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Preamble

Idea — Innovation — Revolution

| devote this work to my Russian grandfather Univ. Prof. DSc. Vasilij Grigorievich
Kirkin (1904 - 1979). In his lifetime known as "The man who moved the houses", he
had been combining in his inventions the forces of nature with the technology. Already
in 1937, according to the first building’s moving technology developed and patented
by him, a large residential block was moved in a 53 meters distance from its original
location. The building of the Moscow District Administration Council was the next,
followed by a 100 years old historical house of a hospital. More than 30 buildings, still
standing on their "new" locations, were relocated in Moscow in accordance with Prof.

Kirkin's method.
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Abstract

The author has divided his master thesis into two parts. In the first part is carried out
an analytical and comparative research of three possible renewable energy sources
(RES) for transport in the city of Burgas, a municipality on the Bulgarian Black Sea
coast. Biomass, photovoltaic and wind power plants are analyzed and compared from
the economic, energetic and ecological perspectives. Some innovations of the Vienna
University of Technology are shortly mentioned in this connection. Based on the
obtained results, in the second part of the work is presented the big potential of an
innovative technology for utilization of hydrogen sulphide (H2S) from the Black Sea
waters as a hew energy source for electricity generation and production of hydrogen.
The positive side effect of this innovation is cleaning of the seawater from the
poisonous substance. A team of researchers from the Bulgarian Academy of
Sciences led by Prof. Venko Beschkov, with the financial support from the BS—
ERA.NET program, organized by the European Commission, successfully realized
his idea of directly converting of the energy stored in the H2S into electricity. The
innovation, born after many years of scientific research and experimental
development work, called Sulphide Driven Fuel Cell (SDFC), uses seawater
containing H2S as a fuel in an efficient and ecological way. The innovations, the
progress of research and its realization made by the Bulgarian scientists as well as
the future works and perspectives in this area are presented and analyzed in the

second part of this thesis.
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1 INTRODUCTION

The global development of the economy, industry and transport in the last century
was mainly associated with the use of energy from fossil fuels such as coal, oil and
natural gas. The technologies used for the production and use of final energy products
(technologies that exist even today) have been leading to global pollution, respectively
increasing of the greenhouse effect and a following global warming. The constant race
to achieve maximum profits in the utilization of natural fossil resources, combined with
the massive deforestation has led to major natural disasters - prolonged droughts in
some regions and massive rains and floods in others.

In the last 20-30 years is being discussed more and more often about impending
environmental disasters if the approaches of extracting and using of fossil energy
sources get not fundamentally rethought and changed. It has begun with the
realization of energy-saving so-called green environmental technologies and a
gradual replacement of fossil fuels with renewable energy sources such as wind
power, solar radiation, biomass, geothermal etc. The use of fuel from RES like
biodiesel (BD), bioethanol and “green” electricity has been reducing the negative
environmental impact already. Unfortunately, the technologies available now a days
don’t allow the completely substitution of the fossil fuels yet. In addition, the rebound
effect neutralizes the effect of more efficient engines and less fuel consumption by
more driven kilometers and vehicles on the road.

The first part of this work analyses three different technologies for transport energy
production - biodiesel, photovoltaic and wind power plants, from technical, energetic,
ecological and economic points of view. It attempts to define the most suitable
technology respectively a combination of technologies for the selected municipality of
Burgas, a city on the Bulgarian’s Black Sea cost.

In the second part, following the negative Net Present Values (NPV) of all three
reviewed technologies, a transition has been made to a new renewable energy source
with a huge economic and environmental potential, namely Hydrogen Sulphide (H2S),
existent in enormous amounts in the deep waters of the Black Sea. The prehistory of
utilizing of H2S and the innovation of directly producing of energy from the marine
water containing H2S in Sulphide Driven Fuel Cells (SDFC), the progress of research
and its realization made by the Bulgarian scientists as well the future works and
perspectives in this area are presented and analyzed in the second part of this thesis.

In the first part of the work, a small biodiesel plant with production capacity of 15.000
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tones/year and photovoltaic and wind plants with equivalent capacity are compared
with a large biodiesel plant with production capacity of 200.000 tones/year and
respectively large photovoltaic and wind plants with similar energy output. The goal is
to assess the energetic and ecological performance as well as the economics of
the various renewable energy technologies for providing transport energy from the
small and large-scale systems.

In order to make the energy outputs of the above-mentioned technologies
comparable, they have to be brought to a common denominator such as the service
output, which in the case of transport will be the energy consumption per driven
kilometres. Being seen from this perspective, it means that with the energy produced
by each technology should be covered the same amount of kilometres.

From technical point of view, the three technologies will be reviewed and the most

appropriate will be chosen according to the specific requirements.

For the energetic evaluation, following questions have to be answered:
- How many litres of BD/100 km and in kWh/100 km are necessary to run a
diesel car?
- How many kWh electricity per 100 km are necessary to run an electric vehicle?
- How much electricity must the PV and the wind power plant produce per
year to supply the same number of vehicles as the BD plant? What is the
corresponding capacity of the PV and the wind power plant?
For the municipality of Burgas were made following assumptions:
- Solar insolation: 1.450 kWh/m? [23]
- Full load hours wind about 2.000 h/y

Efficiency of diesel car: 25%

Efficiency of electric vehicle 85% (incl. battery losses)

In ecological aspect, the technology with the lowest environmental impact has to be
selected. The questions to be answered here are:

- What are the greenhouse gas savings by each technology?

- Small or large-scale plants are more appropriate?

- Which technology or combination is most suitable for the selected region?
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In the economic analysis, following questions will be examined:

Which technologies are the most economic for the chosen municipality?

Small or large-scale production is most cost effectively?

In the last section of the first part of this thesis by breaking down the research

outcomes will be given concluding answers to following questions:

Which is the most economic technology?

Which technology achieves the best ecological results?

Which technology is most appropriate for the region regarding the climate
conditions?

Which technology or mix of them could be the best solution for the
municipality of Burgas?

What benefits will be achieved with the implementation of the chosen

technology?

This research is especially interesting to be made for the municipality of Burgas. It is

the third biggest city Bulgarian’s with a population of over 200.000 inhabitants. Burgas

is located on the Black Sea cost and due to its green infrastructure, technologies and

quality of live it has been explained for the sixth time in sequence for the most livable

city in Bulgaria. In 2014 the company “BurgasBus” [60], owned by the municipality of

Burgas, obtained 67 new “Solaris” buses with diesel and gas engines and 22 new

“Scoda” trolleybuses. The local government has been continuing the implementation

of green technologies and further environmental improvements.
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2 ASSESSMENT, ANALYSIS AND DISCUSSION OF
THE SELECTED BIOMASS ENERGY CARRIERS
FOR TRANSPORT

2.1 Method of approach

Three different technologies intended for transport fuel production, such as producing
of biodiesel and electricity generation by photovoltaic and wind power plants will be
overviewed in the first part of this work.

To be able to compare all these technologies they have to provide the same service
output with the amount of energy produced by each technology.

In order to define how many kilometers could be driven with the produced energy and
respectively how many cars, the fuel consumption per 100 km has to be calculated.
Depending on the various technologies, different type of transport fuels will be
produced — on one hand biodiesel as a transport fuel from the biodiesel plant and on
the other electricity from the photovoltaic and the wind power plants.

In the combustion engines biodiesel is used as a fuel and the consumption is
measured in liter per 100 km. The electrical vehicle uses electricity as fuel and the
consumption is given in kWh per 100 km. To be able to make a comparison between
these different technologies the fuel consumption will be measured in the same unit
namely kWh per 100 km.

For the comparison have been chosen a small-scale biodiesel plant with production
capacity of 15.000 t/y and a large-scale biodiesel plant with capacity of 200.000 t/y,
photovoltaic and wind power plants with the same potential will be taken into account.
To compare them the unit tones per year will be converted into the unit kWh per year.
The density of biodiesel is between 860-900 kg/m3 [1] and the energy content is
37 MJ/kg by weight or 33 MJ/I by volume [2]. The following calculations are based on
the value of 900 kg/m3 or 0,9 kg/l for the density of biodiesel and on the value of 37
MJ/kg for its energy content. Converting the MJ into kWh leads to an energy content
of the biodiesel of 10,28 kWh/kg.

Accordingly to the given data the efficiency of a diesel car is 25% and this one of an
electrical car is 3,4 times more namely 85% (incl. battery losses). This means that the
biodiesel plant should have 3,4 times more energy output in order to have similar
driven distances with both engine technologies. Accordingly the small scale biodiesel
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plant with its 15.000 t/y will produce fuel with energy content of 154,2 GWh. Following
this result the photovoltaic (PV) or wind power plant have to deliver 45,35 GWh only.
Respectively in the case of large scale plants following values for energy production
were calculated — 2.056 GWh (biodiesel plant) to 604,7 GWh (PV or Wind).

For better visualization of the comparison a vehicle with both engine configuration
diesel and electrical should be selected. For example, the French automobile
producer Renault offers the model Kangoo in both modifications. According the
technical characteristics [3] the combined energy consumption for the electrical model
Renault Kangoo ZE is 15,5 KWh/100 km. The fuel consumption of the diesel version
Kangoo Energy dCi 75 is 4,3 /100 km. After converting the fuel consumption of the
diesel engine in KWh by multiplying the energy content of biodiesel (10,28 kWh/kg)
with the specific weight or density of biodiesel (0,9 kg/l), the energy consumption of
39,78 kwWh/100 km was calculated for this engine version. Here also should be taken
into account that by using of biodiesel as a fuel the engine consumption gets higher
by approximately 15% in comparison with using of conventional diesel fuel [4]. On this
way, the final energy consumption of this engine driven with biodiesel would be almost
46 kWh/100 km. These results show that the efficiency of the electrical engine of
Renault Kangoo is triple higher than the efficiency of the diesel version.

As result, the calculated efficiency and consumption seem to be quite realistic
approach for achieving a technology comparison at the given state of technology.
The ecological appraisal will be given through the life cycle assessment (LCA) which
considers the whole life cycle of the biodiesel as a product from the cultivation of the
land to the final product as shown in the Figure 1 below.
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Figure 1. System boundary and main steps and flows of a LCA [8]

By means of various literature sources will be determined the greenhouse gas [GHG]
savings potential of the technology within the small and large-scale biodiesel
production plants. At the final part of the work, the results from the LCA of the biodiesel
production technology will be compared with the other both transport fuel production
technologies (PV and Wind). Their ecological impact and a final conclusion about the
environmental consequences by each technology and size will be carried out.

The economical evaluation requires certain inputs on the cost and performance of the
project in order to assess the economic attractiveness. For biodiesel production
technology all appropriate categories of capital, operating and replacement costs, as
well as the production terms, required to calculate the cost and the performance
values are needed for the analysis. Under consideration of all investment and
operation and maintenance (O&M) costs the Net Present Value (NPV) — the financial

value of a project under certain financing conditions right before the time of investment
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will be calculated. The investment shall be done if the NPV is positive, which means
that the future cash flows are higher than the invested capital.

Comparing the three technologies for fuel production (Biomass, PV and wind power)
by having the same driven distance with the transport fuel produced by each plant,
the main factors will be the investment costs and the resulting fuel costs of each
technology.

The most of the costs of biodiesel are covered by the raw material prices, namely
between 70 and 80% [4]. Thus, selecting of the proper feedstock has a big influence

on the achieved margin and competitive position to the other technologies.

2.2 Technological overview and description of the selected /
proposed applications/ installations

Biodiesel, also known as fatty acid methyl ester (FAME) is an alternative fuel for cars,
which is extracted of transesterified fatty acids. Transesterification is the most
common producing technology for biodiesel. Typically, these are esters of methyl,
ethyl and higher alcohols derived from triglycerides, the main components of pure
vegetable oil like rapeseed oil, sunflower oil, soybean oil and the like. During
transesterification the oil reacts with a low molecular weight alcohol like methanol or
ethanol by mixing with a certain catalyst (the most common catalyst is NaOH (caustic
soda), but also KOH (potassium hydroxide) is used). By properly processing, a
qualitative biodiesel can also be produced from used cooking oil (UCO) or animal fat.
Although some types of diesel engines can work with pure vegetable olil, if it is
transformed into biodiesel it could be used in almost all diesel engines including high-
performance engines with direct injection. Biodiesel can also be used in blends with
mineral diesel fuel. The blends indicator is the letter B followed by the percentage of
mixture. For example, B100 means pure biodiesel and in B10 there is a 10% biodiesel
added. Biodiesel as a 7% blend with fossil diesel fuel is now permitted within EN590
(2014) mineral diesel specification in Europe [6]. All diesel vehicles sold on the
European market are designed to work with B5 biodiesel.

Important factors in the biodiesel industry are the cost of raw material, the production
cost of biodiesel, the price of fossil fuels and the taxation of energy products.
Unfortunately, the last mentioned factor still remains a big obstacle for the developing
of the biodiesel industry in Bulgaria — there are no subsidies like in other EU countries.
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Furthermore, the biodiesel producers there have to pay the same taxes as the fossil
fuel ones. However, the main price building factor of biodiesel as a final product are
the raw material costs. In the case of vegetable oils, they are between 70 and 80%.

Figure 2 shows the high percentage cost of feedstock on total in the EU and USA.

T @ Feedstocks

VAU p——— @ Operating and maintenance _—
0O Chemicals and energy

=] QO Capital |
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0.30 4

diesel equivalent)
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Figure 2. Production costs of biodiesel in the EU and USA [7]

Besides the proper feedstock, also the production technologies chosen for the small
and large-scale biodiesel plants pay important role in the economic and ecological
performance. According to the lectures of professor Mittelbach there are three

production technologies available (Figure 3).

>._'_.: .
e @ Production Methods

1) Small Size Production Units: 500 — 5.000 t/a
batch process, KOH, various feedstocks
limited quality control

2) Medium Size Production Units: 5.000 — 50.000 t/a
batch, (semi)- continous, KOH, NaOH
plant cils, RFO, animal fat
sufficient quality control

3) Industrial Size Production Units; 100.000 — 250.000 t/a
continous process, sodium methylate
fully refined vegetable oils
sufficient quality control

Figure 3. Production technologies for biodiesel [5]

For the small-scale biodiesel plant with production capacity of 15.000 t/a the batch
process will be chosen as it is the simplest production method which is used in lower

capacity plants with feeding of different quality. The advantages of the batch process
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are the low investment costs and higher flexibility. For the large-scale biodiesel plant
with production capacity of 200.000 t/a the continuous reactors will be chosen. This
process provides greater consistency, security and quality and better sub process
options such as separation and glycerin purification [4].

In order to make the right decision for the proper feedstock the last available Bulgarian
agrarian reports (2013 and 2014) for sown and harvested sunflower and rapeseed
(Table 1, Table 2) were taken into consideration. The main oil crops growing in
Bulgaria are rape and sunflower. In the region of Burgas, the total area sown with
rape is about 13.000 to 14.000 ha. The whole Bulgarian south east region, part of
which is Burgas, has over 32.500 ha sown with rape (the third biggest rape area in
Bulgaria) with average yield of about 2,5 t/ha. Sunflower cultivation is not typical for
this region of Bulgaria [10]). The rape yield in 2012 decreased with almost 42% and
remained on this level in 2013. On the other hand, the average yield of rape in t/ha is

ca. 15% higher than for sunflower.

Table 1. Production of oil seed crops in 2011 and 2012 [9]

Harvested lands Average yield Production
(ha) (tons/ha) (tons)
Crop o
ange
2011 2012 2011 2012 2011 2012 201212011
Sunflower 747131 780 755 193 178 1439702 1387780 -3,6%
Rape seed 231 309 134 516 2,25 2,02 519910 271041 A7 9%
Table 2. Production of oil seed crops in 2012 and 2013 [10]
Harvested areas Average yield Production
Crop (ha) (tons/ha) (tons)
Change
2012 2013 2012 2013 2012 2013 201312012
Sunflower 780 755 878 637 1,777 2247| 1387780 1974425 42.3%
Rapeseed 134 516 134 656 2,015 2,501 271 041 336 731 24.2%

The prices for both crop cultures (Table 4, Table 5) are moving in the same area of
about 650-700 BGN™.

1 BGN (Lev) - Bulgarian currency, 1 € = 1,95 BGN, (author)
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Figure 4. Bulgarian stock price of rapeseed for the last 6 months [11]
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Figure 5. Bulgarian stock price of sunflower seed for the last 6 months [11]

From importance is also the fact that the municipality of Burgas and all the Black Sea
resorts nearby are well visited by national and international tourists during the summer
months. The quantity of used cooking oil (UCO) increases in times and by well-
organized collections could be used as additional feedstock at least at the small-scale
plants. Here the usage of UCO could be assumed at 50-60% in summer and up to
30% for the rest of the year. This would significantly reduce the price of produced
biodiesel. The other part of feedstock is vegetable oil from local producers (for
rapeseed) and national producers (for rapeseed and sunflower). The required
feedstock for the large-scale plant will also be provided from local and national

rapeseed and sunflower suppliers. If there is any further demand, it could be covered

10
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by the international market e.g. by the low priced Ukrainian market. Therefore taking
into consideration above mentioned facts and data and in order to be more flexible
and able to react adequately on any price fluctuations, the multi feedstock production
scheme will be chosen for the small-scale plant and the single feedstock for the large-

scale biodiesel production plant.

2.3 Technological and energetic appraisal of the selected /
proposed applications /installations

»Production of any biofuel is a work process, in which materials (feedstock crops) are
concentrated, refined and otherwise transformed at free energy costs. Energy return
on energy investment (EROEI), which is a measure of energy efficiency, is calculated

from the following equation:

Energy returned to society

EROEI = ,
Energy required to get that energy
EROEI less than one is considered to be ,unsustainable” energy production process.
Energy tapping from renewable resources is a function of land, labor, water, raw
materials and others, which by themselves need input energy. Different energy
production technologies have different EROEI values* [12].
According to above cited Firrisa from the University of Twente (NL) different European
countries are yielding different EROEI value based on their corresponding yield and
the energy efficiency for rapeseed yields in Bulgaria shown in Figure 6 is between 1,3
- 1,5 (depending on the research based). With value higher than one in both cases, it

can be considered as sustainable energy production process.

3.00
2.50
2.00
1.50
1.00
0.50
0.00
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Figure 6. EROEI values from different rapeseed yields in the EU countries [12]
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The operating hours for small and large BD production plants could be 24 hours per
day, which means continuous operation based on a three-shift production. 10% for
maintenance and unexpected breaks will be assumed.

Like fossil diesel fuel, biodiesel clouds when the weather gets colder - crystals of wax
get formatted. Due to this fact, the storage temperature of the biodiesel should be not
less than 5°C. Located on the Black Sea cost Burgas has a mild climate with not that
cold winter period and relatively convenient summer temperatures. Besides, the
municipality is well connected by high- and railway with the rest of the country and
worldwide by the sea for direct transportation of produced BD. The biggest Bulgarians
refinery ,Neftochim Burgas" is located in this region, just nearby, and as a biggest
customer will without delay collect the produced bio fuel. By appropriate contracts with
the vegetable oil supplier, an on schedule feedstock delivery could be managed. That
is why a storage system will not be integrated, but even there would be build any, it
would not need much of investment due to the well climate conditions and small

storaged quantities.

2.4 Ecological appraisal of the selected / proposed
applications / installations

The utilization of BD as a biofuel in transport sector leads to huge environmental

benefits such as reduction of carbon dioxide (CO2) emissions (Figure 7).

biodiesel waste

cooking oil 17.8

|

mCO2
u CH4

biodiesel soya _ 35.2 N20

biodiesel rape

diesel 87.1

|

20 40 60 80 100
Greenhouse gas emissions [g CO,-eq./MJ]

o 4

Figure 7. Share of GHG Emissions [6]
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In addition, the emissions of other GHG such as carbon monoxide (CO), sulfur oxides
(SOx) and methane (CH4), but also hydrocarbons are cut down. Unfortunately, as
shown on the above diagram, using of biodiesel causes an increase of nitrogen oxides
(NOx) emissions (due to the absorption of the nitrogen contained fertilizer by the crops
(especially rape) used for producing of the vegetable oil as feedstock). However, there
are already some technological solutions for reducing of these NOx emissions such
as a delay of the injection point in the engine and the use of an oxidation catalyst that
filters this fraction. The Selective Catalytical Reduction (SCR) technology displayed
on Figure 8 uses ammonia for converting of nitrogen oxides into harmless nitrogen

and water.

DOSING SYSTEM \
TEMPERATURE DIESEL EXHAUST SCR
TECHNOLOGY

UREA TANK

EXHAUST
SENSOR

»2N:+ 3H:0 |
SCR technology uses ammonia to reduce NOx
\_ to elemental nitrogen and water )

Figure 8. Selective Catalytical Reduction (SCR) [6]

By using of biodiesel as a fuel, the noise produced by the engine is reduced and the
engine life extends due to the higher lubricant properties of BD compared to the
conventional diesel. Besides, the ester reacts solvent as additive anti-dirt which
doesn’t produce char. The engine, the fuel supply and injection system remains
cleaner. This effect increases by higher proportion of ester in the fuel mixture.

Biodiesel is more biodegradable than the fossil diesel (in 21 days there are 98,3%
degraded in comparison to the 50% for conventional diesel), so that eventually spills
could be considered as much less harmful to the environment. With its higher
flashpoint of about 150°C compared to the 50°C of fossil diesel it's more secure in

perspective of safety transportation. Finally, the bad image of the diesel vehicles as
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such causing more pollution than those based on gasoline gets improved to
environmentally friendly cars when driven on biodiesel.

As already mentioned the use of biodiesel has environmental benefits. Their
quantification is usually done by the so-called Life Cycle Assessment (LCA) where
the net amount of emissions produced during the whole production, supply and
combustion processes are measured and specified. The results of the LCA depend
amongst others especially on the used raw materials, subproducts and processes.
Accordingly to Zobaa and Bansal (2011) [4] for every ton of fossil diesel are emitted
2,8t of CO2 and for every ton of BD 400 kg less carbon are emitted (2,4 t of CO2). It
can also be assumed that the CO2 content will be recaptured in the next crop used
for the vegetable oil as feedstock. On this way, taking into account the complete
carbon cycle (Figure 9), the CO2 emissions are very low (but not zero due to the

accompanying processes).

Atmosphere

GH,O

Biosphere

Lithosphere

T CHEO

Fossil fuel
Carbonate rocks

Figure 9. CO2 Cycle [6]

Other advantage of using biodiesel is that its virtually free of sulfur (<0,0024 ppm).
The combustion of fossil diesel releases sulfur into the atmosphere in form of SOx,
which leads to building of acid rain. The content of oxygen in the BD improves the
combustion process, which reduces CO emissions by at least 20%. Also the

particulate emissions from biodiesel are at least 40% lower in comparison to the
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conventional diesel fuel (Table 3). Reducing of hydrocarbons and CO2 emissions are
also visible there [4].

Table 3. Comparison of BD versus fossil diesel emissions [4]

Emission type B100 B20
CO —43.2% —12.6%
Hydrocarbons —56.3% —11.0%
Particulates —55.4% —18.0%
NOy +5.8% +1.2%
Toxic emissions —60% /—90% —12%/—20%
Mutagenicity —80% /—90% —20%
CO» (LCA) —78.3% —15.7%
Note: For CO», the Life Cycle Assessment is reviewed.

A LCA on biofuels in Spain, carried out by CIEMAT? and the Spanish Environment
Ministry showed that the replacement of fossil diesel by pure BD (B100) leads to
reduction of 57% (in case of producing of biodiesel from raw vegetable oils) and of
88% (in case of using of UCO) in emission of GHG (CO2eq). In case of 10% biodiesel
(B10) the reduction is respectively 6% and 9% [4]. Similar results are obtainable from

the lectures of professors Jungmeier and Mittelbach (Figure 10).
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Figure 10. Reduction of GHG emissions BD versus fossil diesel [6]

2 Centro de Investigaciones Energéticas, Medioambientales y Tecnoldgicas (Spanish)
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Also interesting to be mentioned here is the fact that the biofuels have lower GHG
emissions compared even to the EV Tesla (Figure 11). This is due to the non-green

energy mix applied for the battery loading as well the production processes used

there.
TURg g GHG emission in g/km
eneno @ (including emissions from energy supply)

Tesla model S 109

l

I

BMW i3 93

Biodiesel from rapeseed 79

|

Wheat ethanol 47

Sugar ethanol

Biodiesel from waste cooking oil 21
or animal fats

Straw ethanol 23

Sourca: The Kiel Institute for the World Economy (IfW); Meo Carbon Solutions

Figure 11. Comparison of GHG emissions from EV and BD [6]

Speaking about the ecological aspects, also the land use change needed for the
cultivating of biomass as feedstock and the caused higher soil eutrophication
shouldn’t be forgotten. But in general there are a lot of environmental benefits
mentioned in this chapter, so that the way of developing of biofuel technologies,
producing and using of biofuels should be kept going.
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2.5 Economic appraisal of the selected / proposed
applications / installations

The determining factors that have been playing a crucial role in the development of
the biodiesel industry in the last years are not from technical but from economic
nature, such as the costs of the raw material, BD production costs and its price, the
price of the fossil fuels and the taxes to be paid. The biggest cost part is taken by the
raw material costs. So accordingly to Zobaa and Bansal (2011) [4] in the case of
vegetable oils it is between 70 and 80%. Similar tendency can be observed on the
Figure 12 taken from the lecture of professor Mittelbach (2015) where the 10%
changes of price of BD, yield of the plant and the price of the feedstock lead to change
of profit between 22 and 33%. It shows the huge influence of these main drivers upon
the economy of the biodiesel industry. The results of made calculations and analyses
of the sensitivity of Net Present Value to the variation of feedstock and BD prices

presented later in this work are in compliance with above findings.

35

Biodiesel

Yield
25 1

Qil

% change of profit

Glycerine

Investment
Methanol Operators
Catalyst Energy

N m = =

10 % change of price

Figure 12. BD Profitability Factors [6]

On the other side, the sale of produced subproducts should not be neglected, too. It
is an add-on income, which supports the economy of the BD plant. The main obtained

subproduct is glycerine (also shown on the Figure 12 as the forth-main factor).
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Although its price® has gone down in the last years, glycerine remains the major sub
produced source of income. Depending on technology, also other subproducts can
be obtained, such as fatty acids used for animal feeding and minerals (not that
valuable) used in the fertilizer industry.

