaust of pollutants
from large fuel burning equipment [62], SO, emission level can not exceed MAC value of 1 700
mg/Nm’. Neither SC ,,Mazeikiy nafta®, nor Russia or Belarus oil refining companies produce heavy
fuel oil, that would meet such requirements (here sulphur content in heavy fuel oil ~ 2.0 - 2.5 % by
mass). In such a case, heavy fuel oil in Lithuania could be combusted in large fuel combustion
equipment only if combined with at least 50 % of biofuel. The biodiesel, produced from rape seed,
does not emit sulphur compounds during combustion process. Only in this case, when mixing heavy
fuel oil with biodiesel, SO, emission level 1 700 mg/Nm3 and lower could be achieved.

The research aim was to investigate the heavy fuel oil — glycerol emulsion formation
conditions and its combustion impact on the environment. A technology was developed based on
the research investigation for modifying the higher density biodiesel fuel by-product from rapeseed
oil — technical glycerol to obtain a stable heavy fuel oil emulsion modified with it (50 % heavy fuel
oil + 50 % glycerol). Laboratory and pilot plant experiments allowed us to optimize the emulsion
composition containing < 10 % water. A technological specification for heavy fuel oil-glycerol
emulsion was prepared on the bases of combustion experiments carried out at JSC ,,Rietavo
veterinaring sanitarija”.

So, the aim of this section “Experimental investigation of heavy fuel oil — glycerol emulsion
formation and combustion processes” is methodology description, experiment accomplishement,
evaluation of experimental investigation results and presentation of conclusions for the heavy fuel
oil — glycerol emulsion formation conditions and evaluation of the obtained emissions during

combustion process.
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2.2. METHODOLOGY OF HEAVY FUEL OIL - GLYCEROL EMULSION PREPARATION,
COMBUSTION AND EVALUATION OF THE OBTAINED EMISSION CONCENTRATIONS

The experiment was started from the preparation of heavy fuel oil-glycerol emulsion sample
and initial incineration experiments. Heavy fuel oil with additives were modified by using a
ultrasonic dispergator “UZDN-2T“ (Russia) and laboratory shaker ,,Chirana* (Czechia) in
laboratory conditions. The other samples were prepared in the pilot plant system using rotary-
pulsation machine “RPA”. The laboratory modified heavy fuel oil samples were incinerated by
dripping it into a porcelain plate heated to 850°C, and the pilot experiment was accomplished in the
experimental furnace, when incinerating in 750-950°C temperature.

The quantitative impurity analysis was performed using photocalorimetric and atomic
absorption spectroscopy methods.Using the X-ray examination method, the raw material and ash
phase composition were investigated. The analysis was performed using difractometer “DRON-2*
(Russia). The roentgen tube voltage U=30 kV, anode current [,=8 mA (Cu anode, Ni filter,
goniometer gaps 0,5:1,0:0,5 mm). Speed of sample rotation 1° min™".

All X-ray diffraction patterns were recorded in the room temperature and identified,
comparing with a standard data. The integral peak area B measured by radians (rad). The relative
variation of crystal size is evaluated by Laue formula:

KA
tcos@

B= 2.1)

Here:

B — peak integral area (peak semiarea), rad;
K — constant;

A - X-ray wavelength, nm;

t — crystal size;

0 - Brag angle;

The thermographic investigations were performed using derivatograph ,,Q-1500 D
(Hungary) in the temperature interval 20-1000°C. The temperature raising rate was 10°C/min. The
gas medium in the heating furnace — air.

The detail quantitative composition of inorganic matter observed by the emissive spectral
analysis method, using laser microanalyser ,,LMA-10* (Germany). The sample under investigation

was attached to the carbon electrodes and excited by electric spark. Before the investigation carbon
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electrodes were mechanically polished and sweeped by electric spark 15 times each, to be spectrally
clean.

The dispersivity of heavy fuel oil emulsion samples was investigated by optical method,
using ,,MPSU-104“ and MIN-8*“ microscopes (Russia). The qualitative composition of gas was
investigated by a method of molecular spectral analysis in an infrared area of spectrum, using
spectrometer ,,Specord M-80“ (Germany). The samples were collected into ciuvette of 100 ml
volume with KBr panes. The dust concentration in a flue gas is observed using weight method.

During the pilot plant investigation, analysis of combustion gases was performed using
standard chemical methods, which are operative in pollution estimation in the flue gas. The scheme
of pilot plant investigations for emulsion preparation and combustion experiments are presented in
Fig. 2.1. The experimental investigations of heavy fuel oil emulsification and modification by
variuous additives ratios and combustion of prepared emulsions were performed in the pilot plant

(Fig. 2.1) at VGTU Institute of Thermal Insulation.
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Fig. 2.1 The principal scheme of experimental pilot plant for modified fuel preparation and
combustion: 1 - tubular chamber for modified fuel combustion; 2 — universal burner KG-70 for liquid fuel; 3
- emulsificator ER-2T; 4 - disintegrator DIA-01; 5 — modified fuel pump; 6 — MgO+H,O suspension pump-
batcher; 7 - heavy fuel oil pump; 8 — circulation pump; 9 — hot water circulation pump; 10 - MgO+H,0O
suspension mixer; 11 — interim container; 12 — water heater; 13- heavy fuel oil container; 14 — modified fuel
container; 15 — heavy fuel oil register; 16 — frequency changer; 17 — operating box; 18 — expansion vessel.

The heavy fuel oil-glycerol emulsion combustion experiments and measurements were
carried out in the thermal oxidation boiler for meat-bone flour and technical fat combustion at the

JSC “Rietavo veterinariné sanitarija®“. The principle scheme of boiler is given in Fig. 2.2
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The thermal oxidizer system is an equipment system that uses heat to destroy organic

compounds by oxidizing them at high temperature. It is an effective mean against many compounds

that can be oxidized by heat, including the odorous compounds. The picture of thermal oxidizing

boiler, where the combustion experiments were carried out is given in Fig. 2.3, as it follows:

Fig. 2.3 Thermal oxidizing boiler ,,UMISA -CR/11,9 (13) “

The thermal boiler is characterized by the following technical data and features:

Boiler type: pyrotubular one pass steam boiler for the heat recovery of exhaust
fumes, equipped with all of the safety devices related to pressure and water level,
Trademark and model: UMISA -CR/11,9 (13);
Steam output: 11.900 kg/h;
Heat input: 10.571 kW;
Design pressure: 13 bar;
Design temperature: min 200°C;
Fluids: water/saturated steam;
Weight: 60.000 kg;
Thermal oxidation conditions:
- Max temperature in oxidation chamber: 950°C;
- Normal temperature in oxidation chamber: 850°C;
- Exposure time: 2 sec up to 850°C;

- Fuel type: heavy fuel/technical fat;
68
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e Parameters of oxidation chamber:
- Internal diameter: 2800 mm;
- Length: 9700 mm;

- Chamber volume: 60m”.

The oxidation chamber is made within the fire-resistant layer inside. The gas enters the

oxidation chamber through the tube. A special projected burner is mounted in this chamber, which

supplies heat energy necessary for the oxidation process proceeding according to a precisely

indicated temperature conditions.

Some main aspects of thermal oxidizer system operation are as follows:

Thermal oxidator oxidizes steam along with ambient air and/or treated air;

Water is evaporated in rendering process and lateron injected to the oxidator for
neutralization.

Steam and combustable air in high temperature passes from burner in gas form; these
gases are released to the combined steam-boiler, and accumulated gas is used as heat for
steam production, which is spent again for the rendering process.

Gases used for boiler heating are released through the smokestack as clean air;

The hot gases from the combustion chamber are maintained in high temperature for 2

seconds in a retention chamber to assure complete oxidation of the odorous compounds.

The characteristics of materials — heavy fuel oil and glycerol- used for modified fuel

preparation are estimated and described. The qualitative properties of heavy fuel oil used for

preparation of heavy fuel oil-glycerol emulsion, certificated by SC “Mazeikiy nafta“ are given in

Table 2.1.

Table 2.1 The highly sulphurous heavy fuel oil qualitative properties

No. Qualitative properties Norm Test methods
R-elatn./e Vlsgosny, degrees vR, at 80°C,max kinematic 16.0 GOST 6258
1. | viscosity, m’/s (cSt)
Kinematic viscosity, m*/s (cSt) 118.0 GOST 33
2. | Ash, wt. %, max 0.14 GOST 1461
3. Sediments, wt. %, max 1.0 GOST 6370
4, Water, wt. %, max 1.0 GOST 2477
5. Alkali, acid content soluble in water not found GOST 6307
6. Sulphur, wt. %, max 3.5 ASTM D 4294
7. Flash point, °C, min 110 ASTM D 92
8. Pour point, °C, max 25 ASTM D 97
9. | Net heat of combustion, kJ/kg (kcal/kg), min 39900 (9530) GOST 21261
10. | Density, at 20°C, kg/m’ no norm* GOST 3900

*only for fuel oil export
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The major by-product of biodiesel production process — glycerol, used in these experimental

researches, was produced in JSC “Rapsoila”. The physico — chemical properties of glycerol, used

for the experimental researches, are given in Table 2.2 and glycerol quality indicators in Table 2.3.

Table 2.2 The physico — chemical properties of glycerol

Indicators

Properties

Agregate state (solid, liquid, gaseous)

Liquid

Sensual properties (color, smell)

Russet color, syrup type liquid, gentle oil smell

Flammability Flammmable

Solubility Soluble in water, ethanol, acetic, dimethylformamyde
Boiling temperature, °C 290°C

Melting temperature, °C 20°C

Density, kg/m’ 1.26 kg/m’

Flash temperature, °C 177°C

Self ignition temperature, °C 393°C

Reactivity Non-reactive
Explosivity Non-explosive
Stability Stable in normal conditions

— | [ = | —
Il = Rl E TN I EN TS IS P P

Hydroscopic properties

Has hydroscopic properties

Table 2.3 The quality indicators of glycerol

No. Quality indicators Investigation method Standard In fact
1 Ash, wt %, max EN ISO 6245 0.14 0.085
2 Water, wt%, max ISO 3733 1.0 7.5
3 Sulphur, wt%,max DIN EN ISO 20884 25000 381
4 Flash point, °C, max DIN EN ISO 3679 110 109
5 Kinematic viscosity, °C, max LST EN ISO 3105 50.0 15.2
6 Density, at 15°C, kg/m3 LST EN ISO 3675 adjusting 1260
7 Net heat of combustion, MJ/kg, max ASTM D 240 39.5 12.2

a clear, hygroscopic liquid with a melting point above 18.17°C. Glycerol is completely soluble in
water and alcohol; it is slightly soluble in ether, ethyl acetate, dioxane, and insoluble in
hydrocarbons. Glycerol, the simplest trihydric alcohol, forms esters, ethers, halides, amines,

aldehydes and acrolein. As an alcohol, glycerol also has the ability to form salts. On oxidation,

Glycerol (1,2,3-propanetriol, glycerine) pure chemical compound, CH,OHCHOHCH,OH, is

glycerol yields a variety of products depending upon reaction conditions.

boiler and then the obtained concentrations of CO, SO,, NOy and particulate matter were measured

using the following instruments.

Dovilé Stepanonyté

The heavy fuel oil-glycerol combustion process was carried out in the thermal oxidizer




GAS ANALYSER TESTO 342-3

The gas analyser is used to measure NOy, CO and O, concentrations (mg/m’) in the flue gas
from the heavy fuel oil-glycerol emulsion combustion. For these measurements the gas analyser
TESTO 342-3 (Germany) is applied. For the beginning, the device is calibrating automatically for 1
minute, and then measurements are carried out. The readings are displayed constantly on the display
for as long as the pump is running. The measurements are carried out and data for the investigations
collected in a special place for the collection of emissions near the roof in JSC “Rietavo veterinaring
sanitarija®“. The gas analyser tip is placed in the flue gas flow and the air was sucked. The
concentrations of measured gas are presented automatically in gas analyser screen. The gas analyser
tip is kept in a flue gas for 1-2 minutes, untill stable temperature is reached. The gas analyser

TESTO 342-3 is presented in Fig. 2.4.

Fig. 2.4 Gas analyser TESTO 342-3 (Germany)

ASPIRATOR 822
The concentrations of particulate matter in the flue gas are measured using device - aspirator

(Model 822) and weight method. The aspirator is presented in the Fig. 2.5.

Fig. 2.5 Aspirator (Model 822)
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The aim is to estimate exhaust emissions amount, velocity and time-exposure measured in
I/min. At the beginning, the filter of aspirator is dessicated in the exicator above the concentrated
sulphuric acid solution and then cooled for ~ 2 hours, measured its weight and then is placed to the
device. Then the aspirator’s measurement probe is placed in the chminey — exhaust source of
pollutants and kept there for some time period, while air pass through the filter. This time period
depends on the dust amount — the more dust the longer suction duration. Then filter is pulled out,
dessicated in an exicator, cooled and its weight is measured. The filter weight increment is a

measure of particulate matter concentration in the investigated flue gas (weight method).

GAS DETECTOR PUMP ACCURO
The gas detector pump ACCURO (Germany) is used for the determination of SO,

concentrations in the flue gas. The gas detector pump is presented in Fig. 2.6.

