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INTRODUCTION 

Estonia is the only country in the world using oil shale as its major primary source 
of energy. In 2010, the share of energy from oil shale has been about 69 percent of 
the primary energy supply [1]. The share of oil shale (including secondary fuels 
made from oil shale: shale oil and shale gas) in electricity production is even 
larger, totalling about 89 percent of the electricity production in 2010. Oil shale as 
a local energy source plays an important role in the guaranteed energy supply and 
energy independency not only for Estonia, but for the whole Baltic region. 
Nevertheless, oil shale energy is also the main source of greenhouse gases. 

In 2010, the energy sector contributed about 88.6 percent of the total greenhouse 
gas emissions, totalling 18.19 Mt CO2 equivalent. The substantial amount of energy 
related emissions is caused by extensive consumption of fossil fuels for electricity 
and heat production. The share of oil shale, shale oil and shale gas combustion was 
about 73 percent of the energy sector total GHG emissions1 [2].  

In December 2008, the European Parliament adopted a set of legislative documents 
(the so called EU climate and energy package) for transforming Europe gradually 
into a low-carbon economy and increasing energy supply security. An agreement 
has been reached on legally binding targets, by 2020: to cut GHG emissions by 
20% compared to 1990; to establish a 20% share for renewable energy in final 
energy consumption and the share of biofuels up to 10% in transport fuels, and to 
achieve a 20% reduction in energy consumption by 2020 by improving energy 
efficiency. Regarding the reduction of GHG emissions, the package contains an 
offer to go further and commit to a 30% cut in the event of a satisfactory 
international agreement being reached [3]. 

To reach these targets Estonia has to find a solution for reducing CO2 emissions 
from energy sector, which could be achieved by reducing the high share of oil 
shale in energy production – using more renewables or fuels with lower carbon 
content and by improving the energy efficiency introducing new combustion and 
energy conversion technologies.  

Because oil shale as a strategically important fuel for Estonia will play an 
important role in electricity generation also in the near future, many scientific 
studies have been dedicated to investigating the opportunities of increasing the 
efficiency of oil shale combustion, which include introduction of new combustion 
technologies (e.g., fluidized bed combustion instead of pulverized combustion), 
combustion of enriched oil shale in fluidized bed boilers, etc., which is also 
accompanied by the reduction of CO2 emissions [4–10]. 

                                                      
1 According to the UNFCCC reporting guidelines anthropogenic GHG sources for energy 
sector are fossil fuel combustion in energy industries, manufacturing, transport and other 
sectors (commercial, residential and agriculture). 
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However, the greenhouse gas emissions from thermal processing of oil shale have 
been less studied and there are no standard methods for their calculation available.  

Shale oil production in Estonia is unique in Europe with a long-term tradition 
industry, which makes a significant contribution to the national economy. 85% of 
the oil production is exported to the EU countries. In 2010, the shale oil exports 
accounted for 1.8%2 of the total exports from Estonia. 

Shale oil production has gained importance in the light of higher oil prices, 
declining petroleum supplies and rapidly increasing demand from emerging 
economies. Shale oil is used as admixture to marine fuels, as well as a fuel in 
boilers and industrial furnaces. The advantage of shale oil compared to heavy fuel 
oil is its lower viscosity, low sulphur content and freezing point.  

Objectives of the thesis 

Objectives of the thesis are: 

– To work out a comprehensive methodology and calculation tool for the 
estimation of greenhouse gas emissions from thermal processing of oil 
shale in order to improve the quality and reliability of the national 
greenhouse gas inventory methodology. 

– To analyse the possibilities of greenhouse gas emission reduction of the 
Estonian energy sector in frames of EU energy and climate policy. 

In order to estimate the level of GHG emissions in the future, and assess the 
reduction potential the current GHG calculation methodology has to be improved. 
Estonia has developed the country specific carbon emission factors for pulverized 
combustion and fluidized bed combustion of oil shale [4], but there are no carbon 
emission factors for the products and co-products of oil shale thermal processing 
(pyrolysis).  

Approval of the results 

The results of this work were presented at an international conference: 

 The 3rd International Conference on Clean Electrical Power, Renewable 
Energy Resources Impact. IEEE, Ischia, Italy, 2011, 14th–16th June. 

and in scientific journals: 

 Renewable and Sustainable Energy Reviews, 2012, Vol. 16. 
 Oil Shale, 2011, Vol. 28, No. 1s. 

 

                                                      
2 Statistics Estonia, www.stat.ee 
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Novelty 

The novelty of the work lies in the developed new methodology for the technology 
specific CO2 emission calculation based on the balance of carbon containing mass 
flows. Additionally, the methodology enables to determine the quantity of carbon 
stored in products and residues from the Estonian oil shale thermal processing 
industry.  

The calculation methodology allows on the basis of incomplete data to calculate 
the carbon emission factors for oil shale entering the pyrolysis process as well as 
for the process outputs (oil, gas, solid residues and flue gas). The methodology uses 
calculation formulas from the earlier research carried out by the Department of 
Thermal Engineering of the Tallinn University of Technology.  
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ABBREVIATIONS AND SYMBOLS 

Abbreviations 

∆GHG 
difference between emissions from the oil shale combustion and the 
wood combustion 

AD activity data 

AFC aerofountain combustor 

AFD aerofountain dryer 

CHP electricity and heat cogeneration 

CO2 carbon dioxide 

ETS emission trading system 

GDP Gross Domestic Product 

GHC gaseous heat carrier 

GHG greenhouse gas 

GHGos 
specific GHG emission factor per produced electricity unit for oil 
shale, tCO2/MWhel 

GHGwood 
specific GHG emission factor per produced electricity unit for the 
wood based electricity production, tCO2/MWhel 

ICP in-situ conversion process 

NCV net calorific value 

NO not occur 

SHC solid heat carrier 

UNFCCC United Nations Framework Convention on Climate Change  

Symbols  

 content of ash in solid heat carrier, % 

 ash content in dry oil shale, % 

 ash content in oil shale as received, % 

 flue gas production, Nm3 

 generator gas production, Nm3 

 oil shale consumption, t 

 pyrolysis gasoline production, t 

 shale oil production, t