As starting point for the economic appraisal of both biodiesel plants was used the idea
of Alfred Melamed (2012) [13]. He followed the economic comparison done by
Connemann and Fischer (1998) [14] and converted into Euro by Friedrich (2004) [15].
Six different BD plants were compared in their research (Table 4). It’s obtainable there
that the investment costs depend much on the type of process used

(batch/continuous) and on the capacity [t/a] of the plant.

Table 4. Cost structure of biodiesel plants (Friedrich, 2004) [13]

Plant A B C D E F
Process batch | batch cont batch cont cont
Investment Mio € 1,5 10,2 1,3 12,8 25,5 10,2
Capacity t/a 2.000 | 15.000 8.000 | 75.000|125.000( 80.000
daily cap tid 10 50 20 200 350 250
Qil Quality ref.deg | ref.deg | crude/ref | ref.deg | ref.deg | crude/ref
Glyc.prep Content % 60 80/99,5 80 90 92 80/99,7
Personnel 3 8 6 15 20 12
Veg.Oll, ref.deg. 2.100 | 15.600 8.240 |77.250]131.250 82.400
in % of 105% | 104% 103% 103% | 105% 103%
Biodiesel t/a 2.000 | 15.000 8.000 |75.000|125.000 | 75.000
Glycerol 99,5/80/60 0 1.295 783 7.339 | 12.469 6.953
%of oil. Ref.deg 0% 8% 10% 10% 10% 8%
Fatty acids 80% 80 480 192 1800 5000 1800
Electr. 0,08 €/kWh kWhit 105 75 40 60 60 30
Steam 15 €/t kglt 650 650 300 600 1200 350
Methanol0,15/0,13 €/kg kglt 156 120 120 120 115 115
Catalyst 43/92 €/kg kglt 14 10 4 4 3 4
Phosp. acid 38 €/kg kglt 43 43 10 10 10 10
Adsorbant 0,6 €/kg kg/t 0 0 5 0 0 5
Depreciation (10 y) € 77 68 16 17 20 14
Interest 8% (1/2) €/t 31 27 6 7 8 5
Personnel (40.000 €/p) €t 61 22 31 8 7 6
Methanol €/t 24 18 16 16 15 15
Energy+Chemicals €/t 48 42 18 22 30 18
Maint 3 % €n 23 20 5 5 6 4
Overheads €t 38 10 8 5 5 5
Total operating costs €t 301 208 99 80 91 67
-Glycerol 637/306 €/t €/t 0 55 30 30 31 55
-Fatty acids 280 €/t £/t 11 9 7 7 11 6
+Loss of oil 460 €/t €t 23 18 14 14 23 14
Surcharge on oil base €lt 313 162 77 57 73 19

3 Price developing of glycerine in the last 3 years (2016), https://mediathek.fnr.de/grafiken/daten-und-
fakten/preise-und-kosten/preise-glycerin-interaktiv.html
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Accordingly to the assessment and the table content for the calculations made in
current work for the small-scale plant was selected plant B and respectively plant E
for the large-scale plant. The figures were compared with the Bulgarian market and
found to be similar with the exception of the personal costs since the current average
monthly wedge for Burgas accordingly to the National Statistical Institute of Bulgaria
is 385 € [66]. Multiplying by 13 months and adding 30% social security amount one
gets 6.500 € of cost per person per year.

In order to simplify the calculations for the whole production period of 10 years no
price escalation neither for costs nor for revenues was considered (due to the fact that
the change of the input material (feedstock) price is related and so coarse balanced
with the change of the output product (biodiesel) price. In addition, exactly price
predictions for the next 10 years are hardly feasible). Bulgaria is one of the 28 EU
countries. Searching for the input and output prices in the Bulgarian database one
can see that they are bounded on the EU market. In this calculation were used the
currently given prices of vegetable oil and biodiesel obtained from a German statistic
(Figure 13) [16] (interesting to be mentioned here is that the Bulgarian currency Lev
has still been fixed since 1997 in a ratio 1.1 to the German Mark, although the latter
practically does not exist anymore).

-]

Cent/Liter

Figure 13. Wholesale prices of biodiesel and rapeseed oil w/o VAT [16]

The prices obtained from the Figure 13 and used in the following calculations (Table
5) are as follow:
Rapeseed oil — 0,64 €/1; Biodiesel — 0,71 €/
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The UCO price of 0,5 €/l was obtained from the Bulgarian Waste Oil Net company[17].

As already mentioned above, the feedstock costs are the main factor that determines

the price of produced biodiesel. This means that the small-scale plant with its Multi

Feedstock technology by using of 30% UCO will have lower fuel costs per MWh

although its production is more than 13 times less and it has higher investment costs

per ton compared to the large-scale plant.

Table 5. Investment calculation for small and large BD plants [OC]

Technology

Process

Capacity

Vegetable oil

Total Investment
Biodiesel

Personnel

Depreciation in

Equity in % of investment
Loan in % of investment
Term of loan

Interest rate of loan

Glycerol

Fatty acids

Electricity 0,073 €xwn
Steam 15€x

Methanol 0.15/ 0.13 €/kg
Catalyst 43/92 €/kg
Phosph. Acid 38 €/kg

Depreciation €/t
Interest 8%
Personnel 6.500 €/p
Methanol
Energy+Chemicals
Maintenance 3%
Overheads

Total operating costs
Glycerol 637/306 €/t
Fatty acids 280 €/t
Loss of oil 460 €/t
Surcharge on oil base

Feedstock
Biodiesel
Uuco

NPV

Small-scale BD plant
Multi Feedstock

Batch
15.000 tly
15.600 tly
8.000.000 €
15.000 tly
8p
10y
25 %
75 %
10y
8 %

1.295 tly
480 ty
75 kWhit
650 kgt
120 kgt
10 kgt
43 kglt

68 €/t
27 €t
3,5 €t
18 €/t
42 €1t
20 €/t
10 €1t

188,5 €/t
-55 €/t
-9 €/t

18 €/t
1425 €/t

0,64 €/l
0,71 €/
0,5 €

-€1.418.528 €

Large-scale BD plant
Single Feedstock

Continuous
200.000 tly
210.000 tly

50.000.000 €
200.000 tly
30p
10y
25 %
75 %
10y
8 %

19.950 tly
8.000 tly

60 kWht

1.200 kgt
115 kgt
3 kglt

10 kg/t

20 €/t
8 €t
1€h

15 €/t

30 €/t
6 €/t
5 €t

85 €t
-31 €/t
-11 €4t

23 €/t

66 €/t

-€ 22.550.256 €

20



> CONTINUING
EDUCATION

CENTER

The economic assessment of both plants was done by calculation” of the Net Present
Value means the financial value of a project under certain financing conditions right

before the time of investment, by using the formula (1) below:

T
Ce
NPVZEW—CO (1)
t=0

with following parameters:

NPV - Net Present Value [€]

T - Investment horizon [y]

T - Year-count

Ct - Cash flow in year t [€]

r - Risk adjusted discount rate / (WACC?®) [%/year]

Co - Initial investment [€]

Unfortunately, both investments showed negative NPV, respectively -€ 1.418.528 for
small-scale and -€ 22.550.256 for large-scale biodiesel plant (Table 5). This means
that both plants are not rentable with the current market feedstock and biofuel prices
and both investments should not be done!

The sensitivity analyses (Figure 14 - Figure 17) show how sensitive indeed the NPV
reacts on the price variation of feedstock and biodiesel itself. The current economic
research was done with a raw material price of 0,64 €/I. With only 3% less at the
amount of 0,62 €/I and remaining on the same BD price level of 0,71 €/ both plants
would make break even. However, comparing the feedstock price development
(Figure 13) of rapeseed oil during this year but also having in mind the last two years
trend, one can see, that the average rapeseed oil price has remained relatively
constant by moving up and down around the level of 0,64 €/I. Nevertheless, the
situation regarding the BD price deployment looks different. During the last two years
it has been going down from 0,77 €/ to 0,71 €/I. And this is from a crucial importance
for the economics of both small and large scale BD plants since only a 2% increase
of the biodiesel price to a level of 0,724 €/l would make the plants breaking even and
coming out of the red.

4 See appendices 1.1-1.2
5 Weighted Average Cost of Capital
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Sensitivity of NPV to Variation of

Feedstock Price

(NPV developing is linear inversely proportional to
variation of feedstock price)
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Variation of Feedstock Price [+/-10%]

Figure 14. Sensitivity NPV <-> Feedstock price (Small-scale BD plant) [OC]

Sensitivity of NPV to Variation of

Feedstock Price
(NPV developing is linear inversely proportional to
variation of feedstock price)

Variation of Feedstock Price [+/-10%]

Figure 15. Sensitivity NPV <-> Feedstock price (Large-scale BD plant) [OC]
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Sensitivity of NPV to Variation of BD Price

(NPV developing is linear directly proportional to
variation of biodiesel price)
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Figure 16. Sensitivity NPV <-> BD price (Small-scale BD plant) [OC]

Sensitivity of NPV to Variation of BD Price

(NPV developing is linear directly proportional to
variation of biodiesel price)

Variation of Biodiesel Price [+/-10%]

Figure 17. Sensitivity NPV <-> BD price (Large-scale BD plant) [OC]

So what could be done in order to save at least the small-scale BD plant project
despite the negative NPV? Firstly, trying to get raw material to a better price may be
from non-EU countries. For example there are companies in Belarus (Smorgon,
Slutsk), Russia (Barnaul) and Moldova (Chisinau) offering rapeseed oil to a current

price of 550 €/t. Of course, there will be supplementary costs for transport, customs
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duty and storage, but with appropriate long term contracts it could be rentable — here
is further precisely research needed. Secondly, increasing the percentage of the UCO
in the multi feedstock technology or even switching completely to UCO with
appropriate contract with the Bulgarian Waste Oil Net company already mentioned
above, but also with local restaurants, catering and fast food chains. Especially during
the tourist season in the summer months in the region of Burgas there is a big UCO
overproduction that could be used to obtain the oil to an even better price.
Comparing the biodiesel situation in Bulgaria four years ago and now one can see a
negative development of this industry. While 2012 there still was an optimistic feeling
and profitable production, nowadays, caused by changed market prices and not
supporting government decisions (possibly due to the still powerful “fossil fuel” lobby),
the BD plants go bankruptcy and accordingly to the Bulgarian BD forum only
production for self-consumption remains rentable. For the moment this could be seen
as inconsistent with the European directive on the promotion of the use of energy from
RES 2009/28/EC, setting until 2020 a part of at least 10% of energy used for transport
to be gained from RES (although EV are included). The cancelling of government
support for REN generally could also be explained by the fact that Bulgaria has
already achieved its 2020 target of 16% in the share of renewables in energy
consumption (Figure 18) causing former subsidy to be disposed to other sectors of
industry.

w2014 =Europe 2020 target

& F £ A A B I S A N - A A A A A
F & § F &g FT 8888 & &
& ¢ < ofép S Qgé' £ & g & & f&é} g ¢ F o & F ;f’j‘ ‘?g
2004 2011 2012 2013 2014 2020 target
EU 8.5 13.1 14.3 15.0 16.0 20
Bulgaria 9.4 14.3 16.0 19.0 18.0 16

Figure 18. Share of energy consumption from RES in the EU-28, 2014 [18]

(in % of gross final energy consumption)

Taking into account the achieved results of this research, a possible decision for the

municipality of Burgas could be an installation of a smaller-scale BD plant for
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supplying the self-consumption of the “BurgasBus” [60] fleet, which contains of 173
busses (2014) and operates the public and rural transport network of Burgas. This
company belongs to the municipality of Burgas, which, as already mentioned in the
introduction part of this work, is well known in Bulgaria with its continuously
implementation of green technologies and further environmental improvements. The
overproduction could be distributed to other transport companies in the municipality

and neighborhood regions.
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3 ASSESSMENT, ANALYSIS AND DISCUSSION OF
THE SELECTED SOLAR ENERGY TECHNOLOGIES
FOR TRANSPORT

3.1 Method of approach

For comparing the various renewable energy technologies, as objective of the first
part of this master thesis, the main calculation steps for determination the equivalent
size of the PV and wind power plants were already described in chapter 2.1. As shown
there, the annual energy output needed for covering the same service output, which
was measured by the same distance driven with diesel and electrical vehicle, was
estimated to be 45,35 GWh for the small scale PV power plant and respectively 604,7
GWh for the large one.

The power output of the PV plants will be calculated with the value of the global solar
irradiation for the region of Burgas. An appraisal of the environmental impact including
GHG savings analysis will be carried out by means of LCA. Finally the economic
evaluation will be done like in the BD technology part of this work by calculating of the

Net Present Values of the small and large-scale projects.

3.2 Technological overview and description of the selected /
proposed applications / installations

The solar radiation received on Earth in 45 minutes only is enough to cover the annual
energy demand of the whole world.

Solar cells or photovoltaic (PV) cells are semiconductor elements that based on the
PV effect convert the sunlight radiation (Photon) energy directly into electricity
(Voltage). The so called photo-electric-effect was firstly discovered in 1839 by the
French physicist Edmund Bacquerel but it found its application more than a century
later when Bell Lab engineers discovered in 1954 that silicon creates electric charge
when is being exposed to sunlight radiation. Soon PV cells were already used for
electricity supply of satellites and smaller devices like electronic watches and
calculators and found its first terrestrial application in the 1980°s.

The PV hierarchy is shown in Figure 19. The output voltage of a single solar cell is
only about 0,6 V. So in order to increase the output voltage many cells are connected
in series building a module. In addition, in turn to increase the modules output current,

the series strings of PV cells are connected in parallel. Produced on this way, the
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series and parallel combination of the cells defines the current-voltage output of one
module. In order to assemble a PV system with desired current and voltage output
one has to connect the modules themselves in series and parallel. These

combinations done during the mounting phase of a PV system are called arrays.

4 —_———

Cell Module

Figure 19. Photovoltaic hierarchy [19]

“PV cells are generally made either from crystalline silicon, sliced from ingots or
castings or from grown ribbons, or thin film, deposited in thin layers on a low cost
backing. Thin film technology based on silicon and other materials is expected to gain
a by far larger share of the PV market in the future. This technology offers several
advantages such as low material consumption, low weight and a smooth visual
appearance. Crystalline silicon is still the mainstay of most power modules. Although
in some technical parameters not the ideal material for solar cells, it has the benefit
of being widely available, well understood and uses the same technology developed
for the electronics industry. Efficiencies of significantly more than 20% have been
obtained with silicon cells in the laboratory, but production cells are currently
averaging 13-17% efficiency. The theoretical limit for crystalline modules approaches
30%.” [20].

There are two main most economic types of PV modules on the market that differ in
the type of silicon they are made of poly- and monocrystalline:

- Monocrystalline silicon wafer are 200 um thin slides cut from single-crystal boules
of grown silicon. Their color is bluish black. The PV modules made out of it have
meantime high efficiency of almost 23 % (Figure 20), a proven long live and higher

temperature resistance, but are higher in price.
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- Poly- or Multicrystalline silicon wafer are thin slides cut from a block of multiple
crystal silicon. Their color is usually blue. The PV modules made out of it have lower
efficiency of about 18,5 % (laboratory values, Figure 20) but are less expensive.
There are also other types of solar cells made of different materials (Figure 21) such
as the llI-V semiconductor Gallium Arsenide (GaAs) with very high efficiency of up to
30 %, the amorphous Silicon (a-Si), the thin-film polycrystalline materials Copper
Indium Diselenide (CulnSe2 or CIS) and Cadmium Telluride (CdTe). They have
different price and efficiency (Figure 20) values but will not be presented in detail in
this work since these modules are produced in a small to middle scale range and will
not be used in the both PV plant projects.

In the research field, the newest solar cells, to see under “other” in Figure 21, are
being made from a variety of new materials, including solar inks using conventional
printing press technologies, solar dyes, and conductive plastics. Some new solar cells
use plastic lenses or mirrors to concentrate sunlight onto a very small piece of high

efficiency PV material [22].

® mono-Si, Cz n-type (144 cm? Cell) 5
= mono-5i, FZ n-type (Module) %
= multi-Si, Block (243 cm? Cell) §
multi-Si, Block (Module) g
» CI(G)S (1 cm? Cell)
# CI(G)s (Module)
= CdTe/CdS (1 cm? Cell) £
m CdTe (Module) é
a-Si, triple (1 cm? Cell)
a-Si, triple (Module)
Efficiency n [%] 0 5 1;0 1;5 20 25 30
Data: Green et al.: Solar Cell Efficiency Tables (Version 47), Progress in PV: Research and Applications 2016,

Figure 20. Current PV cell efficiencies (research and applications 2016) [21]
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Status of commercialization

—l Monocrystajline Si ] Large-scale production
—{_ Multicrystalline Si__ ] - Large-scale production

—[ Ribbon-Si ] - Small to middle-scale production
—{ Amorphous Si Thin-Film ] Small to middle-scale production
—{ Microcrystalline Si Thin-Film ] Small-scale Production

{ Spherical Si j R&D or Pilot Production

GaAs ] Space application or concentrator
Solar Cell -V compound
InP ] . Space application
I-V1 compound CdTe ] - Small to middle-scale production

f CulnSe,
(CulnGaSe, , CulnS,

—
other sensitized/Organic R&D :
-—bv- ganic] ehers

Figure 21. Diversification of solar cells in the market [19]

-- R&D or Pilot Production

Source: RTS Corporation®

Due to the relatively huge energy production capacity of both PV power plants and
the fact that the monocrystalline silicon solar panels have higher power output from
the same area covered by multi crystalline ones, the mono crystalline technology will
be chosen for both projects. The temperature in the region of Burgas can rise in
summer up to 40° C and above. Well known is the negative impact of the higher
temperatures on the efficiency of the panels — the output voltage UF of the solar cells
strongly decreases, which causes running low of the MPP (Maximum Power Point)
and respectively declining of the energy yield. Therefore, the higher heat resistance
of the monocrystalline silicon panels mentioned above is another heavy argument for
selecting them in these projects.

Increasing the energy vield of a solar power plant could be also achieved by using the
so-called tracking system. Here the PV panels are mounted on motorized stages,
which follow the moving of the sun in both X- and Y-axis to guarantee the maximum
gain of the solar irradiation during the completely sun-shining period of the day.
However, taking into account the high investment and maintenance cost of such
tracking systems especially for larger PV plants like the both brought out here, and
comparatively high yearly solar insulation value of about 1.450 kWh/m2 (and even
higher accordingly to PVGIS) for the region of Burgas (Figure 22) (compared to
1.100 kWh/m?2 in Vienna), which leads to higher yield even without following position
of the sun, tracking systems will not be integrated into these projects.
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Figure 22. Global Horizontal Irradiation (GHI) Bulgaria [23]

3.3 Technological and energetic appraisal of the selected /
proposed applications / installations

The performance of both PV plants in the region of Burgas was estimated by using of
the free available Photovoltaic Geographical Information System (PVGIS) calculation
app (Figure 23). The monthly solar irradiation was obtained accordingly to the PVGIS
database and calculation. It showed that the optimal inclination of the solar panels
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Figure 23. Calc. of monthly solar radiation at optimal inclination angle for Burgas [24]
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should be 32° and that the average irradiation on this optimally inclined plane is
expected to be 4.590 Wh/mz/day (Figure 24), what respectively means
1.675,35 kWh/mz/year.

In order to define the Full Load Hours (FLH) of a PV power plant the calculated annual
irradiation has firstly to be divided by the irradiance [W/m?], which is the power of the
incident solar radiance per m2. This value can be led out from the solar constant
(1.367 WI/mz, the radiation received per square meter on the top of the atmosphere).
By going through the atmosphere the power of the sun light reduces and on the earth
surface decreases to a value of approximately 1.000 W/m2. On this way the number
of FLH was determined to 1.675,35 [h/year].

Already knowing the FLH and the yearly energy generation of the PV plants —
45,35 GWh for the small and 604,7 GWh for the big one, is now possible to calculate

the needed nominal power output of the system.

Energy Generation = FLH x Power [kWHh] (2)

This formula (2) would apply in case of a 100% efficiency of the PV systems but there
are always losses available. Therefore, one important factor, quantifying the impact
of losses on the rated output, has to be added here, called performance ratio (PR) of
the system: “The PR is an internationally introduced measure for the degree of
utilization of an entire PV system. It indicates the overall effect of losses on the PV
system's rated output due to array temperature, incomplete utilization of the
irradiation, and system component inefficiencies or failures. The PR is defined in IEC
61724 as the ratio of final PV system yield (Yf) to so-called reference yield (Yr)” [20].
It is practically not possible to avoid losses per 100% but the idea is to minimize them
and making the system more efficient. High performance PV plants can achieve PR
values up to 80% [25]. After adding the influence of the losses characterized by the

PR of the PV system, the enhanced formula (2) looks as follow:

Energy Generation = FLH x Power x PR [kKWh] (3)
or
Power = (Energy Generation)/(FLH * PR) [kW] 4
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Monthly Solar Irradiation

PVGIS Estimates of long-term monthly averages

Location: 42%30'17" North, 27°27'43" East, Elevation: 19masl,

Solar radiation databaze used: PVGIS-CMSAF

Optimal inclination angle is: 32 degrees
Annual irradiation deficit due to shadowing (horizontal): 0.0 %

[Year I 4@_" 4590|| 32| 137

[ Month || Hy| Ha| Ly Taal| Nog
[an I 1420]| 2150]| 61| 3.4 452|
[Feb | 2140| 2040 54| 4.3 353|
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[Tun I 6850|| 6490 El 213 0|
[Tl I 7040|| 6820|| 13| 24.2)| of
lAug | 6410 6820 24| 24.2|| |
[Sep I 4510|| 5460|| 39| 20.1|| 23|
[Oct I 2890|| 3080|| 52|| 15 3| 172|
[Nov | 1770 2750|| 61]| 10.6) 336|
[Dec I 1230]| 1920|| 63| 5.6, 433

2196|

H: Irradiation on horizontal plane {‘ﬁ"h'ml'da}fj
Hepe: Trradiation on optimally inclined plane {'-l"h'm: day’)
.. Optimal inclination (deg.)

T 24 hour average of temperature (°C)

Nop: Number of heating degree-days (-)
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Figure 24. Monthly solar irradiation at optimal inclination angle for Burgas [24]

In the current calculation was assumed a performance ratio of 75% for both systems.

Having all the needed values it’s now possible to calculate the power of the both PV

plants:
- Small PV plant:

Power(small) = 45,35 [GWh]/(1.675,35 [h] * 75 [%] ) = 36.092,3 [kW] (1)

- Large PV plant:

Power(large) = 604,7 [GWh]/(1.675,35 [h] * 75 [%] ) = 481.257,46 [kW] (2)
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After entering the obtained values for nominal power of the PV systems into the
PVGIS estimation tool for further calculation (Figure 25) following results for yearly
energy generations were achieved:

E year (small) = 45 [GWh] and E year (large) =601 [GWh]

Both results confirm the values for yearly energy generation of the PV plants
calculated in chapter 2.1. There are only very small, less than 1 %, deviations

observed (-0,77 % for the small PV plant and -0,61 % for the large one).

PVGIS estimates of solar electricity generation

Location: 42°30'17" North, 27°27'45" East, Elevation: 19 m as.1,

Solar radiation databaze vsed: PV GIS-CMSAF

Nominal power of the PV system: 36092.3 kW (crystalline silicon)

Estimated losses due to temperature and low srradiance: 10.3% (vsing local ambient
temperature)

Estimated loss due to angular reflectance effects: 2.9%%

Other losses (cables, mverter etc.): 14.0%

Combined PV system losses: 25.3%

|Fi.xed system: inclination=327, orientation=>0° | |Fi.1:ed system: inclination=32°, orientation=0" |
[Month | E« || Ew || Be || Ha | Month || E: || Ex || H: || Ha ]
[1an || 63100.00|[1960000]] 2.15|[ 66.7] [fan || s42000.00]26100000) 2.15] 66.7
[Feb |[ 84800.00][2370000] 2.94] 82| [Eeb ||1130000.0031700000] 24| s2.2|
[Mar |[t20000.00]3710000] 429 133] |Mar ||1600000.00] 49500000) 429  133]
[Apr |[t41000 00][4230000]] 520 156] [Apr |[1880000.00][56400000] 5.20][ 156]
May |[163000.00|[5070000] 6.17|[ 191] [May ||2180000.00|[67500000] 6.17) 191]
[Jun |[168000.00|[5050000]| 6.49] 105] [Tun ||2240000.00]/67300000] 6.49| 193]
[ful |176000.00][s450000] 6.82] 211] [t ||2340000 00|[72700000]| 682 211]
[Aug 176000 00][5440000] 682 212 [|Aue ||2340000.00] 72600000 6382 212
[Sep |[143000.00][4310000] 5.46][ 164] [Sep |[1920000.00|57500000] 5.46] 164]
[oct |[108000.00[3350000] 308 123 [Oet |[1440000.00|[44700000]] 3.08] 123]
[Nov 78200.00|2340000] 275] 824 [Nov ||1040000.00|31300000] 2.75] s2.4|
[Dec |[ 56200.00][1720000] 192][ 59.7] [Dec || 750000.00|23200000] 1.92| 59.7
y ; Yearly =

::::;;e 1230003750000 459  140] |overane 1650000|50000000|| 4.59|| 140

[Total for year | : 45000000 1680| I:::'fm‘ 601000000 1680

E; Average daily electricity production from the given system (KWh)

E.: Average monthly electricity production from the given system (K'Wh)

H; Average daily sum of global irradiation per square meter received by the modules of the
given system (EWh mz}

H,: Average sum of global irradiation per square meter received by the modules of the given
system (KWh mz}

Figure 25. PVGIS estimates of solar electricity generation [24]
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From both tables shown on Figure 24 Figure 25 can also be gathered the monthly
values for solar irradiation and respectively electricity generation for the considered
small and large scale PV plants in the region of Burgas. These values are
understandably high in the summer months Mai-August and low during the winter
period.