Fig. 2.6 Gas detector pump ACCURO (Germany)

An appropriate tube for measurement is selected and the tip is inserted in the pump. The
pump is squeezed 10 times (~ Iminute), it means that 1 1 of air is pumped. The measurements are
carried out using indicator tubes, which changes their color at a presencce of certain gas. The
indicator tube is calibrated so the results can be taken easilly directly from the tube scale. The
indicator scale is expressed in ppm (parts per million) and can be converted to mg through the

transfer coefficient 2.93.
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PH METER WTN 330i
The glycerol pH value (hydrogen ion concentration in a substance) is estimated using pH

meter WTN 3301, which is presented in Fig. 2.7:

Fig. 2.7 The PH-meter WTN 330i

The pH meter tip is submerged into the vessel filled with glycerol and kept untill a stable
value on pH meter screen automatically is displayed. Contrary to expectations, the measurement
results showed that the investigated glycerol is acidic, because measured pH value is 4.49. So, the
conclusions can be drawn, that this glycerol was treated by phosphoric acid in order to remove

caustic hydroxide additives.
2.3. ANALYSIS OF RESEARCH RESULTS

Stable heavy fuel oil — glycerol emulsion preparation

The preparation of the heavy fuel oil-glycerol emulsion was provided and its structure was
investigated through the alternation of quantities of the additives.

With a purpose to obtain a stable emulsion through heavy fuel oil modification by glycerol
and water additives in various ratios and temperatures were accomplished. The purpose was to
investigate the structure of prepared emulsion, the best mass ratio, taking heavy fuel oil, glycerol
and water percentage contents into account, to find the most stable and suitable for further
combustion experiments, to investigate duration of stable emulsion structure. During the
experiments, some prepared emulsions were stable for some months, some of them disintegrated

throughout few hours after emulsion preparation due to the aggregation process. If the emlsions
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were not homogenous, water begins to segregate and the emulsion collapses. The obtained results of

emulsion preparation and its stability investigation are given in Table 2.4.

Table 2.4 The parameters of heavy fuel oil modification by glycerol and water mixtures

Results of
Emulsification emulsion
No. Mass ratio, % Stability combustion in
temperature, °C .
pilot plant
burner
Heavy fuel oil Glycerol Water

1 40 30 30 50 Not stable | Nonflammable
2 40 30 30 70 Not stable | Nonflammable
3 40 30 30 90 Stable Nonflammable
4 40 40 20 50 Not stable | Nonflammable
5 40 40 20 60 Not stable | Nonflammable
6 40 40 20 70 Stable Nonflammable

7 50 40 10 50 Stable Flammable

8 50 40 10 60 Stable Flammable

9 50 40 10 70 Stable Flammable

As it can be seen from data in Table 2.4, the heavy fuel oil — glycerol emulsion with 10 %
H,O is combustible. The higher % water mass ratio in heavy fuel modification by glycerol process
1s not possible, because it reduces stability and flammability properties of this emulsion. It is also
estimated, that it is enough to preheat to 50°C to ensure smooth heavy fuel oil and glycerol
emulsification process. It is not recommended to heat more than 90°C, since it can cause emulsion
degradation. The experiment was carried out by the following emulsification order of priority. So,
the process is recomended to be proceeded as follows:
1. heavy fuel oil is preheated up to 90°C;
2. glycerol with water (moisture content <10 %) is added, the temperature of mixture
decreases till 50-60°C;
3. afterwards, mixture is emulsificated by adding ~ 0.5 % of emulsol using
emulsification pump, the process is continued for a 5-10 minutes period.

4. finally, the obtained mixture is prepared for combustion.

The obtained mixture is flammable. The caloric content ~ 7800 - 8500 kcal/kg. The
emulsion was prepared at the experimental base of VGTU Institute of Thermal Insulation (total — 1
tonne) and then delivered to JSC “Rietavo veterinariné sanitarija® for the industrial combustion
investigation in its boiler. In this investigation the emulsion of 7" structural composition (see Table

2.4) was found to be operational.
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Results of stable emulsions abstraction

The experiments were carried out according to the methodology, provided in section 2.2.
Here the results of microscopic investigation of emulsion stability and ash, gained from modified
heavy fuel oil emulsion combustion, X-ray diffraction patterns are presented. The objective was to
find out the microstructures stability and homogeneity treshholds of the prepared emulsion. So, the
micropictures of these emulsions were made. As it can be seen from data in Fig. 2.8, the freshly
made emulsion has a minor ~ 10 um droplet size structure and if it is stored at ambient temperature

the structure changes only slightly.

Fig. 2.8 Micropicture (x100) of freshly made heavy fuel oil-glycerol
emulsion structure containing 10% of H,O

As the the emulsion micropictures after 1 month (Fig. 2.9) and after 3 months (Fig. 2.10)

shows, a tendency of increase in the heavy fuel oil droplet massiveness.

Fig. 2.9 Micropicture (x100) of heavy fuel oil-glycerol
emulsion structure after one month
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Fig. 2.10 Micropicture (x100) of heavy fuel oil-glycerol emulsion
structure after 3 months

As we compare the micropictures of freshly made emulsion and after some time, we can
draw a conclusion, that the emulsion stability is dependent on time. After some period an
aggregation process starts to proceed, and emulsion stability is reduced. The emulsion particles start
to combine and mixture looses its homogeneity.

Some prepared emulsions remain stable for weeks or even months, others loose their
stability even throughout few hours. However, the emulsion’s structure returns to its initial state

after passing through the fuel supply pump (Fig. 2.11).

Fig. 2.11 Micropicture (x100) of heavy fuel oil-glycerol
emulsion structure after 3 months storage and mechanical activation
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For the purpose of comparison, the micropicture of heavy fuel oil with 10 % of H,O

emulsion without additives was also prepared (Fig. 2.12).

Fig. 2.12 Micropicture (x320) of heavy fuel oil M100
and water emulsion

The homogeneity and stable structure plays a significant role during the combustion process.
This parameter is controlled by variables such as the temperature, mechanical agitation, physical
properties of compounds, the age of emulsion and etc. When emulsion is stored for some period of
time, it looses its homogeneity, water separates from the mixture and emulsion starts to disintegrate.
One of the reasons, that heavy fuel oil modified by glycerol is in an emulsion, means that heavy fuel
oil and glycerol are not soluble in each other. This leads to the emulsion disintegration in the time
scale. The heavy fuel oil-gycerol emulsion incinerates more efficiently in a case of stable and
homogenous emulsion structure. The natural tendency of oil and water to separate when mixed
must therefore be compensated for by addition of further components to the formulation to aid in
keeping the components of the dispersion together. Typically, maintenance of a stable dispersion
requires the addition of substantial amounts of emulsion stabilizers and/or emulsifiers. In this case
FAIRY, TERGITOL NP9, FELOSAN RG were used as emulsifiers).

Water, present in the glycerol (moisture content <10 %) lowers combustion temperature but
improves combustion process due to the oxygen presence in water. When the fuel is in emulsion
structure, it has some important advantages in comparison with pure heavy fuel oil combustion. The
emulsion is preheated to 65-70°C and is easily supplied to the burner, while pure heavy fuel oil
must be preheated to the 90°C before combustion process.

The other factor, which plays important role in the stability of emulsion structure — glycerol

purity. During transesterification process, an acid or base is used as a catalyst for the reaction. It is
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important to use as pure glycerol as possible (~ 85 % purity), without fatty acids and other

additives.

Heavy fuel oil-glycerol emulsion ash analysis (combustion in laboratory conditions)

In further experimental researches heavy fuel oil-glycerol emulsion was combusted in
laboratory conditions. The purpose of this investigation was to estimate the crystalline structure of
obtained ash samples and impurities, present in the emulsion. Using the X-ray examination method
ash phasic composition and additives, present in the emulsion, was investigated.

Heavy fuel oil mixture (1:1) (100 g) with water was combusted in a muffle furnace at 850°C
for various periods of time. In order to avoid foaming, the temperature was gradually increased,
untill reached temperature 850°C. Keeping the samples at a temperature of 850°C for 2.5 hours, a
friable, black color residue was obtained, in which unburnt carbon was observed. Further, heating
for 2.5 hours at a temperature 850°C, gave a new, and similar to the glass-like melt, which was
semi-soluble in water.

Its X-ray diffraction pattern indicated (Fig. 2.13), that it was a soluble sodium salt with a

slight potassium salt impurity.

S ..‘..IIHWMUJHmm\ulﬂﬁumum”,,.,Iul

Fig. 2.13 The X-ray diffraction pattern for emulsion ash, obtained in a laboratory

|

The X-ray diffraction pattern given in Fig. 2.14 represents the situation, when melt was
treated with hydrochloric acid. The peaks are recorded and their values are evaluated according to
the specialized atlas [63], where the peak values for various chemical compounds are presented.
The obtained peak values are expressed as numbers, which are compared to values given in the atlas

for the inorganic phases diffraction data sets, and then ash impurities are identified.

Dovilé Stepanonyté 78



INVESTIGATION OF RAPE SEED OIL METHYL ESTER PRODUCTION AND BY-PRODUCT UTILIZATION

Here clearly NaCl peaks can be observed. The observed trace of Na indicates about the
catalyst, used in the transesterification process, during the biodiesel production. In this case, the
base added was a single reagent NaOH. Also, we can draw a conclusion, that glycerol used for

heavy fuel oil-glycerol emulsion properation was insufficiently purified.

Mo C2 4

s >

26

Fig. 2.14 The X-ray diffraction pattern for emulsion ash, obtained in a laboratory and treated with
hydrochloric acid

During ash, obtained from emulsion combustion at 600°C for 2.5 hours and slowly cooling

till room temperature investigation, it was determined, that the ash crystallizes (Fig. 2.15)

_8
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Fig. 2.15 The X-ray diffraction pattern for ash, obtained while calcining HFO-G emulsion at 600°C
for 2.5 hours and slowly cooling it
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As it can be seen form data in Fig. 2.15 many peak values were obtained, after the ash X-ray
diffraction pattern analysis was performed. Further, operating with a computer-based programme
PDWin for the identification of crystalline materials, the peaks obtained in the X-ray examination
were evaluated and cards match results identified. The computer-based program assigns a possible
material to each peak value. PDWin package is used for automation of the powdered radiograms
processing and for identification various crystallographic and physical problems of polycrystallic
materials [64]. The obtained results of computer-based examination are given in Table 2.5 and

Table 2.6.

Table 2.5 Computer-based qualitative composition X-ray diffraction pattern analysis

Phases

Sample o0 T 251191 | 461983

47836 | 4.8 4762 48

46806 | 4.67 4.691

4.6415 4.64

4.604 46

44726 | 447

44148 442 442

40817 | 4.07

3.8983 391

3.6124 | 3.62 3.61

3.5104 35

33178 331

3.1922 | 3.19

3.1619 3.16

3.1452 | 3.13 3.139

3.0717 | 3.07

2981 | 2981

28169 | 2814

27552 | 2755

27386 | 274 2.736

26995 | 2708 | 2.695

25019 | 2.501

24553 | 2.455 2.456
427 2.59 5.08
4.05 2.545 415
3.83 3.72
2.682 2.852
2673 2597
2.64 2514
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The computer-based composition qualitative X-ray diffraction pattern qualitative analysis
was performed according to the following factors:

e comparison range : A®° =0.2;

e number of lines for search =5 (of 7);

e suitable cards ( after Search) — 1142;

e Match filters: g=0.7, T=0.5.

Table 2.6 The computer-based qualitative composition X-ray diffraction pattern analysis

#JCPDS g T Chemical formula Name
1-282 0.851 0.700 (NH4) 2 Cr O4 Ammonium Chromium Ox
1-294 0.869 0.625 C6 H12 N2 04 Ammonium Succinate
1-303 0.818 0.545 C7HI9 N O2 Ammonium Benzoate
1-319 0.748 0.615 CI12 H10 Fe O8 S2 Iron Phenosulfonate
1-359 0.768 0.625 V2 05 Vanadium Oxide
1-434 0.799 0.615 C2H7NO2 Ammonium Acetate
1-526 0.749 0.667 H2 Se O3 Selenium Acid Oxide
1-781 0.822 0.600 Mg (H2P 0O4)2 Magnesium Hydrogen P
1-807 0.953 0.833 K2 W 0O4*2 H2 O Potassium Tungsten O
1-905 0.710 0.500 Na2 H As O3 Sodium Hydrogen Arse
1-1139 0.756 0.600 K2 C2 O4*H2 O Potassium Oxalate Hy
2-68 0.900 0.750 Ca0*2Si102 *2 H2 Okenite
2-130 0.829 0.833 CaC204*H20 Calcium Oxalate Hydr
2-392 0.727 0.750 Ca3 Al10 O18 Calcium Aluminum Oxi
2-551 0.750 0.667 K2 Ca5 (S O4) 6*H Potassium Calcium Su
2-610 1.000 1.000 Ag8 Ge S6 Argyrodite
2-1304 1.000 1.000 CuS5 Fe S4 Bornite
3-29 0.900 0.750 CaSi2 O5*2H20 Okenite
3-76 0.899 0.615 C4 H4 Ca040 *H2 O Cslcium glycolate
3-157 0.726 0.600 C6 H12 06 SGA-D-Galsctose

As it can be seen from data given in the Table 2.6, the computer — based qualitative match
results analysis gives the most probable chemical compounds that may be present in the ash. The
match filters g and T indicates the accuracy of a result. The best match result for g and T match
filters is 1. However, in this case, the match results wih unit value 1 indicates the compounds,
which can hardly represent any of components that may be present in the heavy fuel oil-glycerol
emulsion. After the computer-based qualitative X-ray diffraction pattern analysis (Table 2.5 and

Table 2.6) and match results in the phases 10-179 (NasP30j9), 25-1191 (BaFe;O4) and 46-1983
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(C6HgOgp) it was estimated, that compound of the following composition — NasP30¢ - crystallizes in

this case.