The daily and seasonally intermittency of electricity generated by PV (and wind power)
plants raises up the question of storage the excess energy in the times of
overproducing. Batteries are the most common method used for storage of the surplus
energy. Pumping of water upwards, producing of hydrogen (H2) by splitting the water
molecules through electrolysis or Power-to-Gas technology are other methods for
storage used nowadays. Interesting to be shortly mentioned here are some new
storage technologies especially suitable for sea coast regions like Burgas and partly
already applied in Germany and Canada, like underwater using of spheres made of
concrete (Figure 26) or special nylon balloons (Figure 27), both based on using the
water pressure force. The energy is stored by pumping of water out of the concrete
balls in the first method and pumping of air into the balloons in the second. The energy
generation out of the stored amount is realized in the first technique by small turbines
mounted atop of each ball and driven by flowed in water. In the second technique,
onshore turbines are driven by stored compressed air.

Figure 26. Storage of energy in concrete balls on the see ground in Germany [26]
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Figure 27. Hydrostor - storage of energy in nylon balloons in Ontario Lake,Canada [26]

In addition, there is a new membrane separating technology invented by the group of
Prof. Michael Harasek from the Institute of Chemical Engineering at the TU Wien. It
enables on the one hand combination of biogas with Power-to-Gas plants (Figure 28)
and on the other, energy efficient transportation of through electrolysis produced H2
in the existing gas grid and directly use of the hydrogen with purity of 99,97 % for
electricity production in fuel cells (Figure 29) [27, 28].

Elektrolyse

Methanisierung

/'\

" Elektrischer Strom

Gasaufbereitung\1
(Membran)

CHy + CD,

Biogasanlage

Windpark

Erdgasnetz

D

Figure 28. Flow chart of the power-to-gas system developed at TU Wien [27]
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Figure 29. Supply of green hydrogen by means of HylyPure® developed at TU Wien [28]

Because of relatively high investment costs and not attractive Feed In Tariffs (FIT) in
Bulgaria storage systems should not be implemented. However, especially in the case
of the large-scale PV plant, eventually combined with a wind power plant and
appropriate financial support from the EU, a later utilization of some of the above-
mentioned technologies could be conceivable.

Being not only a student but also an employee at the Vienna University of Technology
(TU Wien), the author would like to point one more innovation, named Heliofloat. The
group of Prof. Markus Haider, from the Institute for Lightweight Design and Structural
Biomechanics, developed lightweight constructions (Figure 30 and Figure 31) that
create new space for solar energy out on the water. The hundred meters long
platforms remain steady and stable even in rough sea weather. Besides solar power
plant application, Heliofloat offers new possibilities for desalination plants and
biomass extraction processes for salt water or even for protecting lakes against drying
up in hot regions. At the same time, the platforms allow sunlight to penetrate through
to the water, ensuring that the aquatic ecosystems are not negatively impacted.
Heliofloat was presented to the public at the Hanover trade fair 2016 [29]. Especially
for the coast located Burgas this could be a good technological solution in the future.
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Figure 30. Heliofloat — a floating lightweight platform for PV power plants [29]

Figure 31. Heliofloat - offshore platforms for solar power plants [29]

3.4 Ecological appraisal of the selected / proposed
applications / installations

The production of PV modules has shown a huge increase in the last 20 years growing
up from 80 MWp in 1995 to 46.000 MWp in 2014 [20]. In this period has been
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observed a continuing conversion efficiency growth of the PV cells and reduction of
electricity use for production of the modules. Efforts have also been made in reducing
the thickness of silicon wafer used in PV modules to save expensive high-grade
silicon materials. This impressive growth and the big potential of PV as a RES make
the analysis of their environmental impact by Life Cycle Assessment (from “cradle” to
“grave” analysis) very important. Figure 32 below displays the process flow how for
PV panels the life cycle starts with the extraction of raw materials (cradle) and ends

with the disposal (grave) or reuse, recycling and recovery (cradle).

Treatment/
Recovery
or Disposal

Raw material Material Manu- Decom-
acquisition processing facturing missioning

Reduce

Figure 32. Process flow diagram of the life cycle stages for PV panels [31]

The LCA for PV systems is based on the determination of the Energy Payback Time
(EPBT) and life cycle greenhouse gas emissions. The EPBT describes the period
needed for a renewable energy system to generate the same amount of energy that
was used for producing of the system itself [20]. The EPBT is determined by the
insolation strength in the mounting area, the conversion efficiency of the PV system
and the technology applied for producing the modules. In areas with higher solar
irradiation values the EPBT decrease due to higher amount of generated electricity.
And vice versa the EPBT increase by applying of technologies for producing of
modules with higher efficiency due to increased energy demand (Figure 33).
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Figure 33. EPBT of rooftop mounted PV systems (2005-2008) [32]
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The graphs (Figure 33, Figure 34) are based on Southern European irradiation of

1.700 kWh/m2/year and performance ratio of 0,75 [32]. The solar irradiation of Burgas

obtained from the PVGIS calculation tool is with its 1.675,35 kWh/mz2/year very closed

to this value (see chapter 3.3). In addition, the assumed performance ratio is the

same, so that the data from Figure 34 will be used one-to-one for obtaining the GHG

emission savings of both PV power plants.

PHOTOVOLTAIC POWER SYSTEMS PROGRAMME
Regions South Europe -Insolation: 1700 kWhim2-yr
| Based on data from 13 US and European PV manufacturers
£ S0 — Bos
= ™ Frame
= 40 ™ Frameless
=) Module
g 30
o
S 2
10
Ribbon Multl Si Mono-Sl CdTe
13.2% 10.9%
- Fthenakis, Solar Today, 2012
-Raugei et al., Progress in PV, 2011
-Fthenakis & K.'m Solar Energy, 2010
- deWild 2008, EUPV, 2009
- Fthenakis et al., EUPV, 2009
- Fthenakis & Kim, ES&I' 42 21“ 2008
- Alsema & de Wild, M: arch i fum, 895, 73, 2006
- deWild & Alsema, Society, Symp . 895, 59, 2006
- Fthenakis & Kim, Material Research Society, Symposium, 895, 83, 2006
- Fthenakis & Alsema. Progress in Photovoltaics. 14. 275, 2006

Figure 34. Life cycle GHG emissions of PV systems [20]
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As explained in chapter 3.2, mono-Si modules will be used in both plants. According
to Figure 34 the GHG emissions for this technology are 30 g/kWh of CO2 equivalent.

This leads to following results:

- Small PV plant:
GHG emis. (small) = 45,35 [GWh] * 30 [g CO2 eq/kWh] = 1.360,5 [t CO2 eq] 3

- Large PV plant:
GHG emis. (large) = 604,7 [GWh] * 30 [g CO2 eq/kWh] = 18.141 [t CO2 eq] 4

Compared with BD plant the PV plant is much more environmental friendly. Having
into account the GHG emissions of 45,6 [g CO2-eq/MJ] means 164,16 [g CO2-
eg/kWh]® for rape seed BD (Figure 7) and compare them with the 30 [g CO2-eq/kWh]
for mono-Si system one can see the 5,5 times less emissions on the account of PV
technology. Going further and using the energy consumption data of EV
(15,5 kWh/100 km) and BD car (46 kWh/100 km) (see chapter 2.1) is visible that the
EV, charged with PV produced electricity, is over 16 times more ecological friendly
than the BD car:

- Greenhouse gas emissions of EV:
GHG(EV) = 15,5 [kWh/100km] « 30 [g CO2 eq/kWh] = 465 [g CO2 eq/100km] (5)

- Greenhouse gas emissions of BD driven car:
GHG (BD) = 46 [kWh] * 164,16 [g CO2 eq/kWh] = 7.551,4 [g CO2 eq/100km]  (6)

Another environmental impact could be the land use change (LUC) which especially
in the case of large scale BD, PV and wind power plants should be taken into account
but will not be considered in this work.

There is also one more important ecological factor, which should be paid attention to
in the near future. At the present, there is hardly any module waste, but the live time
of the PV modules is assumed to be about 25 years. This means that after some years
a huge amount of end-of-life PV components can be expected all over the world. Their
recycling should have as less environmental impact as possible. So new steps are
being implemented now in the waste management of the life cycle of PV components

— firstly reducing of material and energy demand during production, then further

61kwh=3,6 MJ
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reusing of old components and only then, as least preferred step, recycling of the left

amount of real waste that is no more possible to be reused (Figure 32, Figure 35).

Recycle

Figure 35. Preferred options for PV waste management [31]

3.5 Economic appraisal of the selected / proposed
applications / installations

For the economic analysis of the PV plants will be used the same calculation sheet
like in BD (chapter 2.5) adapted to the PV technology with its parameters (Table 6).
Taking into account the current average end-customer price of 1.270 €/kWp for
installed rooftop PV systems up to 100 kWp in Germany (Figure 36) and the
installation cost of 860 €/kWp for Bulgaria, obtained from the paper of Velinov and
Stefanov from the Bulgarian University of Mining and Geology in Sofia [33], following
assumption for the PV installation cost per kW for the region of Burgas have been
made:

- Small-scale PV plant: 1.100 €/kWp

- Large-scale PV plant: 1.000 €/kWp
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Figure 36. Development of aver. end-customer price for installed roof PV systems [21]

Unfortunately, the financial support of larger PV plants has been lowered more and
more in the last years in Bulgaria. With the beginning of 2014 a new state fee,
applicable for PV and wind power plants, was established in Bulgaria. This state fee
is equal to:

“FIT x QEP x 20 %, where “QEP” means the quantity of electricity, purchased from a
producer” [34]. Moreover, the restrictions didn’t stop. While in 2013 the FIT for solar
systems were still between 0,082-0,181 €/kWh, depended on installed capacity [35],
so due to the RES decision (No. C-24 from 30. June 2015) of the Bulgarian Energy
and Water Regulatory Commission, FIT can be applied for period of 20 years but only
for roof-top and facade-integrated PV systems up to 30 kWp:

“eupto 5 kWp: BGN 228,00 per MWh excl. VAT (about 0,108 € per kwWh) with 1.460
hours on average per year

* 5- 30 kWp: BGN 211,71 per MWh excl. VAT (about 0,104 € per kWh) with 1.460
hours on average per year” [35].

For both PV plants observed in this work the above-mentioned facts mean that no FIT
can be obtained. The only positive conclusion — no FIT, no state fee. The produced
electricity can be sailed to a very low price of 0,03 €/kWh only. In addition there are
large grid access and transmission taxes to be paid — 7,35 €/MWh yearly [36]. The
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sale price of the by PV produced electricity is already on a very low level and the taxes
are already relatively high, so that the investment calculation will be theoretically done
with the same amounts for the whole period, due to assumed low changes. The PV
modules lifetime of 25 years defines the longer depreciation period (compared to the
10 years of BD plant). All other relevant data were obtained from literature research

and expert interviews [37].

Table 6. Investment calculation for small and large PV plants [OC]

Small-scale PV plant  Large-scale PV plant
Technology Monocristalline Monocristalline
System Ground mounted Ground mounted
Power 36,09 MW 481,25 MW
FLH 1.675 hly 1.675 hly
Energy production 45,35 GW 604,7 GW
Investment Cost per kW 1.100 €/kW 1.000 €/kW
Total Investment € 39.699.000 € 481.250.000 €
Depreciation in 25y 25y
Equity in % of investment 25 % 25 %
Loan in % of investment 75 % 75 %
Term of loan 25y 25y
Interest rate of loan 8 % 8 %
Electricity sale price (No FIT) 0,030 €/kWh 0,030 €/kWh
Grid connection 1,25 €/MWh €56.688 € €755.875 €
Grid access&transm. 7,35 €/Mwhy € 333.323 €Iy 4.444.545 €ly
Land per MW 25.000 m2/MwW 25.000 m2/MwW
Land m? 902.250 m? 12.031.250 m?
Land (to buy) price per Dekar 500 €/daa 500 €/daa
Total land price 451.125 € 6.015.625 €
Personnel 8p 30 p
Total pers. cost 6.500 €/py + 2%ly 1.665.576 € 6.245.908 €
Maintenance 0,6% of investm. € 238.194 €ly € 2.887.500 €/y
Insurance 0,6% of investm. € 238.194 €ly € 2.887.500 €y
NPV -€ 34.986.308 € -€ 405.933.178 €

The economic assessment of both plants was done on the same way like for BD
plants in chapter 2.5 by calculation’ of the Net Present Value. Unfortunately, also here
both investments showed negative NPV (Table 6). Here even in a higher range when
comparing the ratio investment/NPV of BD and PV plants.

Without FIT for PV plants above 30 kWp in Bulgaria since 2015, the electricity sale
price has to be more as triple as higher (0,1023 €/kWh for the small and 0,0929 €/kWh

7 See appendices 2.1-2.4
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for the large PV plant) as the current one (0,030 €/kWh) in order to operate just above

the break-even (see sensitivity analysis on Figure 37 and Figure 38). This higher

electricity sale’s price level could be observed 3 years ago, but due to the mentioned

resolution of the Bulgarian Energy and Water Regulatory Commission is ho more

available. Therefore, every investment into such PV plants in Bulgaria is now highly

not recommendable. The world largest PV plant, “Agua Caliente” in the Arizona desert
in USA, has 5,2 million solar modules and power of 290 MW. The 481 MW large PV

project observed in this work, even if the NPV were positive, is practically not feasible

for the region of Burgas due to such a huge needed investment in the economic

poorest EU country Bulgaria.
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Figure 37. Sensitivity NPV <-> electricity price (Small-scale PV plant) [OC]
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Figure 38. Sensitivity NPV <-> electricity price (Large-scale PV plant) [OC]
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Comparing both BD and PV technologies for transport fuel production in the area of
Burgas and having in mind the current legal and market price situation, investments

cannot be recommended for anyone of the observed plants for now.
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4 ASSESSMENT, ANALYSIS AND DISCUSSION OF
THE SELECTED WIND ENERGY TECHNOLOGIES
FOR TRANSPORT

4.1 Method of approach

For comparing the various renewable energy technologies, as objective of the first
part of this master thesis, the main calculation steps for determination the equivalent
size of the PV and wind power plants were already described in chapter 2.1. As shown
there the annual energy output needed for covering the same service output, which
was measured by the same distance driven with diesel and electrical vehicle, was
estimated to be 45,35 GWh for the small-scale PV and wind power plants and
respectively 604,7 GWh for the large ones.

The power output of the wind power plants will be calculated after analysis of the wind
conditions in the region of Burgas. An appraisal of the environmental impact will be
carried out by means of LCA including GHG savings analysis and compared with
other technologies. And finally the economic evaluation will be done like in the other
both fuel production methods, observed in this work, by calculating of the Net Present
Values of the small and large scale projects. Data have been obtained through
literature research and interviews with Tsalo Parvanov [37], a chef engineer working

for years in the area of REN in Bulgaria and abroad.

4.2 Technological overview and description of the selected /
proposed applications / installations

For thousands of years wind power has been used as an energy source for sailing
and milling grains. The first usage of wind energy for electricity generation dates back
to the 19™ century, but the low price of fossil fuels at that time made it economically
not attractive and caused stopping of further developments. Only 1973, forced by the
world oil crisis, researches were put into action again and since the end of the 90s
wind power has been taking an important part in the area of REN. Wind turbine
technologies were developed in the whole world, especially in countries like Denmark,
Germany and Spain. Moreover, while in the early 80s turbines began to appear with
rotor diameters of 10-15 meters and rated power of 10-60 kW, so nowadays the
offshore wind turbines have rotor spans over 140 m. and generators rated above

7 MW. A wind energy conversion system (WECS) consists of rotor, a gearbox (not
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always as there are gearless models too), a generator and power electronics with
converter and control system (Figure 39). Power is transferred from the wind to the
rotor, then passes through the gearbox, generator and power electronics until it finally
gets fed into the electrical grid. There are different types of WECS but they all are
based on the principle of converting the kinetic energy of the wind into electricity.
According to the orientation of the rotation axis to the wind direction the wind turbines
are divided into two categories: vertical axis wind turbine (VAWT) and horizontal axis
wind turbine (HAWT). Typical VAWT are Savonius, Darrieus, H-rotor and Giromill
turbines [38] with following advantages: easy maintenance for ground mounted

generator and gearbox, utilization of wind from any direction and simple blade design

WIND ENERGY CONVERSION SYSTEMS

Wind

Gearbox Power Electronics

Generator Electrical
Grid
Rotor

Figure 39. Wind Energy Conversion System (WECS) [39]

and low cost of fabrication. But they have also some disadvantages, such as not self-
starting, thus, the generator has to run as a motor at start, lower efficiency and
difficulty in controlling blade over-speed. So the most common design of modern
turbines became to be based on the horizontal axis principle. In this case, turbines
are mounted on towers in order to catch stronger winds, respectively to harness more
energy. The rotors here could be with one, two (for power up to 200 kW) or three
blades. The three blades rotors are with about 95% the most common system due to
lower noise level and better stability and efficiency. Depending on the positioning of
the rotor to the wind, HAWT can be built with Luv- (upwind oriented rotors) and Lee-
(downwind oriented rotors) [38]. The advantages of the horizontal turbines are the
higher efficiency, the ability to turn the blades and the lower cost-to-power ratio.
Although HAWT is the most widespread technology, there are also some
disadvantages, such as difficult access for servicing, since the turbines are raised on
towers and more complex design required for catching or going out of the wind [4]. A
plant of many wind turbines builds so-called “wind farms”. They can be located
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onshore with turbines in the range of 2-3 MW and offshore with generator’s power

already above 7 MW. Turbine performance depends on wind velocity and turbulence,

Global Wind Power Cumulative Capacity (Data:GWEC)
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Figure 40. Global Wind Power Cumulative Capacity [GWEC, 2016]

tower height, span of the rotor blades and air density. Therefore, it is important to
know the specific potential of the region chosen for installing the wind facility, and the
conditions under which this potential has been obtained [40].

A huge progress in the installed wind power capacity has been observed in the last
10 years. According to the Global Wind Energy Council (GWEC), the worldwide
installed wind power capacity has increased from 6,1 GW in 1996 to 432,4 GW by the
end of 2015 and raised by 17% compared to the previous year (Figure 40). Wind
power's share of worldwide electricity usage at the end of 2014 was 3,1% [41] and
should increase up to 18% by 2050 [42].

And how does the wind energy situation in Bulgaria look like? “Studies show that due
to its geographical location Bulgaria is with a favorable wind potential. The fully marine
eastern border of the country (the region were Burgas is located) determines the
invasion of the sea breeze up to 40 km inland. On the other hand, the western part
includes many hilly and mountainous terrains in which the total wind resource is
greater than those in the flat eastern part.” [43] (Figure 41).

According to the European Wind Energy Agency (EWEA) up to 2012 large-scale
prospects for wind energy development had spurred the construction of numerous
wind farms, making Bulgaria one of the fastest-growing wind energy producers in the
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world at that time. But since 2012 the country has added very little and in the last two
years no one new wind energy capacity as evidenced by the EWEA and Bulgarian
Wind Energy Association (BWEA) statistical data below (Table 7 and Figure 42).
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Figure 41. Wind energy potential in Bulgaria [40]

Table 7. Comparison of installed wind energy capacity in EU and Bulgaria [44]

EU and Buigana wind capacity (Mw) T T

Rank Country 1998 1899 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015

- Eu-28 6453 9678 12887 17315 23159 | 23599 34383 40511 48069 56517 64,712 74767 B4074 93957 106454 117,384 129060 141579
17th Bulgaria 0 (1] (1] (1} o 0 10 10 36 57 120 177 375 612 674 681 691 691

Cumulative installed wind energy Annual growth of installed wind energy
capacity in Bulgaria capacity in Bulgaria
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Figure 42. Wind energy in Bulgaria — cumulative installed and annual growth [45]

In the year 2015, electricity generated by wind turbines in Bulgaria is 1.436 GWh that
is 3% of the total yearly produced electricity in the country [46].
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4.3 Technological and energetic appraisal of the selected /
proposed applications / installations

At the beginning of this chapter it’s important to be mentioned that the theoretical
power contained in the wind depends among air density and area covered by the
rotated rotor blades, much more from the cubed value of the wind velocity, to which it

is directly proportional (Figure 43).

P
prh :EAVR

Ptl; Theoretical power (in watts) contained in the wind

P Air density (kg/m?), the air density is dependent on air pressure and
temperature

A Vertical surface or rotor swept area (m?) at right-angles (90°) to the
wind

V Flow speed of the wind (m/s)

Figure 43. Theoretical power of the wind [47]

Capturing all the energy of the wind passing through the area swept by the rotor
blades is practically impossible, as this would mean that the wind after running
through the turbine must immediately stop. Albert Betz, a German physicist and a
pioneer of wind turbine technology, has indicated in 1919 the maximum power that
can be extracted from the wind, independent of the design of a wind turbine in open
flow. According to Betz's law, no turbine is able to capture more than 59,26% of the
wind kinetic energy. The factor 0,593 (16/27) is known as Betz's coefficient Cp.
However, there are also other factors, which decrease the efficiency, such as friction
and drag of the rotor and losses in the gearbox, generator and power electronics
(Figure 39). Practical utility-scale wind turbines achieve at peak 75% to 80% of the
Betz limit, what means maximal efficiency of about 45% [49].

Detailed view of the connection between generated power and wind speed is given

by a graph for each turbine. The power curves give an overview how much wind power

50



U

WIEN

>

CONTINUING
EDUCATION
CENTER

per square meter of the rotor’s swept area is available and practically and theoretically

obtainable by turbine from the at defined wind speed range (Figure 44).
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Figure 44. Power curves of wind turbines [48]

At the pre-beginning stadium of a wind power harvesting project precise

measurements of the wind velocity and its frequency distribution for the chosen

location have to be done with duration of at least one year or such already existing

exactly data obtained from appropriate organisations. Then by having this data and

the power curve of the intended wind turbine to be used, the expected annual

electricity yield can be calculated (Figure 45, Figure 46).
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Figure 46. Wind’s frequency distribution [50]

For the coarse calculations made in this work will be used the data from Figure 39,

performed by 119 weather stations in Bulgaria, registered wind speed and direction

through a period of 30 years [40]. According to this, the annual mean speed for the

coast region of Burgas, measured in height of 10 m, is between 4-5 m/s. The selected

turbines will be V90-3.0 MW [53] from the well-known Danish company Vestas. Its

power curve is shown on Figure 47. The reason for choosing them is that 52 such

turbines have already well approved themselves, being utilised since 2010 in the

Bulgarian’s largest wind farm “Saint Nikola” with 156 MW total nominal power [51],

located near to Varna, also on the Bulgarian’s Black Sea coast.
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Figure 47. Power curve for Vestas V90-3.0 MW turbine [52]
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By applying the formula from Figure 43 for the theoretical power contained in the wind
and multiplying it with the power coefficient Cp that “represents the aerodynamic
efficiency of the rotor ... and for large modern wind turbines is normally in the range
0,4 — 0,5” [52], following value for the power that can be extracted by V90-3.0 MW
from the wind in the region of Burgas is calculated as shown below. Air density p is
dependent on air pressure and temperature. At sea level and at 15° C air has a
density of approximately 1.225 kg/m3 8. The annual average temperature for Burgas
is given with 17,2° C9, so that taking into account the reduction table'® p was assumed
to an average value of 1.217 kg/m3. The area swept by the rotor blades of V90-
3.0 MW is 6.362 m? [53]. As the wind speed data in Figure 39 is given for the height
of 10 m a conversion to the real value in the hub height of 80 m for WT V90-3.0 MW
was carried out by using the Volker-Quaschning SW-tool [54]. On this way was
obtained the wind speed of 6,11 m/s.

1217 [%]*6.362 [m2]+6,113 [%]<0,4

p— ) =353,2 [kW] (7)

The same result is coarse obtainable from the power curve of this turbine on Figure
47. This calculation shows that in the region of Burgas at mean wind speed of
6,11 m/s with the wind turbine V90-3.0 MW only less than 12% load rate (percentage
of the rated turbine power) can be achieved. If the wind velocity would increase with
less than 1 m/s to 7 m/s then already over half megawatt can be produced. This
indicates the large impact of the wind speed. Making the same calculation with a
smaller turbine such as Mitsubishi MWT-1000A!! with 1 MW power, swept area of
2.960 m2 and hub height of 69 m (which leads to an wind speed of 6 m/s [54]), in use
in some other wind farms in Bulgaria, one can see that only 155,6 kW could be
extracted. Since other wind energy producers, such as the “Saint Nicola” 156 MW
wind farm [51], also located on the Bulgarian coast has been using the Vestas V90-
3.0 MW turbines, this model remains as selected in current work.

For further proceeding the possible full load hours has to be determined. As already
presented in Table 7 the cumulative installed wind energy capacity in Bulgaria in 2015
was 691 MW. They generated 1.436 GWh of electricity [46]. So the mean amount of

FLH for Bulgaria's installed wind capacity can be calculated as follow:

8 https://en.wikipedia.org/wiki/Density _of air

9 http://www.asen.iliev.name/weather/almanac.htm

10 http://hvac-eco.com/bg/hvac-manual/27-air-properties.html

11 http://en.wind-turbine-models.com/turbines/608-mitsubishi-mwt-1000a
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Annual Energy Production [(Wh] _ 1436 [GWh]
Installed power capacity [GW] - 0,691 [GW]

FLH = = 2078 [h] (8)

Further estimation in this work will be based on the above calculated value of FLH.
When the FLH is divided by the amount of hours in a year (8.760 h) one can get the
capacity factor of the installed power capacity. In the above case the capacity factor
is 2.078 / 8.760 = 23,7%. By coincidence the installed wind power in Bulgaria shows
the same value as the mean capacity factor for installed wind power in EU-28 [46].

As described in the BD part of this work (chapter 2.1) the annual energy output
needed for covering the same service output, which was measured by the same
distance driven with diesel and electrical vehicle, was calculated to be 45,35 GWh for
the small scale PV and wind power plants and respectively 604,7 GWh for the large
ones. Knowing the annual energy needed to be generated and the FLH now is
possible to compute the total power required for producing this electricity by using the

formula (5) below:
Power = E/FLH [kW] (5)

Consequently for the

- Small-scale wind farm:
Power(small) = (45,35 [GWh])/(2.078 [h]) = 21,82 [MW] 9)

and respectively for the

- Large-scale wind farm:
Power(large) = (604,7 [GWh])/(2.078 [h]) = 291 [MW] (10)

were calculated.
By dividing above estimated total power values through the power that can be
achieved with one turbine (353,2 kW) one gets the numbers of turbines required in

both wind farms:

Number of turbines in the Small-scale wind farm: 282 Mw] _ 62 turbines (11)
353,2 [kW]
. . , 291 [MW] .
Number of turbines in the Large-scale wind farm: sz 824 turbines (12)
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Figure 48. Production forecast for “ St. Nicola” 156 MW wind farm for 18" Aug.2016 [55]
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The large-scale quantity of 824 WT in a farm is not realistic in Bulgaria. However, the
62 turbines wind farm, although not that small, is possible. Bulgarian's largest wind
farm “Saint Nicola” (Kavarna NW) mentioned above consists already of 52 Vestas WT
V90-3.0 MW. According to the official production forecast (Figure 48) and expected
wind velocity of 3,9 m/s (at 10 m height which equates to 5,3 m/s at 80 m hub height
[54]) their expected electricity generation for 18" August 2016 was 207.680 kwWh. By
dividing this value through the number of turbines (52) and the daily amount of hours

(24), ones gets 166,4 kW of power extracted by each turbine from the wind near to
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Varna or an expected load rate of only 5,5% (also due to a lower power coefficient Cp
at lower wind speed on the 18.08.2016). This calculation, carried out with real data
from existing wind farm, that is also located on the sea coast and utilises the same
turbines, just confirms the correctness of the estimations made above for the WT in
the region of Burgas (353,2 kW, load rate ca. 12% and average wind speed of
6,11 m/s at 80 m hub height).

It has to be mentioned here again that this is only a coarse calculation. Especially
having in mind that the wind speed is cubed in the formula, taking an average value
can lead to large deviations. The precisely wind frequency distribution method that
has to be used for electricity yield pre-calculations in real projects was described on
previous pages in this chapter. Such simulated wind distribution is visualized on the
Figure 49 below. These results were obtained with the above-mentioned SW-tool by
inserting the technical and meteorological data for the small wind farm in Burgas. The
power curve and the power coefficient Cp of the used WT Vestas V90-3.0 MW are

shown in the left upper part of the figure.

& anlagenkennlinie =l Haufigkeitsverteilung der Windgeschwindigkeit

WEA-Lewstung
Leistungsbeimert

| Anlagenparameter B windpark-Ertragsvertailung
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2900

3000
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3000
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Figure 49. Power curve, coefficient Cp and wind distrib. for the small farm Burgas [54]

Some innovative energy storage technologies were described in chapter 3.3. As
mentioned in the PV part of this work due to relatively high investment costs and not

attractive FIT in Bulgaria storage systems should not be implemented. However, the
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seasonally weather conditions can be really helpful for supporting the constant energy
supply. The wind on the Black Sea coast in Burgas is relatively week during the
summer months July-August and strong in February-March. The intensity and
duration of the sunshine is exactly other way around. This fact means that both
electricity-generating methods can very well complete each other by producing more

electricity from the wind energy in winter and from the sun in summer.

4.4 Ecological appraisal of the selected / proposed
applications / installations

The environmental value of by wind power plants generated electricity can be seen
as the decreasing of GHG emissions that would have been caused by a fossil fuel
power plant generating the same amount of electricity. The directly emissions impact
is near to zero but as already shown in the BD and PV parts of this work, the whole
life cycle of the wind power systems has to be taken into consideration. The life cycle
chart flows on Figure 50 and Figure 51 prepared by the Danish company Vestas
whose turbines are used in this project work display the potential environmental
impact of a wind power plant. It is obvious how many steps besides operation

contribute to the whole impact and causes emissions to air, water and land.

Renewable energy

Landfill/ Recyclin - Waste
Incineration oyeg transport

Wind turbine operations

AAA

Raw materials Sinpliers Teanaptdt MATLEAEGAT Transport and
and resources i 9 : installation

Figure 50. Life cycle of the wind power plant [56]
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Figure 51. LCA for a 90MW onshore wind power plant of V90-3.0MW turbines [56]
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In their assessment, Vestas classifies following potential environmental impacts
divided into three groups [57]:

Environmental impacts:

* Global warming

» Ozone-depletion

* Acidification

* Nutrient enrichment (eutrophication)

* Photochemical ozone formation (smog)

Toxicity:

* Human toxicity

« Eco-toxicity

Waste:

* Bulk waste

« Slags and ashes

» Hazardous waste

» Radioactive waste

This Vestas LCA study is based on the V90-3.0 MW model and expresses a realistic
site placement. Just to remember, the same WT have been utilized on the Bulgarian
coast since 2010 and have been selected for the region of Burgas in this project work.
As can be obtained from the Figure 52, the main impact sources are “production total”
and “disposal”.

There is no any operation influence and the impact of transport is also that low,
compared to the first both factors, that there is no indication for it in this diagram.
There are also negative values for disposal, which has to be deducted from the
positive columns. The reason is that recycling is applied in a high degree, so that there

is a significant quantity of materials ready for new use.
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Figure 52. Environmental impacts from 1 kWh generated by V90-3.0 MW, Onshore [57]

Just to show the difference to offshore installed WT, on the next diagram (Figure 53)
is presented the environmental impact for the same V90-3.0 MW turbines but with
offshore location. The influence of operation (due to zinc discharge from the offshore
cables during the operation stage) and transport (due to longer distances and heavier
components) is already visible here. In general and logically, the eco impact of the
onshore wind power plant to the soil is significantly higher and respectively
significantly higher is the eco impact of the offshore wind power plant to the water
[57].
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Figure 53. Environmental impacts from 1 kWh generated by V90-3.0 MW, Offshore [57]

In order to relate the environmental impacts to the average European electricity

generation, Vestas compared 1 kWh electricity from the on- and offshore wind power
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plants with the average European electricity generation for 1990. As shown in the
Figure 54, the environmental impacts of electricity generated by both wind power
plants are considerably lower than from European average produced electricity in
1990. Of course, it is not really fair to compare 1 kWh average electricity generated
in 1990 with 1 kWh of electricity generated by wind turbines in 2005-2025. However,
the comparison is made to visualize the huge order of magnitude and to emphasise
the large ecological potential of the clean electricity extracted from the power of the
wind [57].
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Figure 54. Comparison of 1 kWh generated by V90-3.0 MW and European electricity [57]

The offshore wind turbines produce more electricity than the onshore ones. However,
it is more resource demanding to establish offshore wind power plants. These two
parameters are almost compensated by each other, so that the global warming
potential is nearly the same for offshore and onshore wind power plants per kWh
(Figure 52-Figure 55) [57].

Figure 55 shows the potential impacts of global warming per kWh of electricity
produced by V90-3.0 MW power plant.
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Figure 55. Contribution by life cycle stage to Global warming potential per kWh [56]

According to it, the total CO2-equivalent emission is only 6 g/kwWh. This value is much
lower than the 504 g/kwWh of CO2-e global average emission factor for electricity?2.
“As with other impact categories, it is the manufacturing stage that dominates the life
cycle, with the production of the tower (26%), nacelle (17%), foundations (15%)
blades (10%) and cables (7%), being the primary components contributing to this
impact category. Vestas production and operations contribute around 7% of the global
warming impacts. The end-of-life phase also has a significant contribution (-52%),
providing environmental credits associated with avoided metal production of iron,
steel, copper and aluminium. The emission to air of carbon dioxide (92%) is the
primary contributing substance, which results from the combustion of fuels in
production of the turbine raw materials, as well as methane (5%) resulting from steel
production. Other lesser contributing substances to global warming potential include
the release of sulphur hexafluoride gas to air (1%) from improperly disposed
switchgears, and nitrous oxide (1%) from various production processes, including
glass fibre production used in the blades” [56].

As explained in chapter 3.4 the determination of the Energy Payback Time is the other
significant part of the LCA. The EPBT also called return-of-energy describes the
period for generating the same amount of energy that is required over the whole life

12 https:/iwww.worldsteel.org/dms/internetDocumentList/case-studies/Wind-energy-case-
study/document/Wind%20energy%20case%20study.pdf
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cycle of the wind plant and among other factors is mainly dependant of the wind speed
and FLH. This energy payback period is measured in “months to achieve payback”
Alternatively, energy payback may be measured by “number of times payback”, where
it shows the number of times more energy the wind plant generates over its lifetime
versus the amount consumed during its lifetime. According to Vestas homepage the
EPBT for their turbines generally ranges between 5 to 12 months. With the example
given there a V112-3.3 MW wind power plant has a payback period of 6,5 months for
medium wind conditions®®. And seen over its life time of 20 years it returns 38 times
more energy back to society than it consumed, means that for 1 kwh of invested
energy one gets 38 kWh in return (Figure 56). From the same diagram is obtainable
that EPBT for gas and coal plants can even not be achieved as for 1 kWh invested in
coal one gets back nearly 4 times less!*. The wind turbine technologies show
continuously improvement so that Vestas has significantly enhanced the EPBT of the
V112-3.3 MW turbine by around 26% compared to the V112-3.3 MW model from 2010
[58]. In comparison with an equivalent PV power plant, the return-on-energy of this

WT plant is almost 5 times more.

v1il2- Tidal Wave Solar Solal Nuclear Gas Coal
3.3MW Stream Conc.

Figure 56. EPBT in “number of times payback” for REN and others [58]

In the region of Burgas V90-3.0 MW turbines will be used. According to Vestas the
breakeven time of the onshore V90-3.0 MW is 6,7 months for high wind conditions*®

and 8.3 months for medium wind. The same expressed in “number of times payback

138 m/s [56]
14 http://wvww.worldcoal.org/environmental-protection
159,2 m/s [56]
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means that the wind plant will return 36 times at high wind and 29 times at medium
wind more energy back to society than it consumes over the plant life cycle of 20
years [56]. With the lower wind conditions on the Bulgarian coast, respectively less
electricity generation, the EPBT of the plants with the same turbine is expected to be
longer.
When planning a wind farm an important part is also an assessment of the location
and the surrounding environment. In many countries environmental and social impact
assessments are required by law or by the international financial institutions which
support the projects. These environmental and social assessments typically consider
direct and indirect impacts such as:

e Landscape and visual impressions

e Flora

e Fauna (e.g. birds and bats)

e Noise

e Shadows
And the social aspects themselves identify issues such as:

e Community engagement and development

e Landrights

e Local employment and livelihoods including job creation

e Cultural heritage

e Community health and safety [58]

4.5 Economic appraisal of the selected / proposed
applications / installations

For the economic analysis of the PV plants will be used the same calculation sheet
like in PV (chapter 3.5) adapted to the wind power technology with its parameters
(Table 7). As calculated in chapter 4.2 the relatively week wind speed conditions in
the region of Burgas lead to a lower load factor of the wind turbines. This means, as
shown before, that for generating of the same amount of energy produced with the
BD and PV plants, a high number of turbines is required, namely 62 for the small wind
farm and accordingly 824 for the large one. By comparing the data given for wind
power project cost in the script of Matthias Neubauer [50] and adapting it to the
Bulgarian conditions [46] were assumed cost of 1.000.000 €/ MW per turbine nominal

power for the small wind farm respectively 800.000 €/ MW per turbine nominal power
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for the large one. The FIT for wind farms in Bulgaria is provided for 12 years but at a
price of 0,075 €/kWh only at sinks after this period to the humble 0,03 €/kWh [46]. The
grid prices remain the same like for PV plants [36]. For the calculation of required area
per installed wind turbine will be used the rough rule of thumb defining for distance in
main wind direction at least 5 rotor diameters and perpendicular to it at least 3 rotor
diameters [50]. The investment horizon is fixed to the officially given wind turbine life
time of 20 years. All other relevant data were obtained from literature research and

interview with Tsalo Parvanov [37].

Table 8. Investment calculation for small and large PV plants [OC]

Small-scale wind farm Large-scale wind farm

Total Investment

Maintenance 2% of investm.
Insurance 0,6% of investm.

NPV

Region Burgas, onshore Burgas, onshore

Wind turbines Vestas V90-3.0MW 62 824

Total nominal power 186 MW 2.472 MW
FLH 2.078 hly 2.078 hly
Energy production 45,35 GW 604,7 GW
Investment cost per MW 1.000.000 €/MW 800.000 €/MW

€ 186.000.000 €

Depreciation in 20y 20y
Equity in % of investment 25 % 25 %
Loan in % of investment 75 % 75 %
Term of loan 20y 20y
Interest rate of loan 8 % 8 %

FIT (12 years) 0,075 €/kWh 0,075 €/kWh
Electricity sale price (No FIT) 0,030 €/kWh 0,030 €/kWh
Grid connection 1,25 €/ MWh €56.688 € € 755.875 €

Grid access&transm. 7,35 €/Mwhy € 333.323 €ly 4.444. 545 €ly
Land per turbine (52*3g) = 12,15 ha 12,15 ha 12,15 ha
Land 753,30 ha 10.011,60 ha
Land (to buy) price per hectare 5000 €/ha 5000 €/ha
Total land price 3.766.500 € 50.058.000 €
Personnel 20p 50 p
Total pers. cost 6.500 €/py + 2%y 3.158.658 € 7.896.645 €

€ 3.720.000 €ly
€1.116.000 €ly

-€ 213.315.434 €

1.977.600.000 €

-€ 2.197.387.444 €

€ 39.552.000 €y
€ 11.865.600 €y

Unfortunately, also here both investments showed negative Net Present Value!® even
in a much higher range compared to the BD and PV power plants (Tables 5,6 and 8).
Since the negative value is much too high NPV sensitive analysis will not be carried

out here. The big amount of required turbines causes huge investment cost. By

16 See appendices 3.1-3.2

64



> CONTINUING
EDUCATION

CENTER

increasing the wind speed with 3 m/s the load factor gets higher and the number of
required turbines drops tripled in the observed project. This would strongly reduce the
cost. But due to low FIT and electricity sale prices and although the FIT state tax of
20% for PV and wind power plants was canceled by the Bulgarian constitutional court,
this still would not be enough to get over the break-even.

A wind farm of 824 turbines is not realistic for Bulgaria but the here called small-scale
wind farm with 62 turbines could be established. Especially having in mind that
Bulgarian largest wind farm “Saint Nicola” mentioned above utilizes 52 of the same
Vestas V90-3.0 MW turbines and is also located on the Black Sea coast like the city
of Burgas. However, the all-embracing factor is that this plant was commissioned in
2010 having favorable financial conditions.

As mentioned in chapter 4.2 since 2014 there is no one new MW of installed wind
power capacity in Bulgaria caused by the already named resolution of the Bulgarian
Energy and Water Regulatory Commission that dramatically down cut the FIT and the
price of electricity generated by PV and wind.

Comparing all three technologies for transport fuel production in the region of Burgas
that have been observed in this work and having in mind the current legal and market
price situation, investments cannot be recommended for anyone of the observed
plants for now.

In spite of the achieved negative results or exactly therefore, the author would like to
shortly present one more TU Wien innovation that would significantly reduce the
investment cost of new wind farm projects. The group of prof. Johann Kollegger from
the Institute of Structural Engineering has developed a new tower construction
method for reinforced concrete tower structures that combines the advantages of
precast element construction and climbing formwork (Figure 57). Important features
are the usage of half-precast elements providing continuous reinforcement, an easy
transport to the building site and a fast building progress. A prototype, which
corresponds to the upper part of the concrete section of a hybrid tower for a wind
turbine with a hub height of 140 m, was erected in Low Austria. It delivered a positive
evaluation of this construction method with large segment heights up to 13 m. Like
the other TU Wien innovations brought in this work, also this one was presented at
the Hanover trade fair 2016. Prof. Johann Kollegger is optimistic: "The new
construction method is simple and fast. The double-walled elements can be

transported without any issues. Taking into account all of our experience to date, our
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new method is expected to be economical and capable of establishing itself compared
with the previous construction methods. We believe that our patented process offers
benefits for very high wind power stations in particular." [30]

This new technology would efficiently low the investment cost of every new wind farm

project.

Figure 57. Prototype erection by using the innovative construction method [30]
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5 SUMMARISED COMPARISON AND DISCUSSION OF
THE RESULTS FOR THE SELECTED technologies
AND energy carriers

Since the large-scale power plants are not realistic for Bulgarian conditions, the data
from the small-scale plants were taken for the summarized comparison of the three
reviewed technologies.

Table 9. Energ., economic & ecol. comparison of BD, PV and wind power technol. [OC

Technolog .
Parameter Biodiesel] PV | Wind | ™
Installed capacity 19,56 36,09 186 MW
FLH 7884 1675 2078 h
Annual production 154,2 45,35 45,35 GWhly
Depreciation 10 25 20 y
Fuel energy consumption 46 15,5 15,5 KWh/100km

Annual mileage with produced

, 303,33 |303,33| 303,33 Mkm/y
energy carrier

Total investment 8 39,7 186 MEUR
Investment per MW of installed 0.409 1.1 1.0 MEUR/MW
capacity
Investment per km 0,026 0,131 0,613 EUR/Km
COZ-eq'per total annual 23091 13834 | 2767 ¢
mileage [59]
Less CO2-eq compared to
fossil diesel [59] s % [0 %
Net Present Value -1,42 -34,99 | -213,31 MEUR

All three plants were planned for providing an equivalent of transport energy required
for covering of the same distance driven by diesel and electrical vehicles. The
calculated total mileage of 303,33 Mkm (Table 9) means that the annual fuel demand
of over 25.200%" cars (ca. 17% of the car fleet!® in Burgas) can be covered with the
energy produced by each one of these environmentally friendly technologies.

Unfortunately, as can be obtained from the Table 9 the NPV of all three projects show
negative values for the region of Burgas. The biodiesel technology requires the lowest

investment per driven kilometer. At the same time the sensitivity analysis showed here

17 An average annual driven distance of 12.000 km per car was assumed
18 http://www.nsi.bg/en/content/628/basic-page/urban-audit-city-burgas
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that by only 3% reduction of the feedstock price or by only 2% increasing of the BD
price, this investment would make break-even. Due to the very high initial investments
of the PV and wind power projects and their in ranges higher negative NPV’'s, BD is
the only technology where an investment risk could be taken into account by
appropriate improvement of above mentioned parameters. So what could be done in
order to save at least the small-scale BD plant project despite the negative NPV?
Firstly, trying to get raw material to a better price may be from non EU countries. For
example there are companies in Belarus (Smorgon, Slutsk), Russia (Barnaul) and
Moldova (Chisinau) offering rapeseed oil to a current price of 550 €/t. Of course there
will be supplementary costs for transport, customs duty and storage, but with
appropriate long term contracts it could be rentable — here is further precisely research
needed. Secondly, increasing the percentage of the UCO in the multi feedstock
technology or even switching completely to UCO with appropriate contract with the
Bulgarian Waste Oil Net company already mentioned above, but also with local
restaurants, catering and fast food chains. Especially during the tourist season in the
summer months in the region of Burgas there is a big UCO overproduction that could
be used to obtain the oil to an even better price.

Comparing the biodiesel situation in Bulgaria four years ago and now one can see a
negative development of this industry. While 2012 there still was an optimistic feeling
and profitable production, nowadays, caused by changed market prices and not
supporting government decisions (possibly due to the still powerful “fossil fuel” lobby),
the BD plants go bankruptcy and according to the Bulgarian BD forum only production
for self-consumption remains rentable. For the moment, this could be seen as
inconsistent with the European directive on the promotion of the use of energy from
RES 2009/28/EC, setting until 2020 a 10% part of energy used for transport to be
gained from RES.

Producing of transport fuel by electricity generation through PV and wind power plants
is even much more ecologically friendly as the BD technology (see CO2-eq [59] in
Table 9). But without FIT for PV plants above 30 kWp in Bulgaria since 2015, the
electricity sale price has to be more as triple as higher in order to operate just above
the break-even. This higher electricity sales price level was fact 3 years ago, but due
to the 2014 resolution of the Bulgarian Energy and Water Regulatory Commission is
no more available. Therefore, every investment into such PV plants in Bulgaria is now

highly not recommendable.
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Unfortunately, also the situation of the wind power utilization is not looking well. The
big amount of required turbines causes huge investment cost. By increasing the wind
speed with 3 m/s the load factor gets higher and the number of required turbines drops
tripled in the observed project. This and the TU Wien innovation for economic erecting
of WT towers would strongly reduce the cost. But due to low FIT and electricity sale
prices and although the FIT state tax of 20% for PV and wind power plants was
canceled by the Bulgarian constitutional court, it still would not be enough to get over
the break-even. Since 2014 there is no one new MW of installed wind power capacity
in Bulgaria caused by the already mentioned resolution of the Bulgarian Energy and
Water Regulatory Commission that dramatically down cut the FIT and electricity price
generated by PV and wind.

The cancelling of government support for REN plants generally could also be
explained by the fact that Bulgaria has already achieved its 2020 target of 16% in the
share of renewables in energy consumption (Figure 58) causing former subsidy to be

disposed to other sectors of industry.
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Figure 58. Share of energy consumption produced from RES in the EU-28, 2014 [18]

(in % of gross final energy consumption)

Comparing all three technologies for transport fuel production in the region of Burgas
that have been observed in this work and having in mind the current legal and market
price situation, investments cannot be recommended for anyone of the reviewed
plants for now.

Only if being very optimistic despite negative results a possible decision for the
municipality of Burgas could be an installation of a smaller-scale BD plant for

supplying the self-consumption of the “BurgasBus” [60] fleet, which contains of 173
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busses (2014) and operates the public and rural transport network of Burgas. This
company belongs to the municipality of Burgas, which, as already mentioned in the
introduction part of this work, is well known in Bulgaria with its continuously
implementation of green technologies and further environmental improvements. The
overproduction could be distributed to other transport companies in the municipality

and neighborhood regions.
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6 CONCLUSIONS to PART |

The development of the transport industry has been showing an exponential progress
in the last 100 years. In the European Union the mobility sector consumes already
near one third from EU’s final energy demand (Figure 59) which makes the transport

industry being the largest GHG producer (Figure 60).
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Figure 59. EU-28 final energy consumption [61]
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Figure 60. GHG emissions by sector [61]

Fortunately, from the Figure 60 can also be obtained that the idea to make transport
more environment friendly and efficient has already reached the car and fuel
producers. Since 2007 has been observed a reduction of GHG emissions in transport

and all the other sectors have been on this trend for 20 years already. This reduction
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is obviously caused by implementation of new technologies and bringing on the
market of EV, Hybrid and Fuel Cell Vehicles (FCV) but also by making the fossil fuel
engines more economic. Increased biofuels utilization also contributes to this

encouraging result (Figure 61).
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Figure 61. World Ethanol and Biodiesel production [62]

Ecological advantages of above-mentioned new technologies in comparison to
vehicles with fossil fuel combustion engines are very well visualized in the ecological
assessment given by Amela Ajanovic (Figure 62). In addition, one more important fact
can be seen there, namely, the importance of using REN as energy source in
transport sector. Since, if the battery electric vehicle (BEV) is charged with electricity
generated by combustion of i.e. natural gas (NG) or, hydrogen (H2) in the FCV is not
produced by water electrolysis but by reforming of NG, then the CO2 emissions of
both motors are almost as much as high as of the internal combustion engines (ICE)
driven by fossil fuels.

The outlook for 2050 shown below is really encouraging predicting huge efficiency

improvements for all technologies.
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Figure 62. Comparison of vehicles specific CO2 emissions (gCO2eq/km) 2010-2050 [61]

The costs of mobility presented on Figure 63 are also very promising. When now a

day the sales prices of the new technology cars are still too high, the forecast for 2050
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shows big reduction, so that everyone would be able to afford such a model. And

already by now the hybrid technology is on the same cost level like the ICE one.
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Figure 63. Comparison of total costs of mobility in passenger cars in 2010-2050 [61]

Seeing the encouraging global trend and in spite of the negative results obtained in

this work, representing the current BD, PV and wind power plants situation in Bulgaria,

the author is optimistic. Up to the end of 2015 in Bulgaria were established 30

charging stations for EV with upward development trend (Figure 64). There are also

some incentives for buying EV in Bulgaria such as tax release and free parking (for

now in Sofia and Burgas only)!°. The number of new registered electrical vehicles

increases, although very slow and with its less than 0,1% share in the amount of new

registered cars, it’s far away from the 22,9% of the leading Norway?°. At the same

time one have to consider the enormous average income and living standard

differences between both countries representing the bottom and the top level in

Europe.
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Figure 64. Distribution of charging station for EV in Bulgaria (2015) [63]

19 http:/fwww.elektromobili.bg/stimuli
20 http://www.emic-bg.org/news/item/1356
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Bulgaria has a well-established energy sector. The country is one of the main
exporters of electricity in South Eastern Europe and has the perspective to export
even more. Due to Bulgaria’'s almost unexploited natural resources the hydro, solar,
biomass, geothermal and wind energy potential is considered high. The Renewable
and Alternative Energy Sources and Biofuels Act (ERSA) was adopted in Bulgaria in
2007. This legal act allowed the development of the RES in Bulgaria.

Bulgaria is utilizing Renewable Energy Sources in three different ways:

- Heating and cooling - solar thermal, biomass, geothermal

- Electricity - wind, small hydro, solar PV, biomass

- Transportation - biomass

Bulgaria is trying to reach their 2020 renewable energy targets through increasing the
RES part of the energy needed for:

- Heating and cooling up to 24%,

- Electricity generation by 21%

- Energy demand for transportation by 8% [64].