Heavy fuel oil-glycerol emulsion ash analysis (combustion in thermal oxidizer system)

The heavy fuel oil-glycerol emulsion (1:1) with 10% of water was also incinerated in the
thermal oxidizing boiler in JSC “Rietavo veterinarin¢ sanitarija”. During the combustion process
the exhausted ash was captured and investigated. As it can be seen from Fig. 2.16, the ash X-ray
analysis indicated presence of Na and K compounds, but due to the small peaks they are not

significant.
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Fig. 2.16 The heavy fuel oil-glycerol emulsion (1:1) ash X-ray diffraction pattern

The observed traces of Na and K indicate about the catalyst, used in the transesterification
process, during the biodiesel production. In this case, the base added as a single reagent was NaOH
or KOH. Also, we can draw a conclusion, that glycerol used for heavy fuel oil-glycerol emulsion
preparation was of relatively high purity, thus the X — ray diffraction indicates non-significant peaks

due to the small amounts of additives.

2.3.1 The crude glycerol pyrolysis and obtained products analysis

According to the information, proposed in literature and with reference to worldwide
experimental researches results, it is known that glycerol pyrolysis process gives various
combustion products. The objective of this section was to identify the compounds, especially

hazardous substances, that are formed during glycerol pyrolysis process, to determine the
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dependency of obtained chemical compounds formation temperature and to estimate temperature
necessary for the complete combustion of these compounds.

The investigation of crude glycerol pyrolysis was performed in a laboratory of a JSC
“Rapsoila”. Glycerol 50 ml per minute was injected to the heated quartz tube, filled-up with 3-4 mm
quartz bits. The obtained liquid was analysed using LKM-8 chromotograph and flame ionization
detector. The column was filled-up with adsorbent ,,Nukol*“ (L=15, & - 0,53 mm). The adsorbent
“Nukol” is the aluminium oxide with a capability to adsorb substances in a compound and then
comparing with a standard to identify those substances. Helium was used as a carrier gas. Water and
hydrogen from hydrogen generator was used for the ignition of flame ionization detector. The
injector and detector temperatures were 250°C and 330°C respectively. The methanol estimation
was performed in the following way — the initial temperature 30°C, time-exposure — 5 min.
Temperature rise speed 50°C/min, final temperature - 190°C. Data for glycerol are the following-
the initial temperature 120°C, temperature rise speed 8°C/min, final temperature - 190°C. The

obtained results are given in the Table 2.7.

Table 2.7 The compound elements of glycerol liquid product pyrolysis

Pyrolysis at 650°C Pyrolysis at 750°C Pyrolysis at 800°C
Formaldehyde Formaldehyde Formaldehyde
Acetaldehyde Acetaldehyde Acetone
Propanol Propanol Methanol
Acetone Acetone Ethanol

Acetic Acetic Water (97 wt %)
Acroleine Acroleine Acetic
Methanol Methanol

Ethanol Ethanol

Water(38 wt %) Water (74 wt %)

Alilacohol

Propanolic acid Propanolic acid

Glycerol Glycerol

As we can see from data given in the Table 2.7, increasing pyrolysis temperature from
650°C till 800°C, in a liquid phase (condensate) number of chemical compounds (components)
decreases from 62 % at 650°C till 3 % at 800°C. So, we can draw a conclusion, that increasing
temperature and extending duration of glycerol combustion, we can obtain CO, and H,O, and thus
avoid some undesirable chemical compounds. In this experiment, the maximum reached

temeperature was 800°C. It is insufficient for the complete combustion of chemical compounds,
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formed durng glycerol pyrolysis. So, it follows that the temperature should be increased up to

1000°C to obtain complete combustion of glycerol.

Results of industrial investigations carried out during the heavy fuel oil-glycerol emulsion
combustion in the JSC “Rietavo veterinariné sanitarija® thermal oxidizing boiler .,UMISA -
CR/11,9 (13) «

An experimental investigation was carried out in a thermal oxidizer boiler in Rietavas city
organic waste utilization plant in order to evaluate the emissions released during combustion of two
different fuels, heavy fuel oil (HFO) with high content of sulphur (~ 2 %) and heavy fuel oil -
glycerol emulsion.

In this section, the analysis of experimental investigations of those fuels combustion and
released air pollutants - CO, NOy, SO, and particulate matter concentrations in flue gas
measurements according to the methodology described in section 2.2 were carried out. The
measured and recorded data are given in tables and diagrams presented hereinafter. The flue gas
measurements were conducted by an independent audit company — JSC “Pramoninis servisas” and
VGTU Institute of Thermal Insulation project team. The experimental emission concentrations are
compared to the concentration MAC values given in the normative regulations or derived (for HFO-
G emulsion).

The results for the direct measurements of combustion flue gas represents the mean of ~ 8-
10 measurements conducted in the flue gas flow for each pollutant, except for particulate matter —
few measurements were carried out since each measurement requires conditionally much time to
obtain each concentration value of this pollutant. The concentration averages are taken into account
to minimize imprecise view from random high values obtained in some measurements. So the mean
values are used generally to minimize the effect of the high values, which are observed
occasionally, due to some restrictions in combustion process, since an emission of the pollutants
from combustion source is dependent on characteristics of the boilers, fuel and operational
conditions, including temperature, pressure, feed rate, etc [65].

Emissions from heavy fuel oil combustion mainly depend on the following parameters: (1)
grade of the fuel and sulphur content; (2) composition of the fuel; (3) type of boiler; (4) size of
boiler; (5) firing and loading practices used; (6) level of equipment maintenance, etc.

To evaluate emissions under comparable conditions, the results were normalized at 3 %
oxygen. Foremost, the initial investigations for heavy fuel oil combustion process were also
performed, to obtain baseline level for further analysis and measured results evaluation and

comparison to the results of emulsion combustion.
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It is important to give a notice, that heavy oils are usually composed mostly of carbon (86 %
wt), hydrogen (11 % wt), and sulphur (currently ranging between 0.18 and 4.36 % with an average
about 2 % wt.). It also contains other impurities such as ash, metals and water.

The measurement results for the concentrations of CO in the exhaust flue gas are given in

Table 2.8 and represented graphically in Fig. 2.17

Table 2.8 The measured concentration of CO emission in flue gas from heavy fuel oil combustion process

. Converted | Amount of L.
Measwed O, | Standard O, | Converted i . Limit
No Temperature, Fuel type Pollutant Units Measurement| DMeasured ) ) e e average exhaust value
g oc ¥P type : method concentration | €OMCeNtration, |concentration, e 1™ |concentration, | emissions, . '
%o %o mg/ N’ 3 3, mg/Nm’
g/ N Nm'/s
1 2 3 4 5 [ 7 8 9 10 11 12 13
1 266.0 25 3.8 46.2
2. 269.0 7 3.6 12.3
3. 270.0 10 T4 1d.6
4. 268.0 highty sulphurous i T8 13.6 _
s 73 heary fuel o co ppm [electrochemical 3 1 3.0 53 16.4 5.56 s00
d. 265.4 1] T3 9.9
T 264.1 5 T4 8.5
g. 265.4 5 4.5 T8

The heavy fuel oil (~ 2 % sulphur content) combustion emissions measurements were
carried out in normal operational conditions. Measurements were conducted using electrochemical
measurement method. As it is given in Table 2.8 and represented in Fig. 2.17, the exhaust flue gas
temperature during combustion period varied in a range of 264.1 — 269.0°C. Meanwhile, the
operational temperature in boiler is ~ 800 - 850°C with perceptible fluctuations. The measured of
CO concentrations from heavy fuel oil combustion process are substantially smaller (measured
average value 16.4 mg/Nm®) than their established MAC value (500 mg/Nm®). The low CO values

could be attributed to the combustion at high temperature.

CO emissions from heavy fuel oil combustion process
B00 -
MAC 500 mg/Nm’
S e o e — o — — — — — — — — — — —
"E ; 5
= 40 [ Measured CO concentration, mg/Nm
g — e MAC, mgMm’
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5|
|5
=) 20 A
Q
(_) i
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Exposure time, min

Fig. 2.17 CO emissions from heavy fuel oil combustion process
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NOy concentrations measurements in the exhaust flue gas are given in Table 2.9 and

represented graphically in Fig. 2.18.

Table 2.9 The measured concentration of NO, emission in flue gas from heavy fuel oil combustion process

. Converted | Amount of L.
Measured Oy | Standard Oy | Converted | ; Limit
Ne Temperature, Fuel type Pollutant Units Measurement| Measured - tration. |concentration, average exhaust value,
. oc ) type ; method | concentration | CPRCeNTAtion, | concentration, 00N oncentration, | emissions, —
0 %o mg/ Nm i F 3, mg/Nm
mg/ Nm Nm'/s
1 2 3 4 5 [ 7 8 o 10 11 12 13
1. 266.0 202 8.8 610.8
2 269.0 217 8.6 646.0
3. 270.0 218 7.4 5917
4. 268.0 highly sulphurous . 220 18 615.2
NO, lectrochy al 30 582.2 5.56 650
5. 267.2 heavy fael al = | PR |Eleciochemie 209 8.1 5978 o
8. 265.4 210 73 5657
7 264.1 184 A 506.6
8. 265.4 206 6.5 524.1

The NOx emissions from highly sulphurous heavy fuel oil combustion were measured using
electrochemical measurement method. The exhaust flue gas temperature varied in the same range as
for carbon monoxide emissions.

As it can be seen from data, given in the Table 2.9, the measured average NOy concentration
(582.2 mg/Nm®) was similar to the MAC value, which is 650 mg/Nm® for NO,. Either, in some
measurement points concentration values were extremely close the MAC values. The peak value
(646.0 mg/Nm”) is observed along with a highest flue gas temperature (269°C), and practically
approached the MAC value.

NO_ emissions from heavy fuel oil combustion process
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Fig. 2.18 NO, emissions from heavy fuel oil combustion process
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The SO, concentrations in the exhaust flue gas also were measured and recorded in Table

2.10 and represented graphically in Fig. 2.19.

Table 2.10 The measured concentration of SO, emission in flue gas from heavy fuel oil combustion process

Measured O, | Standard O. Converted Converted | Amount of

Mo, Temperature, Fuel type Pollutant Units Measurement| NMeasured CEIllC?lltl‘lﬁlJl: ClJlll:?lltl‘]ﬁlJil concentration, avemge.! EJflm.ust MAC,

ac . type method concentration o : ’ o : ’ 3 concentration, | emissions, mg-"Nm’

Y o mg/Nm' 2 2
= mg/ N’ Nm'/s

1 2 3 4 5 5] 7 8 9 10 11 12 13
1 266.0 741 8.8 3202.5
2 268.0 676 8.6 2575.9
3 7.0 709 74 27511
j igig hﬂ:v;”lfi}éﬁius 50; | pem |electrochemical :‘:g ;? 30 2;322 3130.6 5.56 1700
6. 265.4 778 7.3 2594.8
7. 264.1 805 7.8 3167.2
8. 265.4 934 f.5 3396.4

The obtainable SO, emission concentrations from highly sulphurous HFO combustion are
almost entirely dependent on the sulphur content in the HFO. In this case, heavy fuel oil with a
sulphur content of ~ 2 % by mass was operational. This fact is reflected by the obtained emission
concentration which is indicated as extremely exceeding the MAC value. The average measured
SO, value is 3139.6 mg/Nm’, meanwhile SO, MAC is defined as 1700 mg/Nm® (according to EU
Directive 1999/32EC and LAND 43-2001 ,,Norms for the exhaust of pollutants from large fuel

burning equipment*).

§0, emissions from heavy fuel oil combustion process

Concentration, ma/hm?

5 10 15 21 25 30 35 40 45
Exposure time, min

Fig. 2.19 SO, emissions from heavy fuel oil combustion process

The objective of this work is to lower SO, emission concentrations up to the allowable

values and even more.
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The measurement results for the concentrations of particulate matter in the exhaust flue gas

are given in Table 2.11 and represented graphically in Fig. 2.20.