Biomass

Biomass could still be considered as an unexploited RES, which has a big technical
potential of installation. Bulgaria is a country with a large biomass potential, since 60%
of land consists of agricultural land, and about 30% is covered by forest. According to
the National Long-term Program (2008-2020) for promoting of utilization of biomass,
the latter could cover about 9% of the Bulgarian end energy consumption. The
national program foresees that the share of energy production from biomass will rise
up to 9,7 TW/h in 2020. Furthermore, the biomass energy production is up to 3 times
cheaper compared to the common used fossil diesel fuel. Production of energy from
biomass could be seen as a business with great potential in Bulgaria if the financial

government support would be appropriate [64, 65].

Solar Energy

Its geographical location in South Eastern Europe makes Bulgaria very suitable for
solar energy utilization. The solar potential is significant. For most of the country solar
radiation is 20% higher than in Central European countries. According to the
Bulgarian”s National Renewable Energy Action Plan (NREAP) [65] 300 MW of new

solar capacity is expected to be built by 2020. There are large solar PV projects
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proposed, especially in the south regions of the country, but the government’'s
preference is clearly to shift the development of PV plants to industrial areas, rooftop
and facade wall installations, and smaller capacities by simplifying the licensing
procedure for these small-sized projects and offering FIT them only. According to this

fact both PV plants observed in this work wouldn’t get any financial support.

Wind Energy

Wind power is currently the third biggest (after biomass and hydro) renewable energy
source in Bulgaria. The country has good wind resources especially in the North East,
along the Black Sea coast (were also the observed region of Burgas is located) and
in the South West part of Bulgaria. 90% of the Bulgarians wind farms are based in the
Black Sea coast area of Kavarna such as the already mentioned Bulgarians largest
wind farm St. Nikola with installed capacity of 156 MW (chapter 4.3). Until the end of
2015 local and foreign private investors had built up wind farms with a total power of
about 700 MW converting the wind energy into electricity. Midterm potential is
estimated to be around 3,4 GW, which makes Bulgaria one of the top countries in the
region for investments in this sector. By 2020 the government intends to reach around
1,4 GW of installed wind power capacity. Over half of the increase in energy capacity
planned by 2020 is expected to be sourced via wind power [64, 65].

Energy Efficiency

Bulgarian energy consumption is higher than the average one in Europe. Therefore,
the saving of energy has a big economic potential in this country. For 2-3 years,
Bulgaria has been implementing solid energy efficiency measures in the retrofitting of
old and construction of new buildings. Replacement of old oil-fired boilers by modern
ones, utilizing biomass as a fuel in combined heat and power plants, belongs as well
to the energy efficiency approach. Especially the city of Burgas, a municipality of the
Bulgarian Black Sea coast chosen in this work, is a good lead in the realization of the
above-mentioned measures. A business plan for such an energy efficiency project in
Burgas (7.100 MWh energy and 13.500 tons of CO2-emissions saving per year) [67]
was elaborated by author and his colleagues Antonietta Di Chio (Italy) and Ulrich
Tschiesche (Austria) during their study at the master program “Renewable Energy

Systems” in the Vienna University of Technology (2015-2017).
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Nevertheless, the voices of the supporters of the development of the traditional energy
in Bulgaria have to be taken into account as well. They arguing with lower price for
electricity produced from fossil fuels and nuclear energy. The electricity price is a very
sensitive topic in Bulgaria, since the electricity bills consume a huge part of the
people’s incomes, especially in winter. On the other front the supporters of RES
argues with environmental friendly technologies, diversification of the energy supply
and limitation of the dependence from Russian imports of fossil fuels and nuclear
technologies. However, the major trends for development of the energy sector in
Bulgaria now are related to a drop in electricity consumption and an increase in natural
gas and RES consumption. Bulgaria also faces challenges in terms of the efficiency
of energy production, and still has some work to do in order to bring the sector in line
with European standards and EU directives. Energy efficient technologies and clear
pricing policy have to be introduced in the country.

As many European countries also Bulgaria experienced important development since
2007 in the sector of RES. Bulgaria had generous FIT that led to a huge rise in RES
applications. The outcomes of those, unfortunately only initial, support measures were
very clear — the level of RES applications in the country increased significantly in
terms of projects, power installed and employment generated. But the legal and
regulatory changes introduced in Bulgaria in 2012-2014 led to a significant decrease
of the support for renewable energy projects. These changes, some of them
retroactive, provoked a strong protest from investors that complained about changing
rules, lack of transparency and problems for their investment. The investors’ interest
in the RES sector slowed down significantly. The new Bulgarians REN strategy is
more restrictive and limits investments and renewable support to the level only
needed to fulfil the obligatory requirements set by the European Union [34].

In conclusion could be said that after observing the current situation due to the costly
utilization of the renewable energy sources the main primary energy sources in

Bulgaria will, unfortunately, remain to be oil and natural gas.

The author believes that the stagnation of REN support in Bulgaria is only temporary
and that the global trend will force the government to recognize again the advantages
of the renewables and to apply for financial assistance from the EU to be able to

resume the FIT and other early available incentives for energy producing from RES.
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The three TU Wien innovations shortly presented in this work will help to save costs
for electricity storage, land use and installation and at the same time making the use

of REN even more environment-friendly.

Finally yet importantly has to be mentioned here that improvement of the societies’
consume behavior to a more rational energy use should be educated from cradle on.
Understanding the principals and appreciating the ecological advantages of producing

energy from the renewable energy sources will make the Earth being green again.

7



> CONTINUING
EDUCATION

CENTER

Idea -> Innovation -> Revolution

7 INTRODUCTION to PART I

The objective of this part is to present a new energy technology for electricity
generation and production of hydrogen by utilizing of a poisonous substance in the
waters of the Black Sea as an energy carrier. The positive side effect of this innovative
energy converting method is cleaning of the seawater from the hazardous matter and
establishing of a safety ecological equilibrium in the basin.

With this part of the master thesis, the author aims to popularize the inventions of the
Bulgarian scientists from the Institute of Chemical Engineering in Sofia, led by prof.
Beschkov, as well as the progress of their innovative work.

In Part | of the thesis were calculated and described various power plant projects for
the city of Burgas, a municipality on the Bulgarian Black Sea coast. These projects
are based on renewable energy sources such as wind, solar and biomass.
Unfortunately, negative Net Present Values were obtained for all these REN power

plants.

Wind energy Solar energy Hydropower

JERS e

Biomass...

What else?

Figure 65. Energy from renewable energy sources. What else? [89]

What else? Could the enormous and steadly growing amount of hydrogen sulphide in
the Black Sea waters be also considerd as a renewable energy source and power
generation out of it be feasible, efficient and profitable?

The technology giving positive answers to these questions will be presented here.
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7.1 Black Sea — areservoir of hydrogen sulphide

The Bulgarian city of Burgas, described in the projects at the first part of this thesis,
is located on the west coast of the Black Sea (Figure 66). The Black Sea is an inland
elliptical basin located between South-East Europe, Eastern Europe and Western
Asia with an area of about 436.400 km? (without the Sea of Azov). Bulgaria, Romania,
Ukraine, Russia, Georgia and Turkey are the six countries having shore strips on the
Black Sea coast. It is connected to the Eastern Mediterranean via the Bosporus and
the Dardanelles. The average depth of the Black Sea is 1.253 m with a deepest point
at 2.212 m. The basin is 1.175 km long and has a total volume of 547.000 km3 [68].

The Black Sea is unique because 90% of the seawater is anaerobic. This anaerobic
seawater contains hydrogen sulphide (H2S), produced by sulphur reducing bacteria

(SRB) at the process of their anaerobic bacterial respiratory.
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Figure 66. Black Sea [69]

Hydrogen sulphide is common in some geothermal springs and closed deep water
basins. Its availability in geothermal springs is due to volcanic gases and its presence
in closed deep water reservoirs is caused by the anaerobic sulphate reducing bacteria
decomposition of sulphur-containing organic matter. Deep Black Sea waters contain
immense amount of H2S (as hydrosulphide and sulphide ions) estimated as 4,6 billion

tons. The Black Sea is the largest water basin containing hydrogen sulphide [70]. The
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enormous amount of H2S, its yearly new formations and energy equivalents are

presented in the Table 10 below:

Table 10. Amounts and energy equivalents of H2S in the Black Sea [89]

Hydrogen sulphide Tonnes of oil Electricity energy
equivalent (toe)
4.587 Gt 2600 Mtoe 31500 TWh
(~1,6 x EU total (~10 x EU annual
annual energy production)

consumption, 2014)

Eachyear new 75 mins tons hydrogen sulfide are formed (equivalent to 17% of the
electricity production in EU, 2013/15).

Alone the 75 million tons of hydrogen sulphide, which a newly formed each year,
equivalent to 43 billion m3 of natural gas. This amount is tenfold larger than the annual
gas consumption of Bulgaria (with a population of 7,2 million people) [89].

The layer containing H2S begins at a depth of about 200 meters below the surface.
The thin upper layer of marine water (up to 150 m) supports the unique Black Sea
ecosystem [70].

The two Russian scientists Andrusov and Zelinskij from the University of Novorossiysk
identified the existence of hydrogen sulphide in the waters of Black Sea for the first
time in 1890-91. On our planet, there are three main sources for the natural formation
of hydrogen sulphide. The first origin is the sulphate reduction at the process of
anaerobic disintegration of organic materials. The second source is the rotting of
organic matter containing sulphur. And thirds, H2S comes out of the earth shell
cracks through geothermal water springs. In the Black Sea on these natural ways are
produced about 75 million tons of H2S per year. In the upper water layers, its
concentration is regulated by the natural oxidation [71, 89].

Organic and industrial wastes flowing into the Black Sea by the big European rivers
such as Danube, Dnepr and Dnestr are the main source for increasing the volume of
hydrogen sulphide year by year and affecting the sea life there. Due to human activity
in the past few centuries, the quantity of hydrogen sulphide is increasing dramatically.
Because of the extremely toxicity of H2S the sea is practically dead at depths below
200 meters with the exception of the above mentioned sulphur reducing bacteria.
The closed nature of the Black Sea basin, its tectonic features and the anaerobic
decomposition of the sulphur-containing organic materials lead to a constantly

accumulation of hydrogen sulphide in the anaerobic zone of the sea.
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The anoxic conditions have been presented in the deepest parts of the Black Sea for
nearly 7.300 years. About 9.000 years ago following the rise of the world sea level,
saline Mediterranean water streamed via Bosphorus into the Black Sea, which at
those times was an aerated fresh water lake. The consequence of this ecological
incident was the formation of two water layers in the Black Sea basin - fresh water
above the heavier salinity water layer from the Mediterranean Sea with limiting supply
of dissolved oxygen. The salty water, rich on organic components, leads to massive
vegetation of planktonic biomass. The main source of hydrogen sulphide is the
decomposition processes of the organic matter, which slides to the bottom in the form
of organogenic mineral sludges (sapropelles). They are the product of dead
planktonic biomass. There is an excess of an enormous amount of organic matter that

creates favorable conditions for the development of bacterial sulphatreduction shown

on Figure 67.
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Figure 67. Processes of oxidation and reduction of H2S in the Black Sea [72]

The geochemical conditions of the freshwater lake did not allow the formation of free
H2S in it at the period of its fresh water existence. Initially, after the flood, H2S covered

the whole water mass from the bottom to the surface of the sea. Gradually, with
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stabilization of the hydrodynamic and hydrochemical conditions began to form the so-
called oxygen or biotic zone. Indicatively, the hydrogen sulphide zone starts from
depths of 130-140 m. From the depths of 130-140 m to 180-200 m, there is the so-
called redox?! layer - a zone of coexistence of oxygen and hydrogen sulphide. Below
it, to the maximum depths there is the abiotic hydrogen sulphide zone, so that 90% of
the whole Black Sea water mass is uninhabitable. H2S concentration increases
regularly until 1.000 m depth. After that the increase slows down, and at 1500 m, the
concentration of hydrogen sulphide remains nearly constant at 10 mg/l. Another
important supplier of H2S, whose role is underestimated, are the geological sources
- mud volcanoes (Figure 67) as well as destructed gashydrates deposits that contain
solids of hydrogen sulphide [72].

“The Black Sea is a natural geobiotechnological reactor, which is a potential source
of energy and other natural resources. The sapropel, diatomic and cocolitic muds,
hydrogen sulphide, gas hydrates, carbon sulphide gases, natural gases and fresh
water are the most promising easy alternative power resources. Hydrogen sulphide
in the Black sea is considered not only as major characteristic, but also as a possible
energy source” [72]

In the seawater, H2S is disseminated not only in the dissolved gas phase but also as
sulphides and hydrosulphides. The annual production of hydrogen sulphide in the
Black Sea basin amounts to 75 million tons. Due to the geographic (closed basin),
biologic (activities of the SRB) and tectonic (fractures and mud volcanoes, as well as
the destroyed gas hydrate deposits) characteristics, Black Sea is an enormous natural
reservoir for H2S. With the innovative waste-less electricity producing method for
using the oxidation energy of hydrogen sulphide, presented in this work, an unlimited
and renewable energy source can be utilized by simultaneously cleaning the seawater
from the poisonous gas and establishing a safety ecological equilibrium in the waters
of the Black Sea.

7.2 Natural equilibrium of H2S in the Black Sea

The equilibrium concentration of hydrogen sulphide in the Black Sea is about 10 ppm
at the depth of 1.000 m. The daily production of H2S by SRB is about 10.000 tons

21 Redox (Reduction and Oxidation) are terms from the electrochemistry. “Reduction refers to a process in
which electrons are added to a species, means electrons are consumed by the reaction. Oxidation refers to a
process in which electrons are removed from a species, means electrons are liberated by the reaction” [81].
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and the whole volume of H2S is estimated to be around 4,6 billion tons (constantly
rising). The H2S mixture in the seawater is considered as a non-ideal (gas-liquid)
solution [73].

The survey of different literature sources for distribution of H2S and oxygen in the
Black Sea shown on the Figure 68 describes different concentrations of hydrogen

sulphide at different sea depths varied from 7 to 14 ppm.
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Figure 68. Concentration of H2S and O2 in Black Sea water from different authors [73]

As can be obtained from the Figure 68 the H2S concentration at 2.200 m at the bottom
of the sea has a value of about 14 ppm (formation of hydrogen sulphide from sulphur
and sulphate ions (S0, ™) by the anaerobic sulphur reducing bacteria). At the surface
of the sea down to the 100 m depths, the H2S concentration is zero due to the
biological cycle of the sulphur oxidizing bacteria (SOB). Due to its activity, the
concentration of oxygen (O2) at the same depths shows an inverse behaviour. It has
values of about 8-9 ppm at the Black Sea surface and decrease down to zero at
depths of about 100 m. It exists a natural equilibrium between the SOB and SRB
bacteria at the surface and bottom of the Black Sea. In addition, about 25% of
hydrogen sulphide are removed from the Black Sea by the photosynthesis bacteria
(purple bacteria) which convert H2S to elemental sulphur and hydrogen gas to water

[73]. These reactions are illustrated in Figure 69 below:
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anaerobic bacteria
sulfur reducing bacteria

SO;~ - H,S+S™~ (SRB)

photosynthesis
urple bacteria)
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st thiobacillus ' SOE_ (SOB)

Figure 69. Biologic. reactions for formation and consumption of H2S at diff. depths [73]

All these reactions will lead to certain concentrations of hydrogen sulphide at the
equilibrium zone at certain depths of the Black Sea water. The solubility of H2S in the
seawater is high and depends on temperature, pH, pressure, salinity as well as on
the nature of the hydrogen sulphide and water molecules. It's expressed with the

following dissociation constants presented in Figure 70:

H,S « H* + HS™ : K,

HS <+ H' + S : K>

H,O — H* + OH : K,

Figure 70. Dissociation constants for H2S and H20O in the Black Sea [73]

According to the Le Chatelier’s principle?2 various researchers came to the conclusion
that with the depth of the sea the concentration gradient of hydrogen sulphide reaches
a plateau region, so called equilibrium zone. It’s located in the depths between 800 -
1.200 m, where the temperature is 8°C, salinity is 20.000 ppm and H2S concentration
has a value of 10 ppm demonstrated in the next Figure 71. It illustrates the
bioactivities of all three bacteria (SOB, the photosynthesis bacteria and SRB) at
different depths and explain the dissociation constants of hydrogen sulphide with its
HS™ and S™~ ions at the different pH, temperature and salinity regions of the Black
Sea water. The concentrations of H2S and oxygen as a function of depth can also be

obtained from this picture [73].

22 e Chatelier's principle can be summarized as “If a chemical system at equilibrium experiences a
change in concentration, temperature, or total pressure, the equilibrium will shift in order to minimize that
change” [73]

84



_l, “~ CONTINUING
| / EDUCATION

WIEN CENTER
Depth H:S Oxygen Surface of Black Sea pH Temp'C Salinity
(m} ppm) (ppm) T
A S A S A S S SN S AT S S A S S N S S S SN S AN A A S A S S SN N S S SN S A S S S S SN N SN S A S ar
0 3 ?9 Sulfur Oxidizing Bacteria (SOB) 7.8 24 18000 ppm
H:S ! !

Aerobic bacteria |
________________________________________ e —— e ———

1 1
! SO 1 1
1 1 1
! H:S gas is in equilibrium with its ions : :
E H:S [Hz2S]vex at pH = 5,0 1 1
E [HS]nex atpH =9,0 1 ]
78 [Slrx atpH = 14,0 i I
O 1 |
E [e (.
[ (1] ¥
— || = = = R e 0 s O e |
l 8 — - * -
: -§ S+ 2H==H + HS=H:S v
= i .
00 opem | Ngtural Equilibrium Zone 20000ppm
: 8 (Absence of metallic ions)
[ 8.1 8 1
——= — T e
I = S+H:S d i
I H2+S 1 1 =
: I I 3
1 Anaerobic baclerig (absence of oxygen) : :
1 Sulfur Red{icing Bacteria 1 I }
J (3RB) 1 I
‘ ! 1 I
v v v
2200 13%pm_ _ __ ____ SOi__ BottomofBlackSea 85 _ 8 22000ppm
o e N S o~ o oS s e T oy

Figure 71. Natural equilibrium of Black Sea [73]
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8 HYDROGEN SULPHIDE as RENEWABLE ENERGY
SOURCE

Hydrogen sulphide is a colorless, very poisonous and corrosive gas that can be
recognized by its typical smell already when there is only one hundred-thousandth
part of it at the air. It’s dissolvable in water in a ratio of 3 volumes of H2S to 1 volume
of H20. In a volume of about 0,1% in the air H2S causes heavy poisonings [74].
Due to the very high toxicity of H2S there are no life forms (except of some bacteria)
in the Black Sea waters in depths below 150-200 m. It means that a possible utilization
of hydrogen sulphide as a new energy source will simultaneously have a huge positive
ecological effect on the Black Sea environment.

The idea of utilizing the H2S from the Black Sea as a power-producing source was
born at the end of 1960's when new data about its formation and distribution were
available. The interest towards utilization of hydrogen sulphide increased rapidly in
relation with deteriorated ecological situation in the Black Sea and shortage of energy
resources [74].

Hydrogen sulphide ignites at 300° C in the air and is compared even with such high
caloric power-producing source as methane. Both reactions of combustion are shown

below:

2H2S + 302 => 2502 + 2H20 + 248 Kcal (13)
i.e. from 1 m3 gas H2S is obtained 5.535 Kcal heat [74]

CH4 +202 => CO2 +2H20 + 190 Kcal (14)

i.e. from 1m3 methane is obtained 8.500 Kcal heat [74]

However, the quite low concentration of gaseous H2S in the seawater connected with
serious production cost for its extraction and concentration as well as the environment
harmful sulphur dioxide emissions make this H2S utilization method not reasonable.
Also other technologies were investigated in the last decades for utilizing of hydrogen
sulphide such as decomposition to the harmless products hydrogen and elemental
sulphur by electrolysis, photolysis, thermolysis and plasma methods. However, in all
of these cases the energy consumption is comparable or even higher than the energy
that could be yielded from the produced hydrogen. In addition, the accumulation of
huge amounts of sulphur as a side-product is inconvenient because of the necessity
of its placement on an appropriate market [77].
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Another important fact that plays a crucial role for development of a H2S utilizing
technology is that, as already shown in Figure 71 in the Black Sea waters hydrogen
sulphide exists in different forms, namely undissociated H2S° molecules and sulphide
(HS™), polysulphide (S27) and sulphide (S?7) anions. The distribution ratio of these
forms is determined by the pH of the water (Figure 72).
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Figure 72. Distribution of different sulphide forms of H2S in dependence of pH [75]

According to the calculated data at pH>10 the content of S2~ ions can be neglected.
At pH=7 the content of H2S° molecules and HS~ ions is approximately the same. And
at pH=4 hydrogen sulphide is almost completely in the form of undissociated H2S°
molecules (99.8%). In the Black Sea water with pH values about 8 (Figure 71) in the
form of H2S° can be found only about 15% of all bivalent sulphur. The rest of it is
chemically bonded in the heavy metal sulphide form, so the possibility of H2S® transfer
to the gas phase is difficult.

From the above mentioned follows that the extraction of hydrogen sulphide from the
seawater is hampered by the following significant circumstances:

- low concentration of H2S (hundreds fold lower than in its saturated solution)

- the concentration of the undissociated form of H2S is not more than 15%; the
prevailing form of up to 85% is the dissociated one, i.e. ionic and chemically bound. It
means that the H2S in the Black Sea water is a mixture of 85% sulphides and only
15% pure H2S gas [74, 76].
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This explains why for decades, despite the many attempts to utilize the hydrogen
sulphide from the Black Sea waters, there have not been developed practically
realizable technologies for extraction of H2S gaseous form from the seawater yet and
why studies in the last years have been focused on the utilization of the prevailing
ionic form of hydrogen sulphide in the Black Sea.

In the last years, a number of scientists have been investigating possibilities for the
use of sulphides as an alternative fuel in fuel cells such as Dutta et al. (2008), Zhai et
al. (2012), Kim & Han (2014), Martinov et al. (2013-2017), Razkazova-Velkova et al
(2013-2015), Beschkov et al. (2012-2017). There are also some researches for
utilizing the sulphides as an energy source in microbiological fuel cells (Reimers et al.
(2006), Lee et al. (2012), Cai & Zheng, (2013), Vanitha et al. (2016)). Through
oxidation of sulphides into sulphate ions in the new developed sulphide driven fuel
cells (SDFC) is gained more energy than in the common conversion of sulphides into
elemental sulphur. The sulphates are environmentally harmless in a wide range of
concentrations and can be released into the water, as they are anyway present in the
natural water basins [78]. Moreover, they will be used by the SRB in Black Sea waters
for their anaerobic bacterial respiration. On this way new amounts of sulphides will be
produced, which again can be utilized in the sulphide driven fuel cells (SDFC). By
closing this bio-electro-chemical natural cycle the humanity obtain a new sustainable
and renewable energy source and simultaneously maintain the ecological balance in
the natural waters.

Developing of such an effective electricity production methods, like the one presented
in this work, by utilizing in fuel cells the oxidation energy, contained in the enormous
and constantly growing amounts of H2S in the Black Sea, would provide not only
Burgas and Bulgaria, but all the countries around the sea and other water basins

containing H2S, with a new sustainable and renewable energy source.
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9 FUEL CELL

9.1 Principle

Fuel cells (FC) are based on the concept of electric power generation by using the
electrochemical redox reaction between the fuel (H2 is the most commonly used
elemental due to its high chemical reactivity) and the oxidizer (O2) in the presence of
catalysts. In the FC the energy of the fuel is directly converted (without combustion)
into a DC electricity. The only by-products are H20 and heat. In comparison with the
indirect energy conversion, which goes via heat first, the electricity generation in the
fuel cell is not limited by the Carnot factor, thus has a much higher efficiency. The

functional concept of a FC is presented on the Figure 73:

@ Hydrogen @ Proton (+ve)
Fuel ce“ StaCk ro_ 1 % . Oxygen Electron (-ve)
I'I Cathode

Hydrogen — Oxygen
HyFuel (D (A7) ’ P &0 0, From Air

H; Recycling < (S ' A :\ir:’nd
ater Vapour

Gas Diffusion Layer

Catalyst

Catalyst

Gas Diffusion Layer

Proton Exchange Membrane

Figure 73. Fuel Cell Stack [79]

The fuel supply carries out on the anode side of the FC. In cases of using hydrogen
or methanol occurs a direct fuel oxidation? and by using of hydrocarbon fuels - an
indirect oxidation via a reforming process. On the cathode side, a reduction?* of
oxygen from air (in most fuel cells) takes place. Streams of fuel and oxidizer pass
through porous metal electrodes (plates), which are separated by an electrolyte.
Outside the electrolyte, the electrodes are electrically connected. The anode (fuel
electrode) converts hydrogen molecules into ions and electrons. The ions migrate into

the electrolyte. It consists of a solid membrane or matrix having ion-conducting

23 Oxidation — removing of electrons from a species. In a FC the process is carried out on the anode side
[81]
24 Reduction — adding of electrons to a species. In a FC the process is carried out on the cathode side
(81]
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characteristics. The oxidizer plate (cathode) separates oxygen molecules into oxygen
atoms. They also move into the electrolyte where they recombine with the hydrogen
ions to create water and heat. Electricity can be captured from the circuit and put to
useful work. Catalysts increase the process speed and don’t participate in the reaction
itself. Fuel cells typically generate a voltage of around 0,7 — 0,8 V per cell and a power
output of a few tens or hundreds of watts with an efficiency of about 60 - 70 %. More
series connected FC’s build the so-called Fuel Cell Stack. On this way, it is possible

to define the desired power output of the whole module [80].

9.2 Electrical characteristics

The performance of a fuel cell can be summarized with its main electrical
characteristics, namely the current-voltage and power density curves (example
presented on Figure 74). The current-voltage (i—V) curve shows the voltage output of
the FC for a given current output. Since the larger a fuel cell the more electricity can
it generate and in order to be able to compare FC’s with each other, i~V curves are
normalized by the area of the fuel cells (A/cm?).