Table 2.11 The measured concentration of particulate matter emission in flue gas from heavy fuel oil
combustion process

Conmerted Converted Amount of
By o o] Pollutant o Measurement Measured Measured Oy e _02 . average exhaust MAC,
0. | Temperature, uel type iype mits method ation ation, %o %“"""’ ‘:"", concentration, | emissions, 111g4-me3
g /Do mngms Nm¥/s
1 2 3 4 5 [ 7 8 9 10 11 12 13
1. 2700 77 34 1333
2. 2300 highly sulphurous | Particulate 3 . 1303 77 1763
3 2640 heavy fuel oil matter | REH weight 02 74 30 106.1 14 3 200
4 2640 551 76 740

The particulate matter emissions from heavy fuel oil combustion process are related to the
oil sulphur content, because low sulphur oil, exhibits substantially lower viscosity and reduced
asphaltene, ash, and sulphur contents, which results in better atomization and more complete
combustion, reducing CO and particulate matter emissions.

The obtained PM emissions concentrations from highly sulphurous heavy fuel oil
combustion were measured using weight method. As it is given in Table 2.11 and represented in
Fig. 2.20, the exhaust flue gas temperature during combustion period varied in a range of 264.0 —
270.0°C, and remained sufficiently stable. The measured average particulate matter does not exceed

the MAC value, thus the peak value (176.3 mg/Nm?®) alerts about possible PM values overdrafts.

Particulate matter emissions from heavy fuel oil combustion process
220 4
1 MAC 200 mg/MNm'’
o 200 f—— — — — — — — — — — ——— —— — —
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E’ 1BEI—_
i 160 I Measured PM concentration, mgMm
9 | —_—— WA, myiim
g 140 Mo/
5 120
o o
3 100
o ]
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Exposure time, min

Fig. 2.20 Particulate matter emissions from heavy fuel oil combustion process
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With a purpose to obtain MAC values for heavy fuel oil — glycerol emulsion, the
calculations for heavy fuel oil modified by glycerol additive (1:1) concentrations were conducted,
applying the known MAC values for biofuel (in our case wood as biofuel MAC values are taken
into account) and heavy fuel oil. The calculations were perfomed when taking the arithmetic
average of concentrations for heavy fuel oil and biofuel. Hereinafter, measurement results for heavy
fuel oil — glycerol emulsion (1:1) combustion process are presented.

The experimental investigations for the heavy fuel oil-glycerol combustion and flue gas
measurements in stack were conducted repeatedly. The heavy fuel oil-glycerol emulsion (1:1) with
10 % of H,O, which is present in glycerol, was combusted in JSC “Rietavo veterinariné sanitarija“

thermal oxidizing boiler ,,UMISA -CR/11,9 (13) “. The obtained results are given hereinafter.

The measurement results for the concentrations of CO in the exhaust flue gas of heavy fuel

modified by glycerol additive are given in Table 2.12 and represented graphically in Fig. 2.21.

Table 2.12 The measured concentration of CO emission in flue gas from heavy fuel oil-glycerol emulsion
combustion process

. 5 Corverted Comverted Amount of
Pollutant R Measurement Measured Measured O, . e . average exhaust MAC,
No. | Temperature,°C Fuel type type Units method ation ation, % ation, ";""’ concentration, | emissions, | poqyd
i g /Nl mgf'Nm3 Mm'/s
1 2 £ 4 5 1] T 8 9 10 11 12 13
2. 1008 824 16.5 4120
3 2000 54 156 225
4. 210.1 o3 156 3877
5. 210.5 modified heavy fuel 55 154 2311
i} 2131 oil (heavy fuel oil- 50 153 1974
7. 2055 alyceral emulsion, e pem | electzochemicel 477 15.5 30 19515 1781 L 2250
Q. 2308 mix ratio 1:1) 791 136 24052
10. 2350 622 133 18175
11. 2394 378 127 10247
13. 2343 230 17.0 53313

The presence of CO in the exhaust flue gas from combustion system results principally from
incomplete fuel combustion. Measurements were conducted using electrochemical measurement
method. As it is given in Table 2.12 and represented in Fig. 2.21, the exhaust flue gas temperature
during combustion period varied in a range of 190.8 — 239.4°C. The obtained CO concentrations
from heavy fuel oil — glycerol emulsion combustion process fluctuated drastically during the
measurements.

The observed CO concentrations varied in a wide range 197.4 — 5231.3 mg/Nm’. This fact
could be attributed to significant fluctuations in operational temperature in thermal boiler, as well as
possible lack of supplied oxygen during certain moments in combustion process. Thus, the
evaluated concentration average value 1758.1 mg/Nm’® seems to be much lower than MAC value
2250 mg/Nm’, though separate CO concentration measurements give high peaks, in the beginning

of combustion (when the system is warming-up) and at the end due to some technical obstacles. It
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means that stable and sufficient temperature plays a siginificant role in complete emulsion

combustion process, along with sufficient oxygen availability.

CO emissions from heawy fuel oil - glycerol emulsion combustion process
5000 -
5000 o [  Messursd CO concentration, mgMm >
ME o —MAlC‘mg.l'Nm3
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& 3000 4
o _ MAC 2250 mg/Nm’
2 [T g L & —_———-
& 2000
1000 H
. 3 e 5 1 5 N B
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Expaosure time, min

Fig. 2.21 CO emissions from heavy fuel oil — glycerol emulsion combustion process

NOy concentrations measurements in the exhaust flue gas are given in Table 2.13 and

represented graphically in Fig. 2.22.

Table 2.13 The measured concentration of NO, emission in flue gas from heavy fuel oil-glycerol emulsion
combustion process

o ried Comverted Amouni of
o, | T fure. O Fuel Pollutant Dnits Measurement Measured Measured O; e ?1 o ation, a\'el‘age_ e)fll.a.ust MAC,
0. | lempera 2 ‘uel type type a method ation ation, % aton, . * | concentration, | emissions, mg.-'Nma
% me /T mngms Nm/s
1 2 3 4 5 6 7 8 9 10 11 12 13
1. 18310 57 163 77
2. 1008 57 16.5 487 8
3. 2000 &3 156 5673
4 2101 modified heavy fuel 84 156 5740
;: ggf ;ﬁi:ﬁfﬁi HOx ppm | electrochemical Eé 1;: a0 ;Sg 2 6123 417 700
7 2009 mix ratio 1:1) 67 155 4497
8. 2163 115 152 313
11. 230.4 203 137 0026
12 2343 08 17.0 2041

One of the most essential moments in this research is the observed concentrations of NOy
emission in flue gas. Data in the literature emphasizes the possible increment in NOy concentrations
during biodiesel combustion. The aim of this analysis is to provide heavy fuel oil — glycerol
emulsion combustion process and to measure obtained NOy concentrations, evaluate the observed
results and to compare with the propositions given in literature.

Oxides of nitrogen (NOyx) formed in combustion processes are due to either to thermal

fixation of atmospheric nitrogen in the combustion air (“thermal NOy”), or to the conversion of
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chemically bond nitrogen in the fuel (‘fuel NOy”). The term NOy refers to the composite of nitric
oxide (NO) and nitrogen dioxide (NO;). Experimental measurements of thermal NOy formation
have shown that NOy concentration is exponentially dependent on temperature and the residence
time. Thus the formation of thermal NOy is affected by four factors: (1) peak temperature, (2) fuel
nitrogen concentration, (3) oxygen concentration, and (4) time of exposure at peak temperature.

The observed NOy concentrations varied from 447.7 mg/Nm® till 904.1 mg/Nm®. Thus some
measured concentrations exceeded MAC value, but average concentration observed lower than the
estimated MAC. The average measured NOy value was 618.8 mg/Nm3 , when calculated MAC for
NOy in emulsion flue gas is 700 mg/Nm3. However, the concentration increase for NOy is observed

due to technical obstacles and too low temperature in boiler at the end of experiment.

NO, emissions from heavy fuel oil - glycerol emulsion combustion process
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Fig. 2.22 NO, emissions from heavy fuel oil — glycerol emulsion combustion process

In fossil fuel combustion fuel nitrogen content and combustion zone temperatures are main
factors in the production of NOy The observed increase in NOy concentrations may be due to the
high temperature generated in the fairly complete combustion process on account of adequate

presence of oxygen in the fuel.

The SO, concentrations in the exhaust flue gas also were measured and recorded in Table

2.14 and represented graphically in Fig. 2.23.
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Table 2.14 The measured concentration of SO, emission in flue gas from heavy fuel oil-glycerol emulsion
combustion process

5 o Comerted Cormverted Amount of
No. | Temperature, °¢ Fuel type Pollutani T Measurement Measured Measured Oy - ation, average e’f]ﬂ:l-“ MAC,
" t type methed ation ation, Yo %‘““"" A concentration, | emissions, ll'lg"Nm3
meg/Nm mg.-’Nma Nm*/s
1 2 3 4 5 6 T 1 9 10 11 12 13
1 1830 [ 163 654.4
2 1008 63 16.5 T34
3 2090 g 156 9670
4. 210.1 102 156 0063
5. 210.5 modified heavy fuel 104 154 o794
? éé; ; ;ﬁjg;’fmfﬁf;zi 802 ppm | electrochemical 120?6 i; i 30 2?22 7211 417 1700
8 2163 mix ratio 1:1) 36 152 3093
9 2308 80 1346 5702
10 2350 97 133 a64.4
11. 230.4 107 127 6709
13. 2343 bl 17.0 13650

Sulphur oxides (SOyx) emissions are generated during oil combustion from the oxidation of
sulphur contained in the fuel. The emissions of SOy from conventional combustion systems are
predominantly in the form of SO,. Uncontrolled SO emissions are almost entirely dependent on the
sulphur content of the fuel and are not affected by boiler size, burner design, or grade of fuel being
fired. On average, more than 95 % of the fuel sulphur is converted to SO, about 1 to 5 % is further
oxidized to sulphur trioxide (SO;3), and 1 to 3 % is emitted as sulphate particulate. SO; readily

reacts with water vapor (both in the atmosphere and in flue gases) to form a sulphuric acid mist.

$0, emissions from heawy fuel oil - glycerol emulsien combustion process
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Fig. 2.23 SO, emissions from heavy fuel oil — glycerol emulsion combustion process

The observed SO, emission concentrations in the exhaust flue gas from emulsion
combustion are the most importatant in this investigation, thus the main objective of this reserach is

reduction in SO, emissions to fulfill Lithuanian and EU normative regulations, along with a cost-
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effective glycerol utilization. A substantial positive effect of the fuel sulphur dioxide emission
concentrations is noted. The observed results showed that heavy fuel oil — glycerol emulsions gives
a significant decrease in SO, - measured average concentration was only 727.1 mg/Nm®, while for
pure heavy fuel oil it is 3-4 times higher. This would allow easily meet the requirements for SO,
MAC 1700 mg/Nm’. So, it is true to say, that the exhaust emissions of sulphur oxides and sulphates
from emulsion are essentially eliminated compared to heavy fuel oil SO, concentrations.

The measurement results for the concentrations of particulate matter in the exhaust flue gas
of heavy fuel modified by glycerol additive are given in Table 2.15 and represented graphically in
Fig. 2.24.

Table 2.15 The measured concentration of particulate matter emission in flue gas from heavy fuel oil-
glycerol emulsion combustion process

S 0 Comverted Converted Amount of Limit
Mo. | Temperature, °C Fuel type Pollutant Units Measurement Measured Measured Oy f—— ation, aver'age. Ex.]ﬂjlsi value,
type method ation ation, %0 o * . concentration, | emissions, 3
e/ 1||g.l'1‘~h||5l Nmis /N
1 2 3 4 5 1] 7 8 9 10 11 12 13
1 201 ’;‘;d::: ]wgglf:f S 61 2543 8477
2 120 elyeerol :zﬂ ion mix|  matter g’ weight &3 2318 30 7320 7402 417 800
3 2300 ratio 1:1) 59 3742 641 .10

In general particulate matter emissions depend on the completeness of combustion as well as
on the heavy fuel oil ash content. In this case, the heavy fuel oil with ash content max 0.14 wt %

according to the GOST 1461 was operational.

Particulate matter emissions from heavy fuel oil - glycerol emulsion combustion process
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Fig. 2.24 Particulate matter emissions from heavy fuel oil — glycerol combustion process
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Naturally, the particulate matter emissions from heavy fuel oil — glycerol emulsion
combustion are related to the heavy fuel oil sulphur content. PM mass concentrations increases with
an increment in fuel sulphur content. In our case, heavy fuel oil sulphur content corresponds to a
high sulphurity, but due to the glycerol presence in the emulsion, sulphurity problem seems to be
solved or at least mitigated to the acceptable rates. The reduction of fuel sulphur content could
reduce particulate emissions from emulsion incineration if the equipment is properly maintained
and operated.

The ash content of the samples was analyzed by determining the combustion residue at
850°C. Results are expressed in terms of filterable PM mass in mg/Nm® dry flue gas at standard
temperature and pressure. As it is given in Table 2.15 and represented in Fig. 2.24, the measured
average particulate matter 740.2 mg/Nm® does not exceed the MAC value, thus the peak value
(847.7 mg/Nm®) alerts about possible incomplete combustion during some combustion exposure

intervals. Eventually, particulate matter MAC values are not exceeded.
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Summary and comparison of results from heavy fuel oil and hevay fuel oil-glycerol emulsion
(1:1) combustion process

The experimental investigations of heavy fuel oil — glycerol emulsion combustion were
carried out at the JSC “Rietavo veterinarin¢ sanitarija” in thermal oxidizing boiler in September -
November 2005 repeatedly. Few combustion proceses were carried out, because of the insufficient
amount of the emulsion only 550°C temperature was reached during the first test combustion
investigation in September 2005, meanwhile the operational temperature of boiler 1s 850°C and the
recommended temperature for glycerol combustion ~ 1000°C. Consequently, the repeated
experiment was carried out in November 2005.