An ideal FC would generate any amount of current (as long as it is supplied with
sufficient fuel) at a constant thermodynamically determined voltage. However, a real
fuel cell has a lower voltage output than the ideal one. Furthermore, the stronger the
load of a real FC (more current drawn out of it), the lower is its voltage output, hence,
lower the total power that can be obtained. The power (P) delivered by a fuel cell is

the product of its current and voltage values (Formula 6):
P =i*V (6)
The power density curve is produced by multiplying the voltage at each point on the

i—=V curve by the corresponding current density (Figure 74). Fuel cells are designed

to operate at or below the power density maximum. [81].
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Figure 74. Combined FC current-voltage (i-V) and power density curves [81]

One further important characteristic of a fuel cell are their losses, which determinate
the efficiency of the FC. In real conditions due to the irreversible losses, the voltage
output level is less than the ideal (thermodynamic) fuel cell voltage (Figure 75). The
losses go up with the increase of the current load of the cell. As shown in Figure 75
three main types of losses determine the form of the FC’s i-V curve:

- Activation losses (These are the losses due to electrochemical reaction. They affect
the initial part of the curve)

- Ohmic losses (are the ones caused by ionic and electronic conduction. These losses
define the curve shape in its middle part) and

- Concentration losses (are the losses occurred due to mass transport and signifying
the last section of the i-V characteristic)

With other words, the real voltage output of a fuel cell can be expressed by the
following formula where all the voltage drops caused by the losses are subtracted
from the ideal (thermodynamically obtained) voltage:

V= Ethermo — Mact — NMohmis — Nconc (7)

where:

V is the real output voltage of the fuel cell

Ethermo represents the ideal (thermodynamic) fuel cell voltage output
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Nact gives a description of the voltage drop due to activation losses (reaction kinetics)
Nohmis IS the voltage drop due to ohmic losses (from ionic and electronic conduction)

Nconc Shows the voltage drop due to concentration losses (mass transport)

/—Ideal (thermodynamic) fuel cell voltage

Fuel cell voltage (V)

Activation Ohmic Mass
<+ region > — region —rd-lrans'port-r
region

Current density (A/cm?)

Figure 75. FC i—-V curve in contrast to the ideal, thermodynamic. predicted voltage [81]

9.3 Fuel cell types

There exist various fuel cell types classified usually in relation to the used electrolyte.
In Table 11 are listed FC types with their operating temperatures, fuel variety,

efficiency levels and anode-cathode electrochemical reactions.

Table 11. Fuel cell types [80]

Operation
Type of tempera- Typical
fuel cell ture Fuel cfﬁc‘:ncy Anode reaction Cathode reaction
C [%]
Hy
=) - y - - * - " —
PEFC! 50 - 140 (no CO) 50 - 60 Hy - 2H"+2¢ O, +4H+4¢ 2 H,0
Hy
2 - - T — 3 T — [~
AFC@ 25-120 (no COY) 50 - 65 Hz + 2 OH 2H; 0+ 2¢ O +2H0 + 4¢ 4 OH
ey | 80-130 | CHOH | 2440 | CHOH+H0 = CO+6H +6¢ | 320, +6H +6¢ 3 Hy0
H;
4) - - — + - + .y
PAFC! 60 - 210 (no CO) 35-45 Hy =2H"+2¢ O;+4H +4¢ 2 H20
H; Hy +CO3y " = H;0+COz + 2 ¢ . .
5) - . -
MCFC¢ 620 - 660 co 45 - 60 €O+ COs —2C0y + 2 & 0,+2C0,+4€ — 2C04
H; H:+0 = H0+2¢
SOFC® | 800 - 1000 co 50 - 60 CO+0 = COy+2¢ Oy4+4e =20
CH4 CHi+40 = 2H,0+CO; + 8¢
(1) PEFC = Polymer Electrolyte Fuel Cell or PEM-FC = Proton Exchange Membrane Fuel Cell
(2) AFC = Alkaline Fuel Cell (4) PAFC = Phosphoric Acid Fuel Cell
(3) DMFC = Direct Methanol Fuel Cell or SPFC = Solid Polymer Electrolyte Fuel Cell
(5) MCFC = Molten Carbonate Fuel Cell (6) SOFC = Solid Oxide Fuel Cell
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The polymer electrolyte (PEFC) and alkaline (AFC) fuel cell designs are efficient,
compact and robust low-temperature methods for electricity producing. These FC
models have the highest power density, good load change behavior and good
efficiency at partial load, therefore ideally suitable for mobile applications. The direct
methanol fuel cell (DMFC) operates on liquid or gaseous methanol combined with a
reforming process. This model offers a good storage capability in mobile systems.
The next type - phosphoric acid fuel cells (PAFC) have gained the most practical
experience. Due to its higher operating temperature the CO poisoning problem is
minimized and it provides a good quality steam of approx. 200° C that can be used in
combined heat and power (CHP) mode. The molten carbonate fuel cell (MCFC) can
operate with H2, methanol, methane or coal gas with external or internal (partial or
full) reformation. Drawbacks of this FC are its low current and power densities. The
solid oxide fuel cell (SOFC) converts gaseous hydrocarbons as a fuel either directly
or after internal reforming with a very low emission level. Its very high operating
temperature allows fast chemical reactions, what on the other hand side leads to
stringent requirements for materials and construction.

Fuel cells are also appropriate for stationary applications such as large-scale central
power generation, distributed generation and cogeneration. Through waste heat
recovery in a cogeneration system the FC efficiency can be increased up to 80% [80].

9.4 Advantages and disadvantages of fuel cells

9.4.1 Advantages
Fuel cells as energy converter combine many of the advantages of combustion

engines and batteries such as:

- high efficiency due to direct conversion of chemical energy into electricity

- FC generate in times more energy per unit weight than engines and storage batteries
- Fuel cells contain no moving parts, means they are silent, reliable and long-live
systems required little maintenance

- obtain fast start-up and load response

- cleanness - no harmful gas emissions such as NOx and SOx

- easy independent scaling between power (defined by the size of the FC) and
capacity (defined by its fuel tank volume). Well scaled from 1 W up to MW power plant
ranges

- FC are faster rechargeable (refuelled) than batteries [81].
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9.4.2 Disadvantages
Depending on the type of the FC apply various special restrictions. For instance in

low-temperature fuel cells have to be used noble metal electrodes in order to increase
the reactivity. Whereas in high-temperature FC expensive noble metal catalysts are
not used since the thermal activation is insensible to pollutants. To avoid dilution of
the electrolyte, the product water has to be removed by evaporation or vaporization,
what is anyway the case in high-temperature fuel cells [80].

The alternative fuels such as gasoline, methanol or formic acid usually require
reforming before using. This obstacle makes the use of additional equipment
necessary and reduces the performance of the fuel cells.

As main disadvantage of the FC still can be considered their relatively high costs.
The power density limitation of the fuel cells is another relevant hurdle for their
implementation. The power density shows how much power the system can generate
per unit volume (volumetric) or per unit mass (gravimetric). And although significantly
improved in the last years, fuel cells still show lower volumetric power density
performance compared to the combustion engines and batteries (on a gravimetric

basis FC perform closer to the other both energy converter types) [81].

9.5 New approaches in fuel cell design

9.5.1 Fuel cell for aqueous sulphide
With the goal of cleaning the waste gases and waters from the environment harmful

sulphides in the past decades various not electro- but physico-chemical methods such
as chemical oxidation and conversion by using of catalysts were used for oxidizing
sulphides to harmless products such as elemental sulphur or sulphate. The
disadvantage of these methods - the significant amount of energy and chemical
needed, forced the scientists to research on development of more energy efficient
and environment friendly technologies. The electrochemical oxidation is such a one.
The methods based on it have several advantages such as higher energy converting
efficiency, environmental compatibility, ability for automation, versatility and cost
effectivity [84].

In chapter 8 were already presented the three different forms of aqueous hydrogen
sulphide, namely the undissociated H2S° molecules and the sulphide (HS™) and
polysulphide (S27) anions. The distribution ratio of these sulphide forms is determined

by the pH of the water. Their electrochemically oxidation in the anode compartment
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of a fuel cell lead to a flux of released electrons, hence, generation of electricity. By-
products such as elemental sulphur, polysulphides, sulphites, sulphates, dithionate
and thiosulphate may be produced in dependence on the test conditions of various
experiments [84].

Dutta et al., 2008, achieved positive experimental results on removal of aqueous
sulphide through electrochemical oxidation and generation of electricity in a FC at
ambient temperature, pressure and neutral pH. However, the main disadvantage here
is the accumulation of elemental sulphur in the anode compartment, which decreases
the electrochemical activity over time, quasi lowers the performance of the fuel cell.
Therefore further researches were needed for deployment of methods for reactivation

of the anode and recovering of the sulphur built on its surface.

9.5.2 Microbial Fuel Cell
In recent years, one of the most famous research area in the fuel cell technologies

belongs to the microbial fuel cells (MFC). These FCs are bio-electro-chemical
systems that use the respiratory process of electrogenic bacteria (i.e. Lysinibacillus
macrolides) for electricity generation. The electrons released during the breakdown
of organic matter by anaerobic bacteria are transferred to the anode section of the
MFC and the H2 molecules flow to the cathode and convert into water. For fuel, the
MFCs can use renewable organic substrates such as food processing water or
various wastewaters.

A cost effective MFC green technology was suggested in a new system design (Vanita
et al. 2016) with low liquid by utilizing pencil graphite lead as electrode material and
salt bridge as proton exchange membrane. With lab-scale models, the researches
proved that Lysinibacillus macrolides bacteria can operate in anaerobic conditions as
electrochemical substance and utilized the flow of rendered electrons in built lab scale

microbial fuel cells (Figure 76) [82].
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Figure 76. Lab scale microbial fuel cell models: a. UT-MFC and b. HT-MFC [82]

- ac - anode chamber

- cc - cathode chamber

- pem - proton exchange membrane (a salt bridge, built by using KCI and agar)

The newly designed UT-MFC (U shape, Figure 76a) showed higher electron
production respectively an voltage output of about 377 + 18,85 mV when compared
to only 237 + 11,85 mV from the HT-MFC (H shape, Figure 76b). The increased
internal resistance of the HT model caused by the bigger liquid volume could explain
this. Microbial fuel cells are recognized to be eco-friendly generators of green energy
using wastewaters as a fuel [82].

“Microbial fuel cells are tangible proof that bacteria use organic substrates to produce
reducing power and to transfer electrons through exogenous materials to oxidants in

the environment” (Reimers at al. 2006).

9.5.3 Benthic Microbial Fuel Cell
Benthic microbial fuel cells (BMFC) are in seafloor environments operating MFC that

generate electrical power by biogeochemical reactions of converting the chemical
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energy stored in organic carbons into electricity. BMFC’s functionality is based on the
natural redox (see footnotes 21, 23 and 24) processes carried out in agueous
sediments.

The electrodes, as mentioned in previous chapter, are made of a noncorrosive
material (e.g. graphite). The anode is imbedded into the anoxic sediment and the
cathode is positioned in an overlying oxic water (Figure 77). An external circuit
connects electrically the both electrodes. The fuel cell function is based on the
biological activity of the sediment surface layer that acts as a native membrane and
divides the natural reductants from the oxidants simultaneously enabling the internal
ion flow between the anode and the cathode. The electron flow occurs via the load at

the external electrical connection between the electrodes [83].

0, H0
Oc ~~ DSSNNNN  Waer
Anoxic g 4 e- Sediment
I
= E — load
S : Anode (0x,)
g : Ox, OrgC
5 He
= e
3 Red, co,

Figure 77. Shematic diagram of a benthic microbial fuel cell (BMFC) [83]

The presence of hydrogen sulphide in the benthic sediments respectively its oxidation
even increases the obtained power density of the BMFC initially. However, the
disadvantage of a long-term operation is the deposition of elemental sulphur on the
anode electrode causing its deactivation and limitation of mass transport, hence a
significant decrease in the power density (see also chapter 9.5.1).

Under deployment is the overcoming of the above-mentioned disadvantage and
potential application of BMFCs as energy sources for autonomous sensors and

communication appliances operated in fresh and salt waters [83].
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9.5.4 Direct Alkaline Sulphide Fuel Cell
As described in the above chapters the main disadvantage of presented sulphide fuel

cells is the sulphur deposition on anode. A team of Korean researches (Kwiyong Kim
and Jong-In Han, 2014) suggested a new approach, namely using of alkaline sulphide
as a fuel in the so-called direct alkaline sulphide fuel cell (DASFC). In this technology
electricity is produced through oxidizing of sulphide not to sulphur, like in previous
methods, but down to sulphur oxyanions such as thiosulphate (S,03"), sulfite (SO3)
or sulphate (SO%7). On this way, more energy stored chemically in H2S can be
retrieved and converted into electricity with the additional advantage of absence of
sulphur deposition on the anode electrode. Another plus in contrast to the widely
spread hydrogen and methanol FCs, which use noble catalysts for their oxidation
process, is that the alkaline sulphide as a fuel features high electrochemical activities
so that there is no implicitly need of catalyst. However, for achieving of even better
electrical characteristics of the fuel cell, the already very good activity of alkaline
sulphide can be further increased by using of electrocatalysts such as Pt/C? (Figure
78) [85].
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Figure 78. Effect of presence of Pt/C catalyst on the performance of DASFC [85]

25 “p|atinum on carbon, often referred to as Pt/C, is a form of platinum used as a catalyst. The metal is
supported on activated carbon in order to maximize its surface area and activity” [86].
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Increasing of temperature, sodium hydroxide (NaOH) and sulphide concentrations
also lead to better electrical performance of the DASFC [85].

The main disadvantage here is that direct alkaline sulphide fuel cell operates with
relatively high concentration (up to 3 M (mole)) of the strong alkaline solution of NaOH
for producing of the alkaline sodium sulphide (Na2S) through reaction with H2S. This
circumstance does not allow an application of DASFC in the Black Sea due to the

environment protection and further reasons explained in the next chapter.
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10 SDFC — ELECTRICITY GENERATION from H2S in
the BLACK SEA

Invention of a new environment friendly technology for electricity generation by
utilizing of hydrogen sulphide in the Black Sea as a fuel and at the same time rescue
its waters from this poisonous substance and improvement of the ecological situation
in the basin has been the main goal of the Bulgarian team of scientists led by prof.
Venko Beschkov from the Institute of Chemical Engineering in Sofia. Their research
work was supported by the project “Hydrogen production from Black Sea water by the
sulphide-driven fuel cell HYSULFCEL” (http://www.bs-era.net), 7th FP?® of the
European Union, Pilot Joint Call 2010/2011 of the Ministry of Education, Youth and
Science, Republic of Bulgaria.

“Chemical and microbial fuel cells represent a new and modern approach to the
removal and disposal of pollutants produced naturally or due to human activity and
generate energy at the same time (Zhai et al. (2012), Cai & Zheng (2013), Demirbas
(2009), Beschkov et al. (2015))” [78].

Solid oxide fuel cells (SOFC) were one of the first attempts for using of H2S as a fuel
(Pujare et al., 1987 and Jian-Jun et al., 2004). Their disadvantage, however, is the
very high operating temperature (750°-900° C) and producing of sulphur as final
product.

In the previous chapter were observed some new approaches in the FC technologies
for utilizing of sulphides as an energy carrier for generation of electricity. The
possibilities for using of modern microbial fuel cells are not applicable in the Black
Sea due to the sulphite’s high toxicity for most bacterial species [87]. On the other
side the above presented BMFC and DASFC show the obstacle of elemental sulphur
deposition on the anode electrode causing its deactivation and limitation of mass
transport, hence a significant decrease in the power density.

Furthermore, the DASFC operates with relatively high concentration (up to 3 M) of the
strong alkaline solution of NaOH for producing of the alkaline sodium sulphide (Na2S)
through reaction with H2S. This leads to higher pH in the range above 12. At different
pH levels, also the processes conducting on the electrodes of the FC are different
with diverse output materials and electrical characteristics (the higher pH the better
performance of the sulphide FC). But the pH of the Black Sea possess values

Phttps://en.wikipedia.org/wiki/Framework_Programmes_for_Research_and_Technological_Developme
nt
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between 7 and 8,5 (chapter 8). This equates to a lower H2S concentration up to
22 mg/l, which corresponds to mM (1.000 times less than in the DASFC technology).
The DASFC operates on land with H2S gained from waste materials. This allows
using of many treatment technologies, what is not possible to be done inside the sea.
The sulphide driven fuel cell (SDFC) of prof. Beschkov is foreseen for operation in
and with the Black Sea waters. These circumstances engage in using of hazardless
materials in order to guarantee the environmental protection of the see [88].

After all listed disadvantages the goal of the Bulgarian team was to invent an energy
efficient, sustainable, environment friendly and in the Black Sea waters applicable fuel
cell technology enabling an operation under ambient conditions and closing of the
fuel-final product circle, hence, make it renewable. The idea was to generate
electricity from the H2S by electrochemical conversion of toxic sulphides down to
harmless sulphates. Thus, on the one hand side gaining more energy and avoiding
sulphur accumulation, and on the other, make the process renewable by releasing
the sulphates into the sea, where they get converted back into hydrogen sulphide
through the anaerobic respiratory of the sulphur reducing bacteria (chapter 7).

The initial project of the Bulgarian researchers in 2011 was to utilize the H2S from the
Black Sea as a raw material for hydrogen production by electrolysis. However, the
energy input (187-223 MJ/kg) was higher than the energy yield from the produced H2
(144,2 MJ/kg) [8]. So the further experimental works have been targeted into
optimization of the already existed H2S oxidizing fuel cell technology. The goal was
to overcome the well-known disadvantages such as sulphur accumulation and low
enthalpy of sulphide-to-sulphur conversion (263 kJ/mole). Within the last 4 years has
been developed the new sulphide driven fuel cell with increased efficiency, which
generates electricity by using H2S-containing seawater as a fuel and transforming the
sulphide forms in it into sulphate ones. Thus, yielding more energy by increasing the
enthalpy to 788 kJ/mole and resolving the sulphur accumulation problem. The final
product - the harmless sulphates, do not poison the catalysts used in the process and
even more get entered back into the sea closing on this way the natural microbial
cycle, hence, making the process renewable [90, 93].

In order to demonstrate the difference between the old (sulphide to sulphur oxidation)
and the new (sulphide to sulphate oxidation) FC operating principals, their

electrochemical electrode reactions are shown below [91, 93]:
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FC with sulphide to sulphur oxidation:

Anode:

25?7 _4e” =28 (15)
Cathode:

0, +4H™ + 4e” =2H,0 (16)
Net reaction:

0, +4H* + 252~ =28 + 2H,0 (17)

SDFC based on sulphide to sulphate oxidation (with proton exchange membrane):

Anode:

S%~ +4H,0 — 8e~ = S05™ +8H* (18)
Cathode:

20, + 8H* + 8e™ = 4H,0 (19)
Net reaction:

S2” + 20, = S05 (20)
or

SDFC based on sulphide to sulphate oxidation (with anion exchange membrane):
Anode:

S2~ + 60H™ = SO3™ + 3H,0 + 6e™ (21)
S037+ 20H™ =S0%™ + H,0 + 2e” (22)
Anode total:

S2~ + 80H™ =S0%™ + 4H,0 + 8e~ (23)
Cathode:

20, + 8H* + 8e™ = 4H,0 (24)

Net reaction:

S~ + 20, = SO2~ (25)

As can be seen from the above equations the conversion of the sulphide to sulphate
ions instead to elemental sulphur is not only environmentally but also energetically
much better, because of the transfer of eight instead of only two electrons (per
sulphide anion), thus four times more energy can be obtained [92].

Sulphide to sulphate oxidation in a fuel cell may occur through a proton exchange

membrane permeable for hydrogen protons (Figure 79a, Equations 18-20) or through
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an anion exchange membrane (Figure 79b, Equations 21-25) permeable for hydroxyl
anions. In the latter, the oxidation process passes through intermediate reactions
such as sulphide to sulphite (Equation 21) and sulphite to sulphate (Equation 22) [93].
The principal sketch of both SDFC types is shown on Figure 79 below. The fuel cell
consists of two compartments. The one containing the anode electrode is called
sulphide reactor (SR) and the other compartment, containing the cathode electrode
is the oxygen reactor (OR). The two compartments are connected through an ion

permeable membrane.

vy 2- Water
50_4 ater Soi- Water
-AU- .

i $ (o I
Anode Cathode Anode Cathode
SH™ OH
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S-— 0: S:- O:

(@) (b)

Figure 79. SDFC with hydrogen proton (a) and hydroxyl anion exchange (b) [23]

In the Black Sea out of environment protection reasons, marine water will be used as
electrolyte solution. The availability of calcium and magnesium cations there would
block the proton exchange membrane. This led to the decision of using the anion
exchange prototype in further research activities [93]. Other ecological restrictions
and such, based on sulphide high corrosiveness that had to be obeyed in further
development works were as follow [75]:

- Not using of chemical oxidizers for the cathode compartment (e.g. cyanoferrate,
bichromate etc.) instead of oxygen

- Not using of other supporting electrolytes but marine water

- Not using of any sulphur-containing compounds but HS™ or S2~

- Not using of metal parts in the fuel cell (incl. electrodes)
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Other observed specific characteristic was that spontaneous electrode reactions
didn’t fit the required ones and that’s why selective catalysts were required for
supporting the oxidation process. Cobalt spinel and zirconia embedded into activated
carbon, carbon felt, activated carbon solely and graphite were studied; five different

ion-exchange membrane were tested [75].

10.1Design of SDFC

The leading intention at the construction process was to improve the energy efficiency
of the FC. The milestones in the minimizing of the internal losses (in order to ensure
a higher electromotive force) were choosing of proper electrodes, catalysts and
optimal design. The experimental works were carried out with different prototypes.
Various sizes, materials and positions of sulphide and oxygen compartments, their
electrodes as well as the electrical connections between SR and OR sections were
investigated. As oxidant were used air or pure oxygen (economically and
environmentally the most appropriate oxidizer) blown into the cathode space. The
initial experiments were carried out with constructions equipped with various salt
bridges as connection between anode and cathode sections (Figure 80a). On later
stage was established that the ion exchange membrane constructions (Figure 80b)
provides better electrical characteristics. The membrane Celgard 3510 was selected

due to its best performance [90, 92-98].
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Figure 80. FC constructions with salt bridge (a) and ion permeable membrane (b) [94]
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During the years 2011-2014 the design has been optimized and finaly reached to an
operating pilot-scale industrial model tested in real conditions in the Black Sea waters.
The intended application of the SDFC is deploying of the generated electricity for sea
water electrolysis to produce hydrogen. It could be stored e.g. in form of metal
hydrates. The oxygen is planned to be used directly in the oxidation reactor of the fuel
cell. The design of the fuel cell has undergone various stages of optimization
described in detail in scientific publications (Martinov et al. 2013, Razkazova-Velkova
et al. 2013) and resulted in an well-functioning lab-scale model (Razkazova et al.
2014). But the energy obtained from a single fuel cell was not enough for the process
of electrolysis. Therefore was designed and assembled a semi-scale industrial

installation built of two in a stack?’ connected FCs (Figure 81).

| |
=1TF
Purified U fuel cell
sea water

water | ==

—

Figure 81. Semi-scale industrial installation of SDFC [97]

A peristaltic pump provides the supply of the sulphide reactors with H2S-containing
deep layer’s seawater and its mixing. The aeration of the oxygen compartments is
solved by a direct air supply. The volume of each oxygen compartment is completely
filled with upper layer’s seawater (no H2S in it) and with granulated active coal. This
ensures shattering of the airflow into very small sized air bubbles, thus, better oxygen
dissolution and at the same time increasing of the active cathode surface and
reducing of the cathode-anode distance.

It was clear that also with a two-cell stack the required energy levels could not be

achieved. However, the idea was to test the combination of the individual cells and

%" See page 33
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the corresponding electrical characteristics of the stack. The obtained results led to
the conclusion that 5-6 fuel cells connected in the proposed way and operating with
increased sulphide concentrations would achieve the voltage and power levels

necessary for electrolysis performing, i.e. the production of hydrogen is feasible [97]

10.2Electrodes in the SDFC

For optimization of the electrochemical characteristics of the sulphide driven fuel cell
different types, designs and sizes of the electrodes were tested. Best results were
achieved with electrodes containing cobalt (Co) in an activated carbon matrix in the
anode (sulphide) compartment and pure activated carbon in the cathode (oxygen)
section [95]. The FC electrodes have to satisfy several conditions:

- to be mechanically strong and chemically resistant

- catalysts deposition on the electrodes must not be possible (in order to keep the
contact surface active during long-term operation)

- the electrodes material must not poison the catalyst (in order to keep it chemically
active during long-term operation)

Various types of electrodes were tested, amongst others such as:

- Graphite rods

- Electrode over Nickel (Ni) foam (it contains activated carbon, graphite and cobalt
catalyst)

- Graphite rods with on the surface deposited activated carbon

- Pyrolized and activated carbon padding

Comparisons of the electrical power and oxidation rates values obtained with SDFCs
by using the above-mentioned types of electrodes are presented on the Figure 82 and

Figure 83:
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Figure 82. Electrical power obtained from SDFC with different electrodes [92]
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Figure 83. Oxidation rate with different electrodes [92]

The higher the power and the faster the oxidation process, the better is the
performance of the fuel cell. From both electrochemical diagrams above is visible that
the best results were obtained with the Ni foam electrodes. However, it was observed
that after some period the working solution in the fuel cell destroys the Ni foam, so
this type of electrode cannot be used.

It was detected that the surface of the electrodes significantly influences the
generated electrical power of the fuel cell. The experiments were made by depositing
of activated carbon over the electrodes and by its pouring into the FC compartments.
This led to an improvement of all electrical parameters and the obtained power
increased over 3,6 times from 2,2 yW to 8 W compared to pure graphite electrodes
(Table 12).

Table 12. Electric parameters with two types of graphite electrodes [92]
Type of U, | L P, | U mV
Electrode mV | mA | uyW | (open circuit)

Graphite +tAC | 42 [ 0.19] 8 320

Graphite 22 101 [22 ] 200
A comparison of SDFC performance with activated carbon added into the sulphide

(anode) reactor only to such with adding in both reactors is presented in Table 13.