The summary and comparison of the measured emission concentrations in the exhaust flue
gas from heavy fuel oil and heavy fuel oil — glycerol emulsion (1:1) combustion process are given

in Table 2.16 and represented graphically in Fig. 2.25 and Fig. 2.26 hereinafter.

Table 2.16 Summary of pollutants concentrations measurement results and comparison with MAC values

HFO-G Measured HFO-
MAC for | MAC for Measured HFO
emulsion G emulsion (1:1)
No. Pollutant HFO, biofuels*, concentration
3 , | (L) MAC, 3 concentration,
mg/Nm mg/Nm 3 mg/Nm’, 3
mg/Nm mg/Nm
1 | Carbon monoxide 500 4000 2250 16.4 1758.1%*
(CO)
2 | Nitrogen oxides 650 750 700 582.2 618.8
(NOy)
3 | Sulphur dioxide 1700 1700 1700 3139.6 727.1
(50,
Particulate matter
4 (high-density biofuel - 800 800 120.4 740.2
wood)

* Goverment resolution No. 486 (28 September, 2001 “Regarding exhaust pollutant emission and large fuel
burning equipment norms and exhaust pollutants from fuel burning equipment norms LAND 43-2001
establishement” (“Valstybés Zinios”, 2001, No. 88-3100; supplement 2001, No. 101-3826). Here MAC
values are considered for wood as solid biofuel.

** This is more than two times less than the norm for burning solid biofuel. So, the emissions into the

atmosphere should be limited according to PM levels.

The heavy fuel oil and prepared heavy fuel oil - glycerol emulsion (1:1) combustion was
carried out in the thermal oxidizing boiler which operating temperature is ~ 850°C, with few
fluctuations due to technical obstacles. As the investigation results indicated, temperature is of the

high importance in the combustion process completeness.
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As we can see from data given in Fig. 2.25, the highly sulphurous heavy fuel oil combustion
gives the extremely high concentrations of SO, The measured CO, NOy and particulate matter
emission concentration values in the exhaust flue gas during this investigation does not exceed
MAC values, thus the obtained some concentration peak values for NOy (646.0 mg/Nm®) and
particulate matter (176.3 mg/Nm®) alerts about possible admissible concentration values overdrafts.
The relatively low CO values (average concentration 16.4 mg/Nm®) could be attributed to the
combustion at high temperature. The observed average SO, concentration value is 3139.6 mg/Nm”,
meanwhile SO, MAC value is 1700 mg/Nm’. Thus, the obtained emission concentration
significantly exceeds admissible value, due to high sulphur content by mass in heavy fuel oil

operational in this investigation.

e Comparison of HFO measured concentrations to their MAC )
values, mg/Nm?
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Fig. 2.25 Comparison of HFO measured concentrations to their MAC values, mg/Nm’

In general, it should be particularly emphasized that the observed emission concentrations
for heavy fuel oil — glycerol emulsion combustion process indicate a significant decrease in SO,
emission amount — the measured average concentration was only 727.1 mg/Nm®, while for pure
heavy fuel oil it is 3-4 times higher (Fig. 2.26). This would allow readily meet the requirements for
SO, MAC 1700 mg/Nm’. So, it is true to say, that the exhaust emissions of sulphur oxides and
sulphates from emulsion are essentially eliminated compared to heavy fuel oil SO, concentrations.

Still, it is observed the increment of nitrogen oxides emission concentration during heavy
fuel oil — glycerol emulsion combustion process. The average measured NOy concentration value is
618.8 mg/Nm3, whereas the evaluated MAC value for NOy in emulsion combustion flue gas is 700
mg/Nm’. Thus, the MAC value is not exceeded, in some measurement points concentrations

overdrafts are indicated. However, the concentration increase for NOy up to10 % is observed due to
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technical obstacles and too low and shifting temperature in boiler at the end of the experiment. The
measured average concentrations for CO and particulate matter do not exceed their estimated
maximum admissible values. The measured average particulate matter concentration 740.2 mg/Nm®
does not exceed the MAC value, thus the peak value (847.7 mg/Nm’) alerts about possible
incomplete combustion during some combustion exposure intervals. The evaluated CO

3

concentration average value 1758.1 mg/Nm” seems to be much lower than MAC value 2250

mg/Nm®, though separate CO concentration measurements give higher peaks due to some technical

obstacles.

e Comparison of HFO-G emulsion measured concentrations to )
their MAC values, mg/Nm?

2500+
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N J

Concentration, mg/Nm?

Fig. 2.26 Comparison of HFO-G emulsion measured concentrations to their MAC values, mg/Nm’

Finally, based on the accomplished investigation results, the heavy fuel oil modified by
glycerol additive technological regulation was prepared (Annex 5). This regulation provides
technical data for the heavy fuel oil — glycerol emulsion preparation and combustion conditions.
The technical conditions could be adjusted considering boiler construction, operational burner types

and boiler capacity.
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2.4. GLYCEROL AS SULPHUR MODIFIER (PLASTICIZER)

Some experiments were carried out to examine the possibility to use glycerol for sulphur
plastification along with the main heavy fuel oil emulsion combustion experimental investigations.
The need to plasticize sulphur for use to replace cement was recognized during the 1930s. Many
types of organics have been employed in an effort to accomplish production of durable cements
[67].

Sulphur has been employed for various types of chemical uses. The significant potential
uses that utilize the unique physical properties of sulphur, sometimes requires the addition of
plasticizer. Sulphur paint can be used as a material that offers exceptional chemical and water
resistant properties. The formulation used to paint the walls should consist of 97 % of sulphur, 1 %
plasticizer, 1 % chopped strand glass fibers and the remainder decorative materials. These
ingredients are heated in an open vessel to a temperature just above the melting point of sulphur and
spread in a thin layer on a surface of concrete blocks.

Some experiments with a purpose to investigate the use of glycerol as sulphur plasticizer
possibilities were carried out. For the experiments sulphur from JSC “Lifosa” and glycerol from
JSC “Rapsoila” were operational.

During the experiment, 4 sample mixtures with different glycerol additive to sulphur
concentrations were prepared and combusted in 160°C and 180°C. The experiment data are

presented in the 2.17 table:

Table 2.17 Sulphur modification with glycerol additive

Sample | 11 111 IV
Plate weight, g 45,97 106,80 49,13 79,47
Sulphur mass, g 50,00 100,00 50,00 100,00
Glycerol mass, g 4,80 20,68 4,96 17,95
Glycerol mass, % 9,60 20,68 9,90 17,95
Combustion temperature, °C 160 160 180 180
Combustion time, h 5 5 5 5
Cooling time, h 24 24 24 24
Desiccation time, h 48 48 48 48

At the beginnning of the experiment, 4 samples of sulphur and glycerol mixture were
prepared. The prepared samples were combusted 5 hours in the drying oven, 2 samples in 160°C

and 2 samples in 180°C temperature. The mixture should be periodically stirred in order to get it
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homogenous as much as possible. Then cooled in the room temperature for 24 hours, glycerol
residue washed out and samples desiccated for 48 hours.

The following Fig. 2.27 (a, b, ¢, d) represents samples I, 11, III and IV after dessication:

Fig. 2.27 Sulphur modification with glycerol as a plasticizer

After the dessication samples were weighed and then glycerol part absorbed by sulphur was

measured. The obtained results is presented in Table 2.18.

Table 2.18 The glycerol part (%) absorbed by sulphur

Sample | 11 111 1V
Sample initial weight, g 95,97 206,80 99,13 179,47
Sample final weight, g 97,82 210,67 101,35 184,6
Glycerol share absorbed by sulphur, % 38,5 18,7 44,8 28,6

As we can see from the experiment results presented in Table 2.18, the highest glycerol to
sulphur absorptivity is obtained in the 1 sample, where glycerol share in sulphur is 9.9% and
combustion temeperature 180°C. Sulphur changes its structure and shifts from crystalline to the
polymeric (plastic) in temperature >160°C. The linear chain is formed, so the glycerol melts and

enters the sulphur more easily.
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CONCLUSIONS

The experimental investigations were carried out in September-December 2005 and 2006 at JSC
“Rapsoila”, JSC “Rietavo veterinarin¢ sanitarija®“ and VGTU Institute of Thermal Insulation.
During laboratory and pilot investigations a technology for highly sulphurous heavy fuel oil -
glycerol emulsion preparation was developed. The heavy fuel oil modified by an additive of
technical glycerol is a complex material, composed of heavy fuel oil and glycerol mixture by
ratio 1:1 and emulsificated in t > 70°C up to the complete homogeneity

The microscopic investigation showed that prepared emulsions are homogenous if freshly made,
after some time period the aggregation process breaks down the homogeneity. Thus, after
mechanical activation the emulsion homogeneity is reinstated.

The emulsion X-ray diffraction pattern analysis of crystalline structure and computer-based
quantitative impurity analysis indicated compound of the NasP3;0;¢p composition present in
emulsion ash. The observed traces of Na and K indicate about the catalyst, used in the
transesterification process, during the biodiesel production. In this case, the base added as a
single reagent was NaOH or KOH. Also, we can draw a conclusion, that glycerol used for heavy
fuel oil-glycerol emulsion preparation was of relatively high purity, thus the X — ray diffraction
indicates non-significant peaks due to the small amounts of additives.

The crude heavy fuel oil and heavy fuel oil modified by glycerol combustion process and
measurements were carried out at the JSC ,,Rietavo veterinariné sanitarija®“ and could be used
for heat production.

During the measurements of pollutants, exhaust from the heavy fuel oil with a high sulphur
content by mass combustion process, the extremely high concentrations of SO, are obtained.
The observed average SO, concentration value is 3139.6 mg/Nm’, meanwhile SO, MAC value
is 1700 mg/Nm®. Thus, the obtained emission concentration significantly exceeds admissible
value, due to the high sulphurity in the heavy fuel oil.

The obtained CO, NOy and particulate matter average emission concentration values in the
exhaust flue gas during HFO combustion process do not exceed MAC values, thus some
obtained concentration peak values for NO (646.0 mg/Nm’) and particulate matter (176.3
mg/Nm’) alerts about possible admissible concentration value overdrafts.

The observed relatively low CO values (average concentration 16.4 mg/Nm®) for heavy fuel oil
could be attributed to the combustion at high temperature.

It should be particularly emphasized that the observed emission concentrations for heavy fuel

oil — glycerol emulsion combustion indicate a significant decrease in SO, emission amount. The
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10.

11.

12.

13.

14.

measured average concentration was only 727.1 mg/Nm’, meanwhile for pure heavy fuel oil it is
3-4 times higher. This would allow readily meet the requirements for SO, MAC 1700 mg/Nm”.
So, the exhaust emissions of sulphur oxides from emulsion are essentially eliminated compared
to heavy fuel oil SO, concentrations.

However, the increase of ~ 10 % for NO, emission concentration was observed due to the
technical obstacles and too low and shifting temperature in the boiler. However, the average
measured NOy value is 618.8 mg/Nm® and does not exceed the evaluated MAC value for NOy
which is 700 mg/Nm".

The measured average concentrations for CO (1758.1 mg/Nm’) and particulate matter
(740.2mg/Nm’) do not exceed their estimated maximum admissible values.

Due to the insufficient temperature and some technical obstacles in some points of
measurements the obtained concentration values exceeded the allowable ones, but the average
concentration value does not exceed limit value and are lower than their MAC values. The
attainment of sufficient temperature in the boiler plays a siginificant role for a complete
emulsion combustion process, along with adequate oxygen availability. The operating boiler
temperature is 850°C, and it is considered that complete emulsion combustion requires ~ 950-
1000°C.

It was determined that glycerol could be used to plasticize sulphur for its use in sulphur
concretes. The glycerol part up to 10 % and temperature >160°C is found to be operational.
Thus, the broader investigations are required.

Finally, based on the accomplished investigation results, the heavy fuel oil modified by glycerol
additive technological regulation is prepared, which provides technical data for heavy fuel oil —

glycerol emulsion preparation and combustion conditions.
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3. ATMOSPHERIC AIR POLLUTION DISPERSION MODELLING
3.1. INTRODUCTION

A mathematical model is an assembly of concepts or phenomena in the form of one or more
mathematical equations, which approximate the behaviour of a natural system or phenomena to
predict the impacts or concentration of parameters under different types of current or future
parameters, using readily available or measured input data.

The objective of this simulation study is to investigate the effect of two variables -
atmospheric stability (Pasquill stability classes A-F) and wind speed (1-5 m/s )- on the downwind
transport of the pollutants, to observe which type of atmosphere, from stable to unstable, has more
effect downwind from the smokestacks.