Table 13. Electric parameters with AC in one (SR) or both (SR & OR) compartments [92]

Type of Electrode U, L P, U mV
mV | mA | pyW | (open curcuit)
AC in the SR 318 (01548 180

AC 1n both reactors | 74.5 | 034 | 25.3 | 440
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As can be seen when activated carbon is poured into the oxygen (cathode) reactor
as well, the obtained power increases even over 5 times. So it was decided to
continue the experiments with the better-performed variants.

Another substantial possibility to improve the FC performance is the deposition of a
catalyst on the electrodes. This increases the sulphide oxidation rate as well as the
power of the fuel cell. In order to prove it experimentally, electrodes of pyrolized and
activated carbon padding with and without Co catalyst were prepared. The different

levels of achieved power are presented on the next Figure 84:
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Figure 84. FC power with electrodes with and without deposited catalysts [92]

The padding electrode enriched with catalyst showed better performance.
Unfortunately, after few hours of operation, the catalyst was extracted from the
paddling and was no more active.

The main perspectives for more efficient SDFC were to create electrodes with bigger
specific surface and with tightly incorporated catalyst in them. Best results were
achieved with electrodes containing cobalt (Co) in an activated carbon matrix in the
anode (sulphide) compartment and pure activated carbon in the cathode (oxygen)
section. The energy efficiency of the fuel cell was improved by optimizing the material,

design, number and position of the electrodes [92, 95-98].
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10.3Using of catalysts

The efficiency of the SDFC depends on the conversion rate of sulphide into sulphate
in the anode (oxidation) section of the fuel cell per unit time. Thus, the accelerating of
the process by using of appropriate catalysts is very important [91].

Different catalysts such as activated carbon, zinc sulphide, cobalt sulphide and some
other cobalt- and manganese-containing compounds were tested. The experiments
were carried out with various initial sulphide ions concentrations in the range 25-
125 mg/dm-3. At the entire range was observed that by using of catalysts over 90% of
the sulphide ions were oxidized in about 3 hours whereas without catalysts the
process ran much slower and reached only 40% oxidation in the same period. The
best results were established with spinel-type?® cobalt and manganese oxides
incorporated in a matrix of activated carbon [70, 100]. From the next Figure 85 can
be obtained the significant acceleration of the oxidation process by using of catalysts.
They increase the velocity not of the main reaction only, but have the same impact on
the secondary reactions as well. On this way, the catalysts prevent accumulation of
intermediates and the delay of the main oxidation reaction. The retention section in
the oxidation rate in the case of catalyst absence is due to exactly such accumulations

and competitive reactions.

s%, mg/l
75
‘ @ no cat
60 b A0.59/CoCl | |
é ° m 0.7 mg/l CoS
45 o o 2059178
A
15 ] A A
0 n A
0 60 120 180 240 300
Time, min

Figure 85. Influence of the different type of catalysts on the oxidation rate [100]

On the Figure 85 is well visible the constant oxidation rate by using of catalysts as

well as the better performance of the cobalt-containing catalysts.

28 Spinels are any of a class of minerals which crystallize in the cubic (isometric) crystal system [101]
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It was also experimentally proved that the increasing of the amount of the used

catalysts leads to a negligible impact on the oxidation rate (Figure 86). It rose with 5%

only by adding of 40% more catalyst.

s%, mg/l
75

‘ @ no cat
60 ° A 0.5 g/l ColC|

m0.7 g/l Co/C
45
[ ]
30 A °
|
A
0 ‘ n , [ | A
0 60 120 180 240

300

Figure 86. Influence of the quantity of the added catalyst [100]

In addition, experiments with fixed catalyst were carried out. The goal was gaining of

applicable experience for integrating of catalysts into electrodes in order to use the

latter in a continuously way. The better performance of the fixed catalyst is obtainable

from the comparison made in the Figure 87. About 80% of the sulphide ions are

oxidized in the first 60 minutes in the case of the not fixed type, whereas, despite the

considerably decreased interfacial surface, with the fixed catalysts a rate of about

95% is achieved at the same time. This fact led to the conclusion that the used

catalysts can be successfully incorporated into the next produced electrodes [70,

100].
S$%, mg/l
75
@ 0.7 g Co/C fix
60 'm0.7 g/l Co/C
45
30
15 o H
0 e § o B o m o
0 60 120 180 240 300

Figure 87. Comparison between fixed and added into the reactor catalyst [100]
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Later on, the catalyst experiments were continued with various metal oxides
integrated into a matrix of activated carbon (prepared in accordance with Ljutzkanov
BG Patent, 2002). Additional advantage of the activated carbon is that it also acts as
a catalyst (Dermendzhieva et al., 2013). The tests had shown that the adding of this
type of catalysts into the reactor effects in about 50-90 % acceleration of the oxidation
process in the first hour (Figure 88). Zirconium oxide (ZrO2) was selected for further
experiments due to its 40% better performance compared to the other metal oxides
[92].

g0
—5— Co304/AC —— Mn-oxides/AC
—o— ZrO2/AC —a&— activated carbon
. —8— no catalyst Pd/AC

C, myg/l

0 20 40 B0
T .min

Figure 88. Influence of the type of catalyst on the oxidation rate [92]

The efficiency of the SDFC was experimentally improved by selecting of catalysts with
the best-achieved acceleration of the oxidation rate. Additionally, it was decided to

use fix catalysts incorporated into the electrodes.

10.4Influence of fuel’s (H2S) temperature and concentration

10.4.1 Influence of temperature on the oxidation of sulphides
Experimentally was investigated the impact of temperature levels on the oxidation

rate of hydrogen sulphide and on the obtained electromotive force?® (emf) at the same
concentration of sulphide ions in the simulated solution of seawater. Tests with two
temperature values of the fuel solution, namely 20° C and 8° C (the latter represents

the real conditions in the 1.000 m depth of the Black Sea waters (see Figure 71)) were

29 Electromotive force, also called emf, is the voltage developed by any source of electrical energy such
as a battery or dynamao. It is generally defined as the electrical potential for a source in a circuit. A device
that converts other forms of energy to electrical energy supplies an emf to a circuit [102].
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carried out. The impact on the oxidation rate of sulphide ions is presented on the
Figure 89. As can be observed the quantity of sulphides at 20° C warm solution
reduced faster (thus, the oxidation rate is higher) than at the lower temperature of
8° C.

100
. e20C
= 90
g [ ] aos8c
. 80
5 70
s | 3
‘5" 60 B
g 50 | ¢ o
(=]
“ 40
@ 30 | .
20
0 30 60 90 120 150 180 210
Time, min I

Figure 89. Influence of temperature on the oxidation rate [98]

The next Figure 90 shows similar results at the case of electromotive force
comparison at both temperature levels. Namely, the higher temperature led to higher

reaction rates and respectively to higher voltage outputs.
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Figure 90. Effect of temperature on the resulting electromotive voltage [98]

At both temperatures were observed initial rises in the voltage. This is explained by
the accumulation of ions around the electrodes at the first minutes. In the next section
(15-60 min) were recorded comparatively steady voltage levels at 20° C, whereas at

8° C a steeper drop was observed. The latter is explained by the slower interflow of
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the by-products in the reaction. Then also at this temperature, the voltage output
remained relatively constant. The drops after the first and the second hour of the tests
occurred due to taking out of samples. This reduced the volume of the fuel solution in
the cell reactor [98].

Although at higher temperature (20° C) experiments, the SDFC achieved clearly
better performance in the sulphide oxidation rate and the electromotive voltage of the
fuel cell, further R&D works had to be carried out at lower temperature level (8° C),
which corresponds to the real conditions in the deeper waters of the Black Sea. It was
concluded to use appropriate catalysts in order to optimize the process, respectively

to improve the FC efficiency [98].

10.4.2 Influence of the concentration at constant temperature
As already mentioned in previous chapters and shown in Figure 71 the temperature

of the deeper Black See waters is around 8° C and the concentration of H2S in it there
is around 10 mg/l. It was experimentally proved that this natural concentration of
hydrogen sulphide is definitely not enough to enable effective reaction rates in the fuel
cell, thus, a preliminary enrichment will be necessary [91, 98].

The team of prof. Beschkov carried out experiments with up to 100 times higher H2S
concentration than this in the real conditions. Firstly, tests with increased initial
concentration of 25 mg/l, 70 mg/l and 110 mg/I of sulphide ions in the simulated see
water solution were performed. A comparison of the measured sulphide ions reducing

rate is shown in Figure 91.

$%, mgll
120l
100 ®25mg/l ||
m 70 mg/l
A
80 A 110 mg/l -
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40 A
[
20® ° :
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°
> | , . ’
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Time, min

Figure 91. Influence of the initial sulphide concentration on the oxidation rate [100]

113



_l, “~ CONTINUING
| / EDUCATION

WIEN CENTER

It was established that the sulphide oxidation rate does not depend on the initial
concentration in this range as in all cases the reduction of the sulphide ions was about
50% at the second hour, about 80% at the fourth hour and 90% at the fifth hour [100].
Further fuel cell performance tests were carried out with two different initial sulphide
concentrations in a much wider range (65 mg/l and 1.000 mg/l) at the real conditions
temperature of 8°C. In the next Figure 92 is shown the impact of the initial H2S

concentration on the SDFC voltage measured during these experiments.

Open Curcuit Voltage
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Figure 92. Effect of the initial concentration on the cell voltage [98]

The relatively constant voltage despite the sulphide’s depletion was explained by the
additional energy generated in the secondary reactions. However, it was observed
that the 150-fold (65 mg/l compared to 1.000 mg/l) higher concentration of sulphide
ions in the fuel solution led to only a twofold increase of the obtained voltage.

On the other hand, Figure 93 shows that the depletion rate of the sulphide ions is

much higher per unit time at higher initial concentration.
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Figure 93. Initial concentration’s effect on the rate of depletion of sulphide ions [98]
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So after 3 hours of operation an eightfold higher conversion rate of sulphides was
established. This was a significant result as the higher oxidation rate defines the better
efficiency of the cell. After the gained experience was decided an optimizing of the
“Concentration - Produced energy - Process Rate triangle” for achieving financial

benefits from the realization of the project in the future [98].

10.5Experiments on a ship in the Black Sea

On the research and development way of reaching to the mature pilot-scale SDFC
model various constructions, materials and conditions were realized and tested. Many
experiments with different initial concentration of sulphide ions (10-1.000 mg/dm3),
with diverse ion permeable membranes and with, based on some heavy metal oxides,
catalysts, such as cobalt oxide, zirconia, etc., were carried out. Electrolyte solutions
of sea salt with concentrations that simulates the real Black Sea water salt content
(14-18 g/dm3) were used. But also sodium chloride was added in some experiments
for improving the conductivity of the electrolyte. Both electrodes were mainly built out
of graphite. The oxidizer, either air or pure oxygen, were blown into the cathode space
during the experiments. Prototypes with two different cell constructions were proved.
The one was cylindrically shaped with circular ion-exchange membrane and the other
rectangular shaped and assembled in a stack [90].

Such a pilot-scale models were built and successfully tested in situ in July 27-31, 2014

(Figure 94). The experiments were conducted by an international team of researchers

Figure 94. SDFC pilot-scale model tested in situ on ship in the Black Sea [75]

from Bulgaria, Rumania and Georgia on the ship “Akademik” (Figure 95) in the Black
Sea waters (50 miles®® (90 km) to the south from Varna3?) [75, 88, 97].

30 A nautical mile is a unit of measurement defined as 1,852 meters [32]
31 The biggest city on the Bulgarian Black Sea coast [Author]
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Figure 95. Research team on the ship “Akademik” in July 2014 [75]

Some of the in situ obtained experimental results are shown in the next Figure 96 and
Figure 97. The well approved ion-exchange membrane Celgard 3501 was used in
both prototypes. The ohmic resistance of the cell, which plays a significant role for the
FC efficiency, is defined by the area of the used membrane and by the thickness of
the cell. The reciprocal value of the resistance of the FC, its conductivity log, was
experimental estimated above 2, even reaching values near to 3. This is a much better
result compared to the traditional fuel cells operating in gaseous phase, since their
conductivity log is below 2 [90].
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Figure 96. Polarization curves for SDFC_1 [90]
Membrane area: 7 cmz?; Sulphide concentration: 241 mg/dms3; Maximum current density: 9.4 A/m?
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Figure 97. Polarization curves for SDFC_2 [90]
Membrane area: 650 cm?; Sulphide concentration: 230 mg/dm3; Max. current density: 3.4 A/m?2
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All in situ obtained results showed that the SDFC could be perspective for practical
application. They led to the conclusion that 5-6 fuel cells coupled in stack and
operating with increased sulphide concentrations would achieve the voltage and
power levels necessary for realization of electrolysis, i.e. the electricity generation and
production of hydrogen is feasible [97].
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As described above, the feasibility of the project for electricity generation with the new

invented SDFC by utilizing the hydrogen sulphide-containing seawater as a fuel was

confirmed by the promising results obtained in situ in the Black Sea waters near to

the Bulgarian coast. Based on it, the team of prof. Beschkov has proposed and

calculated the following production steps presented on the Figure 98 and Figure 99:

fuel cell

Sea level

Sulfide driven

Electricity

Pumping from big depths (energy consumption);
Energy production in sulfide driven fuel cell;
DC/AC inversion, transformation and supply to the grid, and/or

Splitting water by electrolysis and storage of the produced
hydrogen for further processing (other applications).

To the grid

Deep water

Clean water

Figure 98. Production steps for electricity generation by SDFC_1 [89]

Surface water
Fuel cell AU
> SDFC —
Hydrogen
Deep water storage
Enrichment » Electrolyzer
Sea level
MeSO, Salts, Discharge
sulfate back to the | |
sea

Figure 99. Production steps for electricity generation by SDFC_2 [75]
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The low concentration of H2S and the depth of it’s location are the main challenges
having significant impact on the investment cost. The issue with the storage of excess
energy will be solved by using it for splitting the water in the process of electrolysis to
hydrogen and oxygen. The latter will be reused as oxidizer in the SDFC. The hydrogen
can be stored in situ i.e. in the form of metal hydrides®? and used in the periods of
higher electricity demand as energy carrier in fuel cells [98]. Another alternative could
be the using of already existed methane transferring pipelines in the Black Sea (after
connecting to them) for delivery of hydrogen to the coast. For filtering of the H2 out of
the methane can be used the HylyPure® invention (see chapter 3.3) of the Institute
for Chemical Engineering from the University of Technology in Vienna (TU Wien),
presented in the first part of this thesis. One more TU Wien invention, called Heliofloat,
also mentioned in chapter 3.3, coming from the Institute for Light Construction and
Structural Biomechanics could partly or fully replace the massive production plant
platforms in the sea and significantly decrease the investing cost presented in the

next chapter.

32 Metal hydride is an intermetallic compound that traps hydrogen at moderate pressures. It stores large
amounts of hydrogen in an exothermal diffusional process. Some drawbacks are its cost and its heavy
weight, and its requirement for very pure hydrogen. Metal hydride advantages include convenience,
compactness, stable storage, and intrinsic safety [80]
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12 INVESTMENT and OPERATIONAL COST

The cost and duration of the construction steps for three various scaled sulphide
power plants, calculated by the team of prof. Beschkov, are presented in the Figure
100 below. The investment for the largest of them, namely the 240 MW sulphide
power station placed on a rig in the Black Sea, were calculated to an amount of
1,5 billion of euro expenced in an estimated 5 year’s construction period. Despite this
huge investment cost, their return is expected to take 9-10 years only (based on an
average elctricity price of 80 €/ MWh) [89].

*  Build pilot-scale prototype of 25 kW: € 150 000
«  Build full-size equipment of 10 MW: € 60 min
*  Full-size equipment of 240 MW on arig: € 1,5 bin
Implementation steps, costs in ME
1600
1400
1200
1000
800
600
400
200
u Com— -
1 year 2 years 5 years
25KW 10 MW 240 MW
Pay back period will be 9-10 years
(for 240 MW unit; based on price € 80/MWh)

Figure 100. Cost of implementation steps for sulphide power stations [89]

In order to get a better view on the advantages of sulphide driven power plants their
investment and operational coast per kwWh, as well as the operation periods were
compared with the same parameters of solar and wind (taken together) and nuclear
power plants (Figure 101). For all the plants was assumed the same capacity of
electricity generation, namely 8.500 kWh per year. As can be seen, in this range the
sulphide power stations would have the same investment costs as the nuclear ones
and twofold lower than these of solar and wind. The operational costs would be only
double higher than these of the solar and wind parks, but up to tenfold lower than the
nuclear ones, and the lifespan was estimated to be double as high as this of the wind
power plants. A similar project for extraction of hydrogen sulphide containing in
1.000 m depths in the Black Sea waters was elaborated by M. Stavros in 2012 (103).
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Investment costs, €/kWh
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Solar and wind  Muclear power Sulphide power
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Figure 101. Comparison of costs for electricity generation of 8.500 kWh/a [89]

The difference there, which makes it even more cost intensive compared to the SDFC
innovation of the Bulgarian team, is that solid oxide fuel cells, with such disadvantages
as very high operating temperatures (700-1.000 K), lower efficiency (45% compared
to the 60% of the SDFC) and using of gaseous state of H2S, were proposed and
calculated there. All this required an additional investment and operational cost for
systems like a vapour liquid separator for H2S extraction from the seawater in
gaseous state (power demand 185 kW) and a heater with power demand of 107 kW.
But even though and having similar equipment like this required in the Bulgarian
project (powerful turbine pump, mechanical stable and anti-corrosive pipelines and
concentration enrichment unit), the analysed and calculated economical parameters
such as Net Present Value (NPV = 1.969.293 €), Internal Rate of Return (IRR = 23%)
and Pay Back Period (PBP = 5.5 years) showed very encouraging profitable
outcomes. These calculations and the promising economic results obtained by the
Bulgarian researchers are a sustainable confirmation for the feasibility and profitability

of the project.
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13 ADVANTAGES of the SDFC POWER PLANT

COMPARED to OTHER POWER PLANTS

In the last chapter were presented the financial advantages of the sulphide driven

power plants compared to power plants operating with other energy carriers. Further

better performing characteristics of the SDFC power stations compared to plants

utilizing renewable and non-renewable energy sources are shown in the Table 14 and

Table 15 below:

Table 14. SDFC compared to power plants converting other energy sources_1

Fossil fuels (thermal Carbon emissions; expensive production; heavy
power stations) operation; long switch on/off process; waste

(oil, gas, coal) handling.

SDFC Carbon free; less operational costs; easy switch-

on/off; no waste.

Nuclear fuel Expensive fuel production; heavy operation; long
switch on/off process; hazardous operation and
waste storage.

SDFC Less operational costs; easy switch-on/off; no
hazards, no waste.

Wind Weather and season dependent; impact on
environment (bird migration).

SDFC Independent

Solar Weather and season dependent; impact on soil and
biodiversity

SDFC Independent, environmental benefits

Table 15. SDFC compared to power plants converting other energy sources_2
EUal/ Gas Solar/ Nuclear/ Electricity Hydrogen sulfide/SDFC
turbines/ EFARcS electricity
Indicator France e (EU)
France subsidised (60% efficiency)
Price, 120 293 75 84-180 75
€/MWh
Carbon free No Yes No No Yes
ERV. No No! No! No Yes
friendly
Waste No No Yes Yes No

(89]

(89]
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Shortly summarized, the advantages of the SDFC power plants utilizing hydrogen
sulphide as a fuel are as follow:

- Direct energy production by using of enormous source of renewable energy

- Carbon and waste free technology

- Low operational cost

- Easy switch on/off electricity generation process

- Weather and season independent [104]

However, the strongest advantage of the sulphide power plants is the utilizing of
hazardous H2S by converting it into electricity and non-hazardous by-products. Thus,
taking care of the environment and restore the eco-balance in the seawater by

rescuing them from the poisonous substance.
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14 TRANSFER and UTILIZATION of the H2S-
SEAWATER MIXTURE

Hydrogen from the sea
In this chapter, several concepts for transportation of seawater containing hydrogen

sulphide from the depths of the Black Sea and following electricity generation and

industrial production of hydrogen are proposed.

14.1Concept 1 — open pipelines

The first idea suggests laying of open ends pipelines from the deeper seawater layers
to the e.g. Bulgarian coast. The return of the processed seawater, free from the

poisonous sulphide, to a certain depth, is provided by a shorter pipeline (Figure 102).

e

Figure 102. Seawater pipelines [105]

On this way, as a positive side effect, an environmentally friendly purge process of
the sea is initiated in addition to the electricity generation out of the energy
accumulated in the H2S. The detoxification can be accelerated through similar plants
built by all countries bordering to the Black Sea. The upward seawater transport is
facilitated by the principle of pressure difference between the lower water layers and
its surface. This means, on one side, low energy costs for the pumping out of the H2S-
containing seawater and on the other, lighter conditions for the wall thickness of the
pipelines. This is explained by the fact that at any height of the pipeline the external

pressure executed on the walls of the tube is equal to the internal pressure formed by
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the water column in the connected sea-open-pipeline vessel. This also allows an
increase in the diameter of the pipe. Of course, the materials from which the pipes will
be made of, must demonstrate mechanical stability and strength as well as resistance
against the high corrosive impact of the sulphide-containing seawater. According to
the observed literature (Stavros, 2012) [103], stainless steels alloys and especially
these containing 6% of molybdenum would be the most proper choice despite their
higher costs compared to the copper nickel alloys, which are much cheaper, but do
not have that sufficient high resistance level against the corrosive hydrogen sulphide.
A note:

The former international project "South Stream" for transfer of natural gas from Russia
to Europe via on the Black Sea ground laid pipeline, planned the coming out of the
pipeline to be realized on the coast of Bulgaria near the city of Varna. In the Bulgarian
seawater, these construction works could have been combined with the parallel laying
of a pipeline for transfer of the seawater containing H2S. The pipeline could have
reached to the industrial zone of Varna. Unfortunately, due to political decisions in
2015 the layout of the project was changed. The EU sanctions against Russia have
resulted in a new route of the "South Stream" - not via Bulgaria, but through the
European territory of Turkey. The pipelines already laid on the seabed towards Varna
have been rerouted to the south. For strength reasons the entire gas pipeline is
constructed in a bundle form of four pipes with a diameter of 65 cm each. It is desirable
that the EU and Bulgaria came to an agreement with Russia for detouring of one of
the pipes (from the already into “Turkey Stream” renamed project) towards the cities
of Varna or Burgas on the Bulgarian coast. A construction of a bundle with a parallel
pipeline for transfer of seawater containing H2S could be combined with these

sidelining works (Figure 103).

Figure 103. Gas pipeline project , Turkey Stream* on the Black Sea bed [106]
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In the industrial zone of Burgas, a gas distribution hub could be built near the oil
refinery "Lukoil Neftochim Burgas®®". It would be effective to integrate the construction
of a sulphide power plant into the hub’s building works. The government of Bulgaria
has already launched constructive talks about the natural gas distribution facility
“Balkan” on the Black Sea coast. During his visit in Paris in April 2015, the Bulgarian
Prime Minister Boyko Borisov discussed this topic with the former president of France
Francois Hollande. Bulgaria's chances have increased significantly in recent months.
It has got indirect support from Serbia, Hungary and the Austrian industrial giant
OMV?34, In July 2017, the European Commission has given its approval to Bulgaria for
starting the negotiations with Russia for sidelining a pipeline from the “Turkey stream”
to the Bulgarian coast [108]. Bulgaria (and Europe) have been waiting for the Russian

decision now.

14.2 Concept 2 — mobile platforms for H2 production in the sea

The research carried out by the Bulgarian Institute of Oceanology has shown that in
the middle territories of the Black Sea basin exist areas with higher concentrations of
hydrogen sulfide in depths much less than the established 200 m below the surface.
It means, that mobile production platforms, such as ships or the Heliofloat invention
of TU Wien presented in previous chapters of this work (p.30, p.118), can be
positioned over such zones and use much shorter pipelines for lifting the H2S-sewater
mixture to the surface. This would significantly reduce the project costs.

The produced hydrogen can be stored in the form of metal hydrides (chapter 11) i.e.
the H2 absorption value of Palladium is 600-3.000 of its volume units [110]. Prof.
Beschkov proposes using of such metals in specially designed containers for storing
and transporting of the generated hydrogen [111]. Further research work is being
carried out in this field. Other possibilities for storage of hydrogen would be the use of

active carbon nanowires or glass microspheres [110].

% The largest oil refinery in South-Eastern Europe and the largest industrial enterprise in Bulgaria [107]
34 An international, integrated oil and gas company, headquartered in Vienna. It is active in the Upstream
and Downstream businesses. OMV defines its business reason as follows: OMV is producing and
marketing oil & gas, innovative energy and high-end petrochemical solutions — in a responsible way.
With group sales of EUR 19 bn, a global workforce of 22.500 employees in 2016 OMV is one of the
largest listed industrial companies in Austria [109].
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14.3Concept 3 — fuel transportation to the power plants on

the coast
As a third concept for electricity generation and hydrogen production from the H2S-

sewater mixture the following is proposed. On the mobile platforms mentioned in
concept 2, the seawater containing hydrogen sulphide can be transferred to the
surface and the concentration of H2S in it enhanced to a defined proportion. The latter
can be fulfilled i.e. by using of the flash drum suggested by Stavros, 2012 [103]. The
working principle is based on the Henry’s Law saying that "At a constant temperature,
the amount of a given gas that dissolves in a given type and volume of liquid is directly
proportional to the partial pressure of that gas in equilibrium with that liquid ” [103].
The energy required for this process can be gained by PV panels placed on additional
Heliofloat platforms mentioned above. The seawater with the increased H2S
concentration can be shipped in special H2S-resistant and secured vessels
(containers) to the processing facilities on the coast. The sulphide power plant built in
the area of Lukoil Neftochim Burgas (mentioned in concept 1) will operate much more
efficient with the enhanced concentration of H2S in the fuel liquid (see chapter 10.4.2).
The generated electricity will be fed in directly into the existing electricity distribution
network of the city. And the produced hydrogen can be injected into the existing
natural gas transmission infrastructure and filtered out at the desired places (i.e. H2
fuel stations or industrial and household fuel cell electricity generators running on

hydrogen) by using of the HylyPure® innovation mentioned in chapters 3.3 and 11.