In this chapter the atmospheric air pollution from point source dispersion modelling in the
region, applying Gaussian Plume Model and computer-based program LabVIEW 8.0 is performed.
The experimentally obtained emission concentrations of heavy fuel oil and heavy fuel oil - glycerol

emulsion combustion are operational.

3.2. METHODOLOGY OF AIR POLLUTION DISPERSION SIMULATION

Prediction of pollution levels resulting from a given emission is carried out with the help of
air pollution dispersion models, which compute atmospheric transport and dispersion of pollutants
being emitted into the atmosphere. At present, Gaussian plume model is the most widely used
model for point source emission predictions. The fuel combustion atmospheric air pollution
dispersion modeling is performed on the basis of Gaussian plume model in order to determine the
possible contribution of the emissions to the background air pollution.

The Gaussian plume model is the most accepted computational approach to calculating the
concentration of a pollutant at a certain point. This model describes the transport and mixing of the
pollutants. It assumes dispersion in the horizontal and vertical direction will take the form of a
normal Gaussian curve with the maximum concentration at the center of the plume [68].

Fig. 3.1 shows schematically the dispersion in the atmosphere of pollution released from a
stack. Most attention to modelling this behaviour centres on describing in mathematical equations
the spread of airborne material as a function of downwind distance. This is shown in an idealised
way in Fig. 3.1, where the shape of the dispersing plume is assumed to have the form of a Gaussian

function, examples of which are drawn on the diagram.
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Fig. 3.1 The schematic geometry of Gaussian plume model

There are several versions of the Gaussian plume model. A classic equation 3.1 is the

Pasquill-Gifford model [68, 69].

Clnd) =2 p(ﬁ J G e e B

Here:

C — concentration of the chemical air, [ug/m3];

Q — rate of chemical emissions, [pg/s];

u — wind speed in x direction, [m/s];

oy — standard deviation in y direction, [m];

o, — standard deviation in z direction, [m];

y — distance along a horizontal axis perpendicular to the wind, [m];
z — distance along a vertical axis, [m];

H — effective stack height, [m].

The horizontal displacement is due to wind speed. The higher the speed, the greater the
displacement. The vertical rise is due to:
. buoyancy - when the exit gas mass is less than the surrounding air mass, the plume is
more buoyant;
. exit temperature - when the exit temperature is greater than the ambient air

temperature, the plume has positive buoyancy;
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o exit velocity - an increase in exit velocity will increase the vertical inertia which leads
to higher plume rise;
e wind speed - an increase in wind speed will decrease the plume rise by bending the

plume over more rapidly.

Fuel is burnt and a plume of emissions is produced. A plume is the region of space
containing the gases and particulates released from a smokestack as fuel is burnt. This may look
like flue gas and could contain one or more pollutants. Because the plume is hot, it will rise, since
hot air is less dense. The plume will rise to a certain point and this is called the "effective stack
height". The effective stack height depends on three main factors:

. the exit velocity of the gas from the stack;
. the temperature of the plume;
e the temperature of the surrounding air.

The effective stack height is equal to the physical stack height plus the plume rise [68, 69].

1'6F;)1/3x2/3

AH = (3.2)

V(T -T
Feg [ ] (33)

Here:

AH — plume rise as defined by Briggs equation, [m]
x — downwind distance, [m];

u — wind speed in x direction, [m/s];

Fp — buoyancy flux, [m*/s];

g — acceleration due to gravity, [m/s];

d — stack diameter, [m];

V — exit velocity, [m/s];

T, — absolute gas temperature, [deg];

T, — absolute air temperature, [deg].

After the plume reaches the effective stack height, the plume starts to disperse in three

different directions:
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e the plume can move downwind. The amount that the plume moves is directly

proportional to the wind speed and in the direction of the prevailing wind.

e the plume can move in a cross-wind direction. This is determined by the Gaussian plume

equations.

e the plume can move in a vertical direction, either up or down. This is also determined by

the Gaussian plume equations.

The Gaussian plume model is the most commonly used model to make the calculations
needed to predict the movement of a pollutant in complex situations. In order to do this, several
assumptions need to be made:

o the smokestack emission is continuous and constant to allow for steady state analysis;

e the terrain is relatively flat;

e there are no reactions degrading the pollutants. Also, when the pollutants hit the ground,

they are reflected and not absorbed;

e the wind speed is constant in time and in elevation;

e the concentration of the pollutants has a normal distribution;

e the concentration at the edge of the plume is one tenth of the concentration of the

centerline.

As a result the Gaussian plume model will only work well over short distances of up to 50
km from the source of the pollutant to the receptor. The receptor could be a measuring instrument,
but it might well be a neighborhood in the path of the pollutant flow. The model will also not work
well in areas where the terrain is very complex or in a coastal area where sea and land-breezes can
cause dramatic changes in meteorological conditions.

Industrial effluents are discharged through smokestacks. The exhaust plume from the stack
mixes with ambient air. This mixing dilutes the effluent. Wind speed affects the rate of mixing (Fig.
3.2). Increase in speed will increase the dilution. Strong wind drags pollution torch, enhances
dynamic convection so pollution concentration decreases. This will result in a lower downwind
concentration, the area contaminated will increase. Also, the more unstable the atmosphere, the
greater the dilution. Turbulent diffusion causes the pollutants to become more dispersed. The plume

experiences a horizontal and vertical movement [70].
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Fig. 3.2 Wind effect on pollution dispersion

The factors that affect transport, dilution and dispersion of air pollutants are grouped into:
e source or emission characteristics;
e the nature of pollutant material;
e the effects of terrain and anthropogenic structures;
e meteorological characteristics;
e wind and air humidity;

e turbulence and stratification;

Source characteristics

Most industrial pollution is discharged vertically from a stack or duct into the open air. As
the contaminated gas stream is emitted, the plume (body of polluted air) expands and plume means
the body of polluted air. Wind that is horizontal air movement will bend the plume in the downwind
direction. At some distance from the source, the plume will level off. While the plume is rising,
bending, and starting to move with the wind in the downwind direction, the flue gas is being mixed
and diluted by the ambient air. As the gas is being diluted by increasing volumes of air, the
contaminant will eventually reach the ground.

The initial rise of the plume is due to the upward inertia of the gas stream exiting the stack,
and by its buoyancy. The vertical inertia is related to the exit velocity and mass of the gas. The
buoyancy is related to the density relative to the surrounding air, primarily determined by
temperature. Increasing exit velocity and increasing exit temperature will increase the plume rise.

Increasing emission rates will therefore lead to a proportional increase in ambient concentrations.
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Downwind distance

The greater the distance from the discharge point, the greater the volume of air available for
dilution. However, since the plume starts above the ground and needs some time to reach the
ground (by bending and spreading), there is no concentration observable in the immediate vicinity
of the stack, then we can observe an increase for some distance as the plume approaches the ground.
After this, the ground-level concentration will decrease with increasing distance from the emission

source.

Wind speed and direction

Wind direction will determine the direction in which the plume will move across local
terrain. Wind speed affects the plume rise (fast wind will bend the plume faster), and will increase
the rate of dilution. Thus, the effects of wind speed work in two opposite directions:

e increasing wind speed will decrease plume rise, thus increase ground level

concentrations;

e increasing wind speed will increase mixing, thus decreasing ground level concentrations.

Depending on the specific conditions, one or the other of these phenomena will prevail.
These effects also determine the distance from the source where the maximum concentration will

occur.

Atmospheric stability

“Stability” in this sense refers to the propensity of air to rise or fall. In other words, the
tendency of the atmosphere to resist or enhance vertical motion and thus turbulence. Stability is
related to both the change of temperature with height (the lapse rate) and wind speed. A neutral
atmosphere neither enhances nor inhibits mechanical turbulence. An unstable atmosphere enhances
turbulence, whereas a stable atmosphere inhibits mechanical turbulence. The turbulence of the
atmosphere is by far the most important parameter affecting dilution of a pollutant. The more
unstable atmosphere, the greater the dilution. The amount of turbulence in the ambient air has a
major effect upon the rise and dispersion of air pollutant plumes. The amount of turbulence can be

categorized into defined increments or "stability classes" (Table 3.1).
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Table 3.1 Pasquill stability classes

Day Night
Incoming Solar Radiation Cloud Cover

Wind Velocity () Thinly Mostly
(atz=10m, inm-s™") Strong Moderate Weak Overcast Cloudy

<2 A A-B B E F

2-3 A-B B C D E

3-5 B B-C C D D

5-6 C C-D D D D

>6 C D D D D

The most commonly used categories are the Pasquill stability classes A, B, C, D, E and F.
Class A denotes the most unstable or most turbulent conditions and class F denotes the most stable

or least turbulent conditions, meanwhile D represents neutral conditions.

3.3. ANALYSIS OF POLLUTION DISPERSION SIMULATION RESULTS

In this section the heavy fuel oil and heavy fuel oil — glycerol emulsion combustion process
and the measured SO, emission concentrations are operational. Hereinafter, the heavy fuel oil and
heavy fuel oil — glycerol emulsion combustion in the industrial boiler-house furnace is under
simulation consideration , with a special emphasis on pollutant emissions dispersion tendencies and
dependency on several variables, mainly on:

e changes to emission concentration (different SO, emission concentrations for heavy fuel

oil and heavy fuel oil — glycerol emulsion are applied);

e alteration in Pasquill stability classes;

e changes to wind velocity;

The tasks of this section are the following:

e operating with a computer-based program LabVIEW (Laboratory virtual instrumentation
engineering workbench) to develope pollution dispersion from point source model
(based on Gaussian Plume Model);

e using simulation tools to predict trajectory of effluent disharge;

e to investigate the influence of different emission concentrations on the dispersion
trajectory;

e to simulate pollution dispersion dependency on Pasquil ctability classes and alterations

in wind velocities;
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e to present pollution dispersion simulation results - top view, side view and crossections

for pollution plumes, as it is presented schematically in the Fig. 3.3.

SIDE VIEW
point source

ground \

pollutant concentration increases filong the ground —

TOP VIEW

Fig. 3.3 Schematic Gaussian Plume model: side and top view

A general concept for modeling pollution dispersion with Gaussian plumes — is that unless
wind vectors are changing direction sporadically, concentration of a pollutant will spread regularly
from a point source, forming a Gaussian distribution of pollutant.

Primarily, the pollution dispersion modeling for SO, emission concentration from pure HFO
combustion process is performed.

The following dispersion model and pollution propagation parameters were operational (Fig.
3.4):

-{ 2,095E+7

2

Fig. 3.4 Operational pollution model and dispersion parameters
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The pollution dispersion simulation is performed for the SO, emission from pure heavy fuel
oil combustion process. Primarily, the pollution from point source (smokestack) dispersion reliance
and alteration within Pasquill stability classes is simulated. The so called Pasquill stability classes
are denoted as follows:

A — very unstable;

B — moderately unstable;

C — slightly unstable;

D — neutral;

E — slightly stable;

F - moderately stable

The pollution dispersion simulation for the measured SO, emission concentration (3139.6
mg/Nm’) from the heavy fuel oil combustion process experimental investigations is carried out.
During fuel combustion process a plume is formed, which is the region of space containing gases
and particulates released from a smokestack as fuel is burnt. Hereinafter, the pollution dispersion
simulation results are given in the Fig. 3.5, 3.6 and Fig. 3.7, which represents top, side and
crossection views respectively of pollution plume.

The aim of model is to show concentration of the pollution dispersion at various distances
downwind from the stack, applying different factors. In this case these factors are Pasquill stability
classes and wind speed. The flue gas released from the smokestack, blown by the wind, although it
certainly moves mainly in the wind direction, also exhibits seemingly random motions at right
angles to it. Such randomness is called “turbulence” and is reflected by the Pasquil stability classes.

Primarily, the simulation was performed for constant wind speed (u = 5 m/s) and for
different Pasquil stability classes. It is assumed that the effective smokestack height is 100 m,
pollution dispersion and intensity distribution is projected in 1000 m distance along downwind
direction.

The Pasquill stability classes denote turbulence of the atmosphere, which is by far the most
important parameter affecting dilution of a pollutant. The more unstable atmosphere, the greater the
dilution.

To get the more clear pollution dispersion scenery, the pollution plume in the top and side
view, also the plume crossection is given (Fig. 3.5, Fig. 3.6, and Fig. 3.7).

The obtained simulation results express the distribution of the dispersed concentration
averages with regard to the plume centerline. The intensity grid for the plume crossection

visualizations is 1000 points.
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The colors in the simulation pictures represent concentration distribution in the area and its
intensity in the certain points of observation. White color represents the most intensive
concentration areas, the dark blue — the lowest concentration zone. When the Pasquill stability class
1s “A” as very unstable and due to a fact that the unstable atmosphere enhances turbulence, the
plume moves drastically in z axis vertical direction. The most intensive concentration distribution is
obtained not far from the pollution source - ~ 100 m. Conversely, under moderately stable
atmospheric condition (class “F”) the plume moves along its downwind distance ~ 500 m, untill it
looses its highest concentration intensity, and dissipates in the atmosphere. Due to the small
turbulence, pollution plume weakens and moves downwards.

The visualizations are performed to clarify the behavior of the plume as a result of
atmospheric stability. Also, it is easier visually to examine not only the downwind distance that the
plume travels but also the concentration of the downwind pollution. The atmospheric condition,
described as stability class “E” or slightly stable, causes the pollution plume to travel fastest and
longest distance along downwind direction. The highest pollution concentration in the plume is
observed near the pollution source and under very unstable (class “A”) atmospheric conditions. In a
case of very unstable atmospheric conditions the pollution disperses mostly in vertical direction,
meanwhile, the more stable atmospheric conditions, the larger polluted area along x axis in

downwind direction is observed.
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Fig. 3.5 Heavy fuel oil combustion pollution dispersion related to alternation in Pasquill stability class
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Fig. 3.6 Heavy fuel oil combustion pollution dispersion related to alternation in Pasquill stability
class (Side view)
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Thus one of the main issues of this master work is to lower SO, emission concentrations to
the allowable values, replacing part of heavy fuel oil by the glycerol additive, so the SO, emission
concentration from the prepared heavy fuel oil —glycerol emulsion combustion process is also
simulated. The obtained simulation results are then compared to the dispersion model for pure
heavy fuel oil SO, emission concentration discussed previously. The following emission dispersion
modeling is performed for the measured emulsion SO concentration 727.1 mg/Nm”.

The following dispersion model and pollution propagation parameters are operational (Fig.

3.8):

zedErs

Fig. 3.8 Operational pollution model and dispersion parameters

The same model and dispersion parameters as for pure heavy fuel oil emission modeling are
operational, except the concentration, which is considerably different for pure heavy fuel and for
heavy fuel oil - glycerol emulsion. So, the objective is to investigate the effect of emission
concentration for the pollution dispersion intensity and distribution.

Hereinafter, the heavy fuel oil — glycerol emulsion SO, emission concentration simulation
results are given in Fig. 3.9, Fig. 3.10 and Fig. 3.11. To get the more clear pollution dispersion
scenery, the pollution plume is from top and side view, also the plume crossection are presented.

As it can be seen from the simulation results, lower concentration leads to a significantly

smaller polluted area, and lower dispersion intensity consequently.
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Fig. 3.11 Heavy fuel oil - glycerol emulsion combustion pollution dispersion related to alternation in
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The heavy fuel oil - glycerol emulsion pollution dispersion plume is acting similar as in the
case of heavy fuel oil, thus it should be mentioned that a smaller pollution concentration disperse
and pollutes atmosphere to a relatively lesser degree. In this case, the most intensive concentration
distribution is observed also near the pollution source, approximately 40 m, meanwhile the most
intensive concentration for heavy fuel oil is obtained in a distance of ~ 100 m from the stack. Also
the different plume behaviour for HFO and HFO-G emulsion under moderately stable atmospheric
conditions is observed. In a case of heavy fuel oil, the plume looses its concentration intensity and
dissipates downwards, meanwhile in case of emulsion, the plume disperses gradually declining
along downwind direction.

When the exhaust plume from the stack mixes with ambient air it dilutes the effluent. Wind
speed is important factor affecting the rate of mixing. Thus, the simulation for heavy fuel oil and
heavy fuel oil - glycerol emulsion SO, emission concentration dispersion dependency on wind
speed is performed.

The dependency of pollution dispersion plume on wind speed is simulated in a range of u =
1-5 m/s for Pasquill stability class “A”. This class is chosen with a purpose to observe the plume
behaviour under the most unstable atmospheric condition.

Pollution emission concentrations, the same as for plume dispersion simulation within
alternation in stability classes are operational: SO, for heavy fuel oil — 3139.6 mg/Nm®, and for
emulsion SO, concentration — 727.1 mg/Nm”.

The plume particle traces colored by the concentration intensity level show the dilution and
trajectory of the pollution. White color indicates the most intensive concentration areas, the dark
blue — points of lower concentration intensity.

Hereinafter, the HFO (Fig. 3.12, Fig. 3.13 and 3.14) and HFO-G (Fig. 3.15, 3.16 and 3.17)
emulsion emission concentration dispersion fluctuations due to alternation in wind speed is

presented.
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Fig. 3.12 Heavy fuel oil combustion pollution dispersion related to alternation in wind speed
(Top view)

Under the calm conditions, when the wind speed is very small or approaches to zero, the
Gaussian equation with wind speed in the denominator gives an infinite concentration. This fact is

approved by picture (a), where wind speed is 1m/s, and the pollution is spread widely.
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Fig. 3.13 Heavy fuel oil combustion pollution dispersion related to alternation in wind speed

Increase in speed enhances the dilution. Strong wind drags pollution torch, enhances
dynamic convection so pollution concentration decreases, as it can be seen in picture (e), where

wind speed is 5 m/s. This will result in a lower downwind concentration, the area contaminated will

increase.
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Fig. 3.14 Heavy fuel oil combustion pollution dispersion related to alternation in wind speed
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Fig. 3.15 Heavy fuel oil — glycerol emulsion combustion pollution dispersion related to alternation in

The more unstable the atmosphere, the greater dilution is. Turbulent diffusion causes the

pollutants to become more dispersed. Here, Fig. 3.15 reflects the plume behaviour in Pasquil
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stability class “A”, which is denoted as very unstable.
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Fig. 3.16 Heavy fuel oil — glycerol emulsion combustion pollution dispersion related to alternation in

As it can be seen in Fig. 3.16 an increase in wind speed will decrease the plume rise by

bending the plume over more rapidly. Also, the higher the speed, the greater pollution displacement

is observed.
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Fig. 3.17 Heavy fuel oil — glycerol emulsion combustion pollution dispersion related to alternation in

The HFO-G emulsion concentration is significantly lower than for pure HFO. This is clear
reflected by the plume crossections for these fuels. As it can be seen from Fig. 3.15 picture (e), high
wind speed stipulates the lower concentration intensity. This is visualized by dark blue color. There

1s no zones of high concentration intensity (white color), except for small wind speed (u =1 m/s).
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34.

CONCLUSIONS

During the fuel combustion process a pollution plume is formed. A plume is the region of a
space containing the gases and particulates released from a smokestack as fuel is burnt.

The pollution dispersion modeling is performed based on the Gaussian equation and computer-
based program LabVIEW.

The objective of this simulation study is to investigate the effect of two variables - atmospheric
stability (Pasquill stability classes A-F) and wind speed (1-5 m/s ) - on the downwind transport
of the pollutants, to observe which type of atmosphere, from stable to unstable, has more effect
downwind from the smokestacks.

To get more clear pollution dispersion scenery, the pollution plume is presented from top and
side view, also the plume crossection is given.

The obtained simulation results express the distribution of the dispersed concentration averages
with regard to the plume centerline.

The atmospheric condition, described as stability class “E” or slightly stable, causes the
pollution plume to travel fastest and longest distance along downwind direction.

The highest pollution concentration in the plume is observed near the pollution source and under
very unstable (class “A”) atmospheric conditions. In a case of very unstable atmospheric
conditions the pollution disperses mostly in vertical direction, meanwhile, the more stable
atmospheric conditions, the larger polluted area along x axis in downwind direction is observed.
Simulation results denote, that the lower concentration leads to a significantly smaller polluted
area, and lower dispersion intensity consequently.

The pollution plume dispersion dependency on wind speed is tested in a range of u = 1-5 m/s for
Pasquill stability class “A”. It is observed, that strong wind drags pollution torch, enhances
dynamic convection so pollution concentration decreases. This results in a lower downwind

concentration, the area contaminated inreases.
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4. GENERAL CONCLUSIONS AND RECOMMENDATIONS

General conclusions

1. Analysis of biodiesel situation shows, that with the substantial increases in biodiesel output,
there is inevitably proportionate increase in glycerol volumes. This could saturate market and
significantly reduce profitability for the biodiesel use.

2. The expansion of biodiesel production worldwide is driving down the value of glycerol and
reducing by-product revenue of biodiesel and oleochemical producers. The biodiesel production
costs are higher than those of mineral diesel, therefore only efficient use of by-products could
enable biodiesel compete with coventional diesel in respect of production costs. To ensure the
future of this biofuel technology, the new outlets must be found for this by-porduct.

3. Lithuania, according to the EU Directive 2003/30/EC on the promotion of the use of biofuels or
other renewable fuels for transport requirements also promotes biodiesel production and
consumption. According to the commitments to EU, at least ~ 40.000 tons of biodiesel should
be supplied to the market in 2010, and this would lead to 4.000 tons of glycerol. Recently, major
part of produced glycerol is stored in the repositories.

4. The heavy fuel oil still is one of the most popular types in the major heat supply and industrial
boiler-houses in Lithuania. Currently, according to the norm LAND 43-2001 “Norms for the
exhaust of pollutants from large fuel burning equipment®, SO, emission level can not exceed
value of 1 700 mg/Nm’. In such a case, heavy fuel oil with sulphur content ~ 2.2 % could be
combusted in large fuel combustion equipment only if combined with at least 50-55 % of
biofuel. The biodiesel, produced from rape seed, does not emit sulphur compounds during the
combustion process.

5. During laboratory and pilot investigations a stable heavy fuel oil — glycerol emulsion was
obtained and its formation conditions were established. Laboratory and pilot plant experiments
allowed to optimize the emulsion composition containing < 10 % water and to estimate the
optimal heavy fuel oil and glycerol mixing ratio 1:1.

6. One of the important topics in emulsion formation — maintenance of its stability and
homogeneity. The microscopic investigation indicated that the prepared emulsion is
homogenous if freshly made, thus after some irregular time period the aggregation process
breaks down the homogeneity. It was estimated, that after the mechanical activation the

emulsion homogeneity is reinstated.
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7.

10.

11.

12.

13.

14.

15.

The emulsion X-ray diffraction pattern analysis of crystalline structure of emulsion and
computer-based quantitative impurity analysis indicated compound of the NasP;0ig
composition present in emulsion ash.

During the highly sulphurous heavy fuel oil combustion process the observed SO, emission
concentration values significantly exceed admissible value, due to high sulphur content by mass
in heavy fuel oil operational in this investigation. The observed average SO, concentration value
is 3139.6 mg/Nm’, meanwhile SO, MAC value is 1700 mg/Nm’. Meanwhile, heavy fuel oil —
glycerol emulsion combustion indicate a significant decrease in SO, emission concentration The
measured average concentration was only 727.1 mg/Nm’, meanwhile for pure heavy fuel oil it is
3-4 times higher.

However, the substantial SO, emission problem is solved along with a slight increase (~ 10 %)
in NOy emission concentration. Though the measured average value 618.8 mg/Nm® for heavy
fuel — oil emulsion combustion process does not exceed MAC value 700 mg/Nm®, some high
concentration peaks are obtained during the measurements (902.6 — 904.1 mg/Nm®).

During HFO-G emulsion combustion process measured average concentration for CO (1758.1
mg/Nm®) and particulate matter (740.2mg/Nm’) do not exceed their estimated maximum
admissible values. The observed CO concentration value is more than two times less than the
norm for burning solid biofuel (2250 mg/Nm?), so the emissions into the atmosphere should be
limited according to PM levels.

Due to the insufficient temperature and some technical obstacles in some points of
measurements, the obtained concentration values exceeded the allowable ones, but the average
concentration values were lower than their MAC values. The attainment of sufficient
temperature in the boiler plays a siginificant role for a complete emulsion combustion process.
The investigations indicated that ~ 850°C (operational temperature of thermal oxidizing boiler)
1s not sufficient for complete combustion process and should be increased if possible.

The investigations approved the possibility for heavy fuel oil — glycerol usage as a fuel in
industrial boiler-houses for heat production

It was determined that glycerol could be used to plasticize sulphur for its use in sulphur
concretes. Thus, the broader further investigations are required.

The technological regulation which provides technical data for heavy fuel oil — glycerol
emulsion preparation and combustion conditions was prepared on the bases of the investigations
carried out at JSC “Rietavo veterinariné sanitarija” and VGTU Institute of Thermal Insulation.
A pollution dispersion simulation model for a point source emission was developed to estimate

pollutant concentration distribution in the downwind direction. The model is based on the
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Gaussian equation. The option of using different Pasquill stability classes and alternation in

wind velocities is included in the model. Simulation results denote, that the lower concentration

leads to a significantly smaller polluted area, and a lower dispersion intensity consequently.

Recommendations

1.

To use heavy fuel oil — glycerol emulsion as a fuel in the heat supply and industrial boiler-
houses for heat production.

It is recommended to use optimal heavy fuell oil and glycerol mixing ratio 1:1 for the
emulsion preparation and emulsification temperature t > 70°C up to the complete
homogeneity. The mechanical activation reinstates emulsion homogeneity if it’s necessary.
It is recommended to increase temperature in boiler during combustion process, at least up
to 950°C. The experiments in such temperature were not carried out in this work, but due to
the fact that combustion process in 850°C gives an incomplete combustion products and
increment in emission concentrations in exhaust flue gas, and according to the data, found in
the literature, it is recommended to provide combustion process in higher temperatures if
possible.