14.4Concept 4 — cooperation

The fourth concept is derived from the fact that the seabed on the western and
northern sides of the Black Sea, which are coastal areas of Bulgaria, Romania and
Ukraine, is gradually sinking. Therefore, long distances have to be overcome in order
to reach to the deeper waters with suitable concentrations of hydrogen sulfide. This
would significantly increase the pipeline installation costs. On the other hand, the
coastal seabed of Georgia and partly of Turkey (the east side of the Black Sea) is
quite steep. It means, that here, due to the shorter distances from the sulphide power
plant to the suction point in the sea, the installation of the open pipeline described in
the concept 1 will be more cost-efficient. An additional advantage of Georgia is the

fact that, because of the cracks in the seabed (chapter 7.1) in front of the Georgian
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shore, the concentration of hydrogen sulfide is higher there. The above mentioned
circumstances lead to an idea of a possible cooperation between Bulgaria and
Georgia. In the Georgian territorial waters H2S-sewater mixture can be extracted and
then be further processed in situ or/and in Bulgaria according to the other concepts

procedures.
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15 METHANE HYDRATES

Talking about the energy resources in the Black Sea some words have to be
mentioned about the Methane Hydrates, especially due to the fact that as a potential
energy source, their large natural deposits were worldwide firstly discovered 1971 in
the seabed layers of the Black Sea. In the early 1980°s followed the find spots in the
coastal area of Alaska. Today, it is known that methane hydrate deposits are stored
in large quantities in certain regions on or in the seabed and occur in the coastal areas
in all seas and on the edges of the continents. Experts estimate that there are ten
times more natural gas stored in the form of methane hydrate than in all conventional
natural gas sources. According to current knowledge, methane hydrate deposits are
the largest stocks of fossil fuel [113, 114].

Methane hydrate (CH4-5.75H,0) is a solid compound in which a large amount of
methane is trapped within a crystal structure of water, forming a solid similar to ice
[112] (Figure 104).

Methane Gas Hydrates:
-

Figure 104. Methane hydrate structure [117]

Gas hydrates can be formed at depths below 500 meters, where the pressure rises
above 50 atmospheres. It is estimated that 1 m3 of gas hydrate contains about
155 - 168 m3 of methane [116]. At the seabed, the methane hydrates are in stable
state due to the low temperature and high pressure (Figure 105). The water molecules
acts as cages in which the methane molecules are trapped. If a white lump of methane

hydrate is brought to the surface i.e. on board of a research vessel - it can be easily
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ignited. It burns with a blue-reddish flame (Figure 106). On this way the methane

hydrate received the name "burning ice" [113].

Methane Gas Hydrates:

GAS HYDRATES IN PERMAFROST

GAS HYDRATES IN THE OCEAN

Solid hydrate forms at HIGH PRESSURE
Solid hydrate forms at LOW TEMPERATURE

Figure 106. Methane hydrate lump (a) [113]; Burning of methane hydrate (b) [119]

Today, methane hydrates are one of the fastest growing scientific areas. A number of
countries have been conducting intensive research. "There is currently some kind of
leap from technologies for exploration to technologies for extraction,” says associate
professor Atanas Vassilev from the Bulgarian Institute of Oceanology belonging to the
Bulgarian Academy of Sciences [116].

Since the end of March 2017, China has already begun to extract methane from
hydrates in the South China Sea. It has been drilled at a depth of approximately

1.300 m in the ocean floor, with an average yield of 16.000 m3 of methane gas per
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day. Jiang Daming, China's Minister of Resources, called it "a major breakthrough"
that could "lead to a global energy revolution" [113].

Not only China, but also Japan, South Korea and India have high hopes for the
extraction of methane hydrate, especially due to the fact of having only little or no
natural gas resources at their countries. Already in 2013, with the "Chikyu" research-
drilling vessel, Japan extracted large quantities of methane from the hydrates in its
territorial waters in the seabed in front of the Honshu Island [113].

And how does the situation in the Black Sea, the pioneer of the methane gas hydrate
deposits, look like? It is encouraging that the results of the German-Bulgarian
research expedition carried out within the SUGAR®* project on the German ship
"Maria S. Merian" in 2014 in the Black Sea have proved enormous amounts of gas
hydrates not only in the Black Sea as a whole but especially in the vicinity of the
Bulgarian coast (Figure 107). 2D and 3D seismic and electromagnetic recordings,
measurements of the heat flow dencity and extraction of geochemical samples were
carried out. According to Dr. Atanas Vassilev, a member of this expedition, it was the
first comprehensive and detailed exploration of methane hydrates deposits in the
exclusive economic zone of Bulgaria and the preliminary results have exceeded the

expectations of the researchers [115].

IE e F WE
The most promising

3 | ~ f‘:'?"‘ K5 Black Sea MH deposity
Jyse L
[ . 7 5-75 trin. cub. m.

Figure 107. Location of methane hydrates in the Black Sea
Source: Institute of Oceanology, Bulgaria, 2014

35 SUGAR (submarine gas hydrate deposits: exploration, extraction and transport) is a project led by the
Helmholtz Center for Ocean Research Kiel (GEOMAR). Nearly 30 partners from industry and science
are joint together to develop new technologies for extracting of natural gas (methane) from methane
hydrates deposits in the seabed and safely storage of the industrial exhaust carbon dioxide (CO2) in the
same places [118].
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The deposits of methane hydrates in the Bulgarian economic zone of the Black Sea
cover an area of about 1.500 km2, They are located about 200 meters below the sea
ground, which is at a depth of 800 to 1.900 meters below the sea level. The experts
estimate that the amount of methane in it can reach up to several hundreds of
thousands of cubic kilometers. In addition, the Bulgarian fields are considered as the
most advantageous for extraction, because of their location in sand collectors [116].
As seen from Figure 107 other huge methane hydrate deposits in the Black Sea exist
in the coastal areas of Georgia, Russia and to the south of the Crimea peninsula (the
most promising area). An interesting fact is that exactly in this area, 50 miles to the
east from Sevastopol, 90 years ago, on the 11 September 1927, during the strong
Crimea earthquake, was observed a huge column of flames, now known as a result
of the self-ignition of the released methane gas [5].

Since, 1 m3 of gas hydrate contains about 155 - 168 m3 of methane [116] a rough
calculation showed that on the bottom of the Black Sea in the form of hydrates are
stored about € 8.280 billion. In order to illustrate this huge amount of money should
be mentioned that it corresponds to the Bulgarian gross domestic product for 407
years. According to the preliminary estimates of the Bulgarian Institute of Oceanology,
between 10% and 20% of this energy treasure is stored in the Bulgarian seawater
[115]. According to Dr. Vassilev, for a period of a century Bulgaria will be able not only
to cover its energy demand but also to be the one of the largest exporters in Europe
[116].

According to the results of the first SUGAR research expedition mentioned above, in
the seabed of the Bulgarian section are hiding thousands of cubic kilometers of
methane in the form of a solid gas hydrate. Very soon, in November and December
2017, in the Black Sea waters a second joint German-Bulgarian scientific expedition
within the SUGAR project will be carried out. Taking out of samples of methane
hydrate stored in the seabed for examining the results of the geophysical studies
conducted so far, will be the goal of the international research team [116].

The project SUGAR was launched in 2008 and is funded by Germany. Due to the
good prospects, the project has been extended three times by the government in
Berlin. On the Figure 108 are shown scientists presenting a methane hydrate
experiment to former ministers from Schleswig-Holstein and Chancellor Angela
Merkel at the Helmholtz Center for Ocean Research GEOMAR in Kiel in 2012.
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Figure 108. German government members at presentation of hydrate experiments [113]

The main purpose of SUGAR is the development of safety and efficient technology
for extraction of methane hydrates from the seabed, but there is another, no less
important. Especially, if it's going about a fossil fuel extraction and its utilization, the
main question will be the CO2 emissions and the need of environment protection.
With an H:C ratio of 4.0 (4 atoms of hydrogen and only 1 carbon atom in its molecular
structure — CH4) methane is the environment friendliest hydrocarbon fossil fuel in
comparison i.e. to crude oil which has an H:C ratio of 1.5 [120]. Nevertheless, the air
combustion of methane produces CO2 emissions, although much less than those
caused by the combustion of oil based fuel products such as gasoline and diesel.

In this way, explained by prof. Vassilev, the new technology developed in Germany
allows that methane extracted from the hydrates will be replaced by carbon dioxide.
This means that the more methane will be extracted, the more CO2 will be reduced
in the atmosphere [116].

With the extraction of gas hydrate deposits in the own coastal area the countries aim
an independence from the energy imports. However, it still has to be clarified whether
the methane hydrates extraction could entail hazards to the environment, climate and
the marine flora and fauna. The research activities should be moved towards
inventions of new technologies. The above-mentioned German lead is a very well
initiative for others to be followed. Producing of hydrogen from the extracted methane
by the steam reforming process could be another approach for an environment
friendly utilization of the worldwide methane hydrate deposits.
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16 CONCLUSIONS to PART Il

In part | of the thesis were calculated and described various power plant projects for
the city of Burgas, a municipality on the Bulgarian Black Sea coast. Three
technologies for transport fuel production based on renewable energy sources such
as biomass, solar and wind were compared. Having in mind the legal and market
situation and the obtained negative Net Present Values for all these REN power
plants, investment could not be recommended for anyone of the observed projects.
Following these results, an alternative and inovative new energy technology
especially applicable in the Black Sea region was presented in part Il. Due to the
geographic (closed basin), biologic (activities of the sulphur reducing bacteria) and
tectonic (fractures and mud volcanoes, as well as the destroyed gas hydrate deposits)
characteristics, Black Sea is an enormous natural reservoir of hydrogen sulphide. Its
annual generation in the basin amounts to 75 million tons. In the Black Sea waters,
hydrogen sulphide is provided as a mixture of 85% of sulphide anions and only 15%
of pure H2S gas [74, 76]. This explains why for decades, despite the many attempts
to utilize the toxic substance, there have not been developed practically realizable
technologies for extraction of H2S gaseous form from the seawater yet. Therefore, in
the last years, studies have been focused on the utilization of the prevailing ionic form
of hydrogen sulphide in the Black Sea.

The invention of a new environment friendly technology for electricity generation by
utilizing of hydrogen sulphide in the Black Sea as a fuel and at the same time rescue
its waters from this poisonous substance and improvement of the ecological situation
in the basin has been the main goal of the Bulgarian team of scientists led by prof.
Venko Beschkov from the Institute of Chemical Engineering in Sofia. Their research
work was supported by the project “Hydrogen production from Black Sea water by the
sulphide-driven fuel cell HYSULFCEL” a part of the BS-ERA.NET networking project
financed by the European Commission.

The goal of the Bulgarian team was to invent an energy efficient, sustainable,
environment friendly and in the Black Sea waters applicable fuel cell technology
enabling an operation under ambient conditions and closing of the fuel-final product
circle, hence, make it renewable. The idea was to generate electricity from the H2S
by electrochemical conversion of toxic sulphides down to harmless sulphates. Thus,
on the one hand side gaining more energy and avoiding sulphur accumulation, and

on the other, make the process renewable by releasing the sulphates into the sea,

134



> CONTINUING
EDUCATION

CENTER

where they get converted back into hydrogen sulphide through the anaerobic
respiratory of the sulphur reducing bacteria. By closing of this bio-electro-chemical
natural cycle, the humanity obtains a new sustainable and renewable energy source
and simultaneously maintains the ecological balance in the natural waters.

The initial project of the Bulgarian researchers in 2011 was to utilize the H2S from the
Black Sea as a raw material for hydrogen production by electrolysis. However, the
energy input (187-223 MJ/kg) was higher than the energy yield from the produced H2
(144,2 MJ/kg) [8]. So the further experimental works have been targeted into
optimization of the already existed H2S oxidizing fuel cell technology. The goal was
to overcome the well-known disadvantages such as sulphur accumulation and low
enthalpy of sulphide-to-sulphur conversion (263 kJ/mole). Within the last 4 years has
been developed the new sulphide driven fuel cell with increased efficiency, which
generates electricity by using H2S-containing seawater as a fuel and transforming the
sulphide forms in it into sulphate ones. Thus, yielding more energy by increasing the
enthalpy to 788 kJ/mole and resolving the sulphur accumulation problem. The final
product - the harmless sulphates, do not poison the catalysts used in the process and
even more get entered back into the sea closing on this way the natural microbial
cycle, hence, making the process renewable [90, 93].

The leading intention at the construction process has been the efficiency improvement
of the fuel cell. The milestones in the minimizing of the internal losses (in order to
ensure a higher electromotive force) were choosing of proper electrodes, catalysts
and optimal design. The experimental works were carried out with different
prototypes. Various sizes, materials and positions of sulphide and oxygen
compartments, their electrodes as well as the electrical connections between SR and
OR sections were investigated. For optimization of the electrochemical characteristics
of the sulphide driven fuel cell were created electrodes with bigger specific surface
and with tightly incorporated catalyst in them. The energy efficiency of the fuel cell
was improved by optimizing the material, design, number and position of the
electrodes as well as by selecting of catalysts with the best-achieved acceleration of
the oxidation rate [92, 95-98].

It was observed that the depletion rate of the sulphide ions is much higher per unit
time at higher initial concentration of sulphides in the water, which led to higher
oxidation rate respectively better efficiency of the cell. After the gained experience

was decided an optimization of the “Concentration - Produced energy - Process Rate
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triangle” for achieving financial benefits from the realization of the project in the future
[98].

During the years 2011-2014, the fuel cell design had been optimized and finally
reached to an operating pilot-scale industrial model. The feasibility of the project for
electricity generation with the new invented SDFC by utilizing the seawater containing
hydrogen sulphide as a fuel and production of hydrogen was confirmed by the
promising results obtained with the pilot-scale industrial model tested in real
conditions in the Black Sea waters near to the Bulgarian coast.

This technology based on the electrochemical oxidation of hydrogen sulphide into
sulphate has several advantages such as higher energy converting efficiency,
environmental compatibility, ability for automation, versatility and cost effectivity [84].
Further research activities have been targeted into increasing of the current and
power density of the sulphide driven fuel cells.

Related to the obtained results, the team of prof. Beschkov has proposed and
calculated production steps for electricity generation and production of hydrogen
based on the new technology. The low concentration of H2S and the depth of its
location are the main challenges having significant impact on the investment cost.
Some inventions of the TU Wien, described here, could be used and essential
decrease the investing cost presented in the work.

The investment and operational cost calculations and the promising results obtained
by the Bulgarian researchers are sustainable confirmation for the feasibility and
profitability of the project.

Shortly summarized, the advantages of the SDFC power plants utilizing hydrogen
sulphide as a fuel are as follow:

- Direct energy production by using of enormous source of renewable energy

- Carbon and waste free technology

- Low operational cost

- Easy switch on/off electricity generation process

- Weather and season independent [104]

However, the strongest advantage of the sulphide driven power plants is the utilizing
of hazardous H2S by converting it into electricity and non-hazardous by-products.
Thus, taking care of the environment and restore the eco-balance in the seawater by

rescuing them from the poisonous substance.
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The author proposed several concepts for transportation of seawater containing
hydrogen sulphide from the depths of the Black Sea and following electricity
generation and industrial production of hydrogen.

Talking about the energy resources in the Black Sea some attention was paid to the
Methane Hydrates. Their large natural deposits were worldwide firstly discovered
1971 in the seabed layers of the Black Sea. The German SUGAR project and the
German-Bulgarian joint initiative for detailed exploration of methane hydrates deposits
in the exclusive economic sea zone of Bulgaria were presented. Especially the new
environment saving technology developed by German researchers for storing of
carbon dioxide by replacing the extracted methane hydrates in the seabed with the
CO2 was pointed out.

Developing of such an effective energy converting and environment protecting
technology as the SDFC power plants that use the oxidation energy, contained in the
enormous and constantly growing amounts of H2S in the Black Sea, would provide
not only Burgas and Bulgaria, but also all the countries around the sea and other
water basins containing H2S, with a new electricity and hydrogen generating method

based on a sustainable and renewable energy source.
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AFC Alcaline Fuel Cell
BD Biodiesel
BS Black Sea

BAS Bulgarian Academy of Sciences

BEV Battery Electric Vehicle

BMFC Benthic Microbial Fuel Cell

BOS Balance of Systems (construction elements of a PV power plant)

CH4 Methane

CHP Combined Heat and Power

CNG Compressed Natural Gas
CcOo Carbon Monoxide
Co Cobalt

CO2 Carbon Dioxide

DASFC Direct Alkaline Sulphide Fuel Cell
DMFC Direct Methanol Fuel Cell
emf Electromotive force

EPBT Energy Payback Time

EROEI Energy Return on Energy Investment

EV Electric Vehicle
EWEA European Wind Energy Agency
FAME Fatty Acid Methyl Ester

FAO Food and Agricultural Organization
FC Fuel Cell

FCV Fuel Cell Vehicle
FIT Feed In Tariff
FLH Full Load Hours

GHG Greenhouse Gas
GHI Global Horizontal Irradiation

GWEC Global Wind Energy Council
HAWT Horizontal Axis Wind Turbine

H2S Hydrogen sulphide
HS" Sulphide anion
ICE Internal Combustion Engine
IRR Internal Rate of Return

KOH Potassium Hydroxide

LUC Land Use Change

LCA Life Cycle Assessment
M Mole (unit)

MCFC Molten Carbonate Fuel Cell

MFC Microbial Fuel Cell

MPP Maximum Power Point

Na2S Sodium Sulphide

NaOH Sodium Hydroxide

NG Natural Gas
Ni Nickel

NOX Nitrogen Oxides
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NPV Net Present Value
NREAP National Renewable Energy Action Plan
oC Own Calculations
O&M Operation and Maintenance
OR Oxygen Reactor
PAFC Phosphoric Acid Fuel Cell
PEFC Polymer Electrolyte Fuel Cell
PEM Proton Exchange Membrane
ppm parts per million
PR Performance Ratio
PV Photovoltaic
PVGIS Photovoltaic Geographical Information System
RES Renewable Energy Sources
S? Polysulphide anion
SCR Selective Catalytical Reduction
SDFC Sulphide Driven Fuel Cell
SOx Sulphur Oxides
SOB Sulphur Oxidizing Bacteria
SOFC Solid Oxid Fuel Cell
SPFC Solid Polymer Electrolyte Fuel Cell
SR Sulphide Reactor
SRB Sulphur Reducing Bacteria
TU Wien University of Technology in Vienna
uco Used Cooking Oil
VAWT Vertical Axis Wind Turbine
WACC Weighted Average Cost of Capital
WECS Wind Energy Conversion System
WT Wind Turbine
Z2r02 Zirconium Oxide
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Appendix 1.1. NPV analysis of the small-scale biodiesel plant (15.000 t/a) [OC]
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Appendix 1.1.1. Sensitivity analysis of NPV to variation of feedstock price
(small-scale BD plant) [OC]

Variation of Feedstock Price NPV [€]
-10% €3.678.799
-9% €3.169.067
-8% €2.659.334
-7% €2.149.601
-6% €1.639.868
-5% €1.130.135
-4% €620.403
-3% €110.670
-2% -€399.063
-1% -€908.796
0% -€1.418.528
1% -€1.928.261
2% -€2.437.994
3% -€2.947.727
4% -€3.457.460
5% -€3.967.192
6% -€4.476.925
7% -€4.986.658
8% -€5.496.391
9% -€6.006.124
10% -€6.515.856

Sensitivity of NPV to Variation of

Feedstock Price
(NPV developing is linear inversely proportional to
variation of feedstock price)

-15% -10% -5%. mm 5% 10% 15%
\€£2.UUU.UvvU

Variation of Feedstock Price [+/-10%]
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Appendix 1.1.2. Sensitivity analysis of NPV to variation of biodiesel price (small-
scale BD plant) [OC]

Variation of Biodiesel Price NPV [€]

-10% -€9.358.791
-9% -€ 8.564.765
-8% -€7.770.739
-7% -€6.976.713
-6% -€6.182.686
-5% -€ 5.388.660
-4% -€4.594.634
-3% -€ 3.800.607
-2% -€3.006.581
-1% -€2.212.555
0% -€1.418.528

1% -€624.502

2% €169.524

3% €963.550
4% €1.757.577
5% €2.551.603
6% €3.345.629
7% €4.139.656
8% €4.933.682
9% €5.727.708
10% €6.521.734

Sensitivity of NPV to Variation of BD Price
(NPV developing is linear directly proportional to
variation of biodiesel price)
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Appendix 1.2. NPV analysis of the large-scale biodiesel plant [OC]

95¢°0SS°CC 3- NdN
000°00C°C3> 0000029 3 8LLLLLLST S £56'980°9VT 3- 00000973~ |000°000°T 3~ 000°000°9 3~ 000°000°€ 3~ 000°'00¢3- |000°'00C'T3- |TZ8'060Y 3 868’13 [0}

000°00C°C 3 00000293 8LLLLLLST S £S6'980°91T 3- 00000973~ |000°000°T 3~ 00000093~  [000°000°€ 3~ 000°00C 3~ [000°00C°T3 |1¢8°060V3 6CV'90'C 3 6
000°00C°C 3 0000029 3 8LLLLLLST S £S6'980°91T 3- 0000093~ |000°000°T 3~ 000°000'93-  [000°000°€ 3~ 000°00C 3~ [000°00C°T3 |1¢8°0607V 3 EVT0TT'C > 8
000°00C°C3> 0000029 3 8LLLLLLST S £56'980°9VT 3- 00000973~ |000°000°T 3~ 0000009 3- 000°000°€ 3~ 000°'00C3- |000°00C'T3- |TZ8'060Y 3 GS6'98€°C 3 L
000°00C°C 3> 00000293 8LLLLLLST S £S6'980°917T 3- 00000973~ |000°000°T 3~ 00000093~  [000°000°€ 3~ 000°00C 3~ [000°00C°T3 |1¢8°06073 T16°LLS°C3> 9
000°00C°C 3 000°00C'9 3 8LLLLLLST S £S6'980°9VT 3- 0000093~ |000°000°T 3~ 000°000'93-  [000°000°€ 3~ 000°00C 3~ [000°00C°T3 |1¢8°060"V 3 T V8L T3 S
000°00C°C3> 00000293 8LLLLLLST 3 £56'980°9VT 3~ 00000973~ |000°000°T 3~ 0000009 3- 000°000°€ 3~ 000°'00¢3- |000°00C'T3- |TZ8'060Y 3 9/8'900°€ 3 14
000°00C°C 3 00000293 8LLLLLLST S £S6'980°917T 3- 00000973~ |000°000°T 3~ 00000093~  [000°000°€ 3~ 000°00C 3~ [000°00C°T3 |1¢8°06073 oLV’ LVT'ED €
000°00C°C 3 000°00C'9 3 8LLLLLLST S £S6'980°9VT 3~ 000'009°%73- |000°000°T 3~ 00000093~  [000°000°€ 3~ 000°00C 3~ [000°00C°T3 |1¢8°060"V 3 0CC’L0S'ER 4
000°00C°C3> 00000293 8LLLLLLST 3 £56'980°9VT 3- 00000973~ |000°000°T 3~ 0000009 3- 000°000°€ 3~ 000°'00¢3- |000°00C'T3- |TZ8'060Y 3 L6L'[BL'E> T
000°000°053- |000°000°0S 3~ 0

spie Aneg 10132A|9 |asaipoig ’0031spaag 110 0 SSO7 Speay4anQ AS13u3 JOUBYIBIA | |[duuosiad N30 4D |eUIWON | 4D paiunodsiq [Jeaj

SONUOADY S1S0) MO|4 yse)

jue|d ag 9|eas-28.1eq

156



_l, “~ CONTINUING
| / EDUCATION

WIEN CENTER

Appendix 1.2.1. Sensitivity analysis of NPV to variation of feedstock price
(large-scale BD plant) [OC]

Variation of Feedstock Price NPV [€]
-10% €75.475.281
-9% €65.672.727
-8% €55.870.173
-7% €46.067.619
-6% € 36.265.066
-5% €26.462.512
-4% €16.659.958
-3% € 6.857.405
-2% -€2.945.149
-1% -€12.747.703
0% -€ 22.550.256
1% -€32.352.810
2% -€42.155.364
3% -€£51.957.917
4% -€61.760.471
5% -€71.563.025
6% -€81.365.579
7% -€91.168.132
8% -€100.970.686
9% -€110.773.240
10% -€120.575.793

Sensitivity of NPV to Variation of

Feedstock Price

(NPV developing is linear inversely proportional to
variation of feedstock price)

Variation of Feedstock Price [+/-10%]
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Appendix 1.2.2. Sensitivity analysis of NPV to variation of biodiesel price (large-

scale BD plant) [OC]

Variation of Biodiesel Price

NPV [€]

-10%

-€128.420.430

-9%

-€117.833.412

-8%

-€107.246.395

-7%

-€96.659.378

-6%

-€86.072.360

-5%

-€75.485.343

-1%

-€ 64.898.326

-3%

-€54.311.308

-2%

-€43.724.291

-1%

-€33.137.274

0%

-€22.550.256

1%

-€11.963.239

2%

-€1.376.222

3%

€9.210.796

4%

€19.797.813

5%

€30.384.830

6%

€40.971.848

7%

€51.558.865

8%

€62.145.882

9%

€72.732.899

10%

€83.319.917

Sensitivity of NPV to Variation of BD Price
(NPV developing is linear directly proportional to
variation of biodiesel price)

Variation of Biodiesel Price [+/-10%]
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Appendix 2.1. NPV analysis of the small-scale PV plant (36 MW) [OC]
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Appendix 2.2. Sensitivity analysis of NPV to variation of electricity price (small-
scale PV plant) [OC]

Variation of Electricity Price NPV [£]
0% -€ 34.986.308
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Appendix 2.3. NPV analysis of the large-scale PV plant (481 MW) [OC]
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Appendix 2.4. Sensitivity analysis of NPV to variation of electricity price (large-

scale PV plant) [OC]

Variation of Electricity Price

NPV [€]
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Appendix 3.1. NPV analysis of the small-scale wind farm [OC]
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Appendix 3.2. NPV analysis of the large-scale wind farm [OC]
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