To take into account the prepared technological regulation which provides technical data for
heavy fuel oil — glycerol emulsion preparation and combustion conditions. The technical
conditions could be adjusted to a particular company considering boiler construction,

operational burner types and boiler capacity.
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ANNEX 5

MAZUTO EMULSIJOS MODIFIKUOTOS
GLICEROLIO PRIEDU

TECHNINIS

REGLAMENTAS



1.

Sis reglamentas skirtas modifikuotai mazuto
emulsijai paruosSti ir sudeginti UAB ,,Rietavo
veterinaring sanitarija“ katilin¢je. Atsizvelgiant 1
katily konstrukcijas, naudojamus degikliy tipus
ir katily galia. Kitiems vartotojams techninés
salygos bus koreguojamos.

I.BENDROSIOS NUOSTATOS

Mazuto emulsijos modifikuotos glicerolio priedu techninis reglamentas (toliau modifikuotas
mazutas) skirtas Lietuvos biokuro gamintojams ir naudotojams sudaryti galimybe¢ pasigaminti ir
deginti toki kura, prekiauti, uztikrinant jo kokybe ir jos kontrolg bei saugy vartojima.

Reglamentas atitinka Nacionalinés energetikos strategijos 2002 m. spalio 10 d., patvirtintos
Lietuvos Respublikos Seimo nutarimu Nr. IX-1130 ,,D¢l Nacionalinés energetikos strategijos
patvirtinimo* (Zin., 2002, 99-4397), Nacionalinés energijos vartojimo efektyvumo didinimo
programos, 2001 m.rugs¢jo 19 d. patvirtintos Lietuvos Respublikos Vyriausybés nutarimu Nr.
1211 ,,D¢l patikslintos ir atnaujintos Nacionalinés energijos vartojimo efektyvumo didinimo
programos santraukos ir pagrindiniy $ios programos jgyvendinimo 2001-2005 m. kryp&iy“ (Zin.,
2001, Nr.82-2856), Jungtiniy Tauty Bendrosios klimato kaitos konvencijos jgyvendinimo
nacionalinés strategijos, kuriai 1993 m. spalio 25 d. pritaré Lietuvos Respublikos Vyriausybés
nutarimu Nr.1236 (Zin., 1996, Nr.105-2409), ir Nacionalinés aplinkos sveikatinimo veiksmu
2003-2006 m. programos, patvirtintos Lietuvos Respublikos Vyriausybés 2003 m. sausio 21 d.
nutarimu Nr. 66 (Zin., 2003, 8-288), LR Vyriausybés nutarimas ,,Dél nacionalinés darnaus
vystymosi strategijos patvirtinimo ir igyvendinimo®, 2004 m. rugsé¢jo mén. 11 d. Nr.1160,

nuostatos.



3. Pagrindinés Reglamento savokos:

GLICEROLIS — tai priedas modifikuoto biokuru mazuto emulsijai gauti ir yra tankioji

biodyzelino gamybos frakcija (tankis ~ 1200 kg/m2 netinkanti modifikuoti i§ mineralinés naftos
gautam dyzelinui.

MAZUTAS - tai naftos frakcija, vartojama kaip katiliniy kuras.

IL.LMAZUTO MODIFIKUOTO GLICEROLIU APRASYMAS

4. Modifikuota glicerolio priedu mazuto emulsija yra kompleksin¢ medziaga, susidedanti 1§ mazuto
ir glicerolio mi$inio santykiu <1:1 emulguota prie t >70°C. Mazutas — tai naftos frakcija, lickanti
nudistiliavus benzina, ligroina, Zibala ir dyzelinius degalus. Tankis nuo 890-1000 kg/m’, o degimo
Siluma 38-41 MJ/kg, be angliavandeniliy mazute yra iki 60% dervy, sieros (0,8-3,5%),
peleningumas 0,1-0,5%. Kai kurios mazuto (auksto, vidutinio ir mazo sieringumo) fizinés ir
cheminés savybés pateiktos 1 lenteléje.

1 lentelé. [vairaus sieringumo mazuto fizin€s ir cheminés savybés

Savybés Daug S Vidut. S Mazai S

Siera, masés % 2,2 0,96 0,50
Anglis, masés % 86,25 87,11 87,94
Vandenilis, masés % 11,03 10,23 11,85
Azotas, masés % 0,41 0,26 0,16
Klampa cSt, 38°C 690 129 49

Netirpi heksane dalis, % 10,33 4,72 2,25
Pelenai, % 0,08 0,04 0,02

Metalai, ppm

Vanadis 350 155 70
Nikelis 41 20 10
Natris 25 10 <5

Gelezis 13 9 <5




Glicerolis — tai tankioji biodyzelino gamybos frakcija, gaunama vykdant transesterifikacijos
procesa, taip pat zinomas kaip techninis glicerinas arba 1, 2, 3 propantriolis. Glicerinas turi daug jvairiy
panaudojimo sri¢iy: maisto pramong¢je, kosmetikoje, danty pastose, vaistuose ir t.t.

Atlikus tyrimus nustatyta, kad tankioji biodyzelino frakcija glicerolio, po vandens ir metanolio
i§garinimo frakcijos, klampa esant 70°C yra 250+21 mm?s. Po to, toliau kaitinant gliceroli, i§ jo
pasalinama daugiau vandens ir per 30 min. jo klampa padidéja iki 605+25 mm?”/s. I§ to galima padaryti
iSvada, kad naudojant gliceroli mazuto emulsijai gauti: paduodamas | emulgavima mazutas turi biti
pakaitintas iki >70°C.

Glicerolio (tankiosios biodyzelino frakcijos) sudétis, po metanolio ir dalinio vandens netinkamo

mazuto emulgavimui priedy medziaginés sudéties pateikta 2 lenteléje.

2 lentelé. Glicerolio frakcijos sudétis

Rodikliai Glicerolis (tankioji biodyzelino frakcija)
Vanduo, proc. 12,54+0,6
Glicerolis, proc. 86,8£3,6
Metanolis, proc. 0,3+0,03
RME liku¢iai, proc. 0,4+0,08
Tankis prie 20°C, g/cm3 1,18+0,11

Sausai glicerolio masei bandymais nustatytas Silumingumas, sudaro 22,1+1,7 MJ/kg.

Mazuto modifikuoto gliceroliu degiosios masés tiirio, procentai:

anglies — 63,12;

vandenilio — 4,80;

- azoto—0,13;

- deguonies —27,151;

* terminas "Zalias glicerolis" - pakeista i tankioji biodyzelino gavimo i3 rapsy aliejaus, sutrumpintai - glicerolis



Peleny kiekis apytikriai yra 1,30%

Metaly koncentracija, %

kalis — 0,1;

- natris — 0,195;

- vanadis — 0,015;

- nikelis — 0,002;

- gelezis — 0,0009.

5. Gliceroliu modifikuotas mazutas yra nesprogus, neradioaktyvus, chemiskai mazai aktyvus, jo

plitipsnio temperatiira 152°C.

III.LPARUOSIMAS

6. Modifikuotas glicerolio priedu mazuto emulsija ruoSiama pakaitinus mazuta iki > 70°C
temperatiiros, pridéjus gliceroli emulguojamas su emulgavimo {renginiu iki pilno

homogeniSkumo. HomogeniSkumo laipsnis nustatomas vizualiai, Ziiirint pro mikroskopa.

IV.MAZUTO MODIFIKUOTO GLICEROLIO PRIEDU KOKYBES RODIKLIAI

7. Kokybés rodikliams patikrinti 1§ deginamo modifikuoto mazuto produkcijos partijos sudaromos
vidutinis bandinys (ne maZiau kaip 2 kg): Pusé vidutinio bandinio analizuojama laboratorijoje,
kita pusé nustatyta tvarka iforminama ir palickama galimiems arbitraZziniams tyrimams.

8. Pagrindiniai kokybeés rodikliai pateikti 3 lenteléje, o iSlaky | atmosfera normos priede



3 lentelé. Pagrindiniai kokybés rodikliai

Rodiklis Norma

Drégmés kiekis, ne didesnis kaip, proc. 10%
Didziausias daleliy dydis, pm 20
Modifikuoto mazuto sausosios mases:

- Siluminé verté, ne mazesné kaip kcal/kg 6800

- peleningumas, ne didesnis kaip, proc. 2,0

- sieros kiekis, ne didesnis kaip, proc. 1,0
Kinetiné klampa, mm?/s prie 80°C 2,10

- plitipsnio temper., °C 152-159

- tankis, 20°C, kg/m3 1,11

V.LAIKYMAS IR GABENIMAS

9. Mazuto modifikavimo priedas ir modifikuotas mazutas laikomi pagal GOST 10585-75 su 5
pakeitimu: ,,Labai sieringas, peleningas 100 markés kiirykly mazutas®, bei esant reikalui
gabenamas.

10. Kokybés kontrolés ir kokybés rodikliy tikslumas bei vartojimas taikomuose metoduose turi atitikti
Lietuvos Standarto LST EN 180 4259:1999 ,,Naftos produktai. Tikslumo duomeny nustatymas ir
vartojimas bandymo metoduose reikalavimus.*

11. Modifikuoto mazuto kuro ir glicerolio priedo kokybe kontroliuoja ir uz kokybg atsako gamintojas.

VI.PAVOJINGUMO NUSTATYMO IR PIRMOSIOS
PAGALBOS PRIEMONES

12. Ruosiant modifikuota mazuta ir dirbant su juo, turi biiti laikomasi Lietuvos respublikos darbuotoju
saugos ir sveikatos jstatymo (Zin., 2003, Nr.30-3170), kity sveikatos apsauga reglamentuojanéiy
teis¢s akty bei Sio Reglamento reikalavimy.

13. Ikvépus modifikuoto mazuto gary, nukentéjusiji iSvesti 1 gryna ora, o jeigu kvépavimas
pasunkejes, kreiptis | gydytoja. Patekus ant odos, plauti oda tekan¢iu vandeniu su muilu. Patekus {
akis, akis plauti tekanciu vandeniu 10-15 min. Jeigu dirginimas nepraeina, kreiptis 1 gydytoja.

Prarijus pirmiausia skalauti burna, stengiantis nesukelti vémimo, ir kreiptis i gydytoja.



14. PrieSgaisrinés priemongés:
vadovaujantis Bendrosiomis prieSgaisrinés saugos taisyklémis, patvirtintomis Lietuvos
respublikos vidaus reikly ministerijos 1997 m. vasario 14 d. isakymu Nr. 59 (zin., 1997,
Nr.102-2577), ir kitais prieSgaisring sauga reglamentuojanciais teisés aktais;
modifikuoto mazuto absoliuciai sausos masés uzdegimo temperatiira — 155°C, savaiminio
uzsidegimo — 393°C;
Modifikuoto mazuto gesinimas vandeniu, sméliu ir putomis;
asmenims, dalyvaujantiems gesinant modifikuota mazuto kura, rekomenduojama naudoti
autonomines kvépavimo organy apsaugos priemones.
15. Saugos priemonés:
naudoti pirStines, respiratorius ir kitas asmenines apsaugos priemones, atitinkancias Darbuotoju
apriipinimo asmeninémis apsaugos priemonémis nuostaty reikalavimus, patvirtintus Lietuvos Respublikos
socialinés apsaugos ir darbo ministerijos 1998 m. balandzio 20 d. jsakymu Nr.77 (Zin., 1998, Nr. 43-
1188);
apriipinti darbuotojus tinkamais drabuziais, skirti jiems gamybines buities patalpas pagal Buities,
sanitariniy ir higienos patalpy irengimo reikalavimus, patvirtintus Lietuvos Respublikos Vyriausybés

2003 m. balandZio 24 d. nutarimu Nr. 501 (Zin., 2003, Nr.40-1820).

VII. PANAUDOJIMAS

16. Modifikuoto mazuto emulsijos paskirtis ir naudojimo salygos:

Modifikuotas mazutas naudojamas Silumos gamybai, deginant specialiai tam pritaikytuose skystojo
kuro {renginiuose, laikantis technologiniy ir teisés aktais nustatyty aplinkosaugos reikalavimuy;

Modifikuotas mazutas gali biiti maiSomas ir su kitomis skystojo kuro rasimis. Modifikuoto mazuto

priedo - glicerolio kiekis kure negali vir§yti 50 %.



Mazuto modifikuoto gliceroliu (1:1) iSlaky ribinés vertés skai¢iavimas,

taikant biokuro skirtas normas*

PRIEDAS 1

Mazuto

Eil. TerSalo pavadinimas ribine verte, Biokuro 'rlbme GMK gaptyqu Pastabos
Nr. 3 verte* 1:1 ribingé verté
mg/Nm

1 Anglies monoksidas (CO) 500 4000 2250
2 Azoto oksidai (NOy) 650 750 700
3 Sieros dioksidas (SO») 1700 1700 1700
4 Kiekin¢s dalelés (auksto - 800 800

tankumo biokuras,

mediena)

*Vyriausybés nutarimas 2001 m. rugsé¢jo meén. 28 d. Nr. 486 ,,Dél iSmetamy terSaly ir dideliy kura
deginanciy irengimy normy ir iSmetimy terSaly 1§ kura deginanciy irengimy normy LAND 43-2001

nustatymo* (Zin., 2001, Nr. 88-3100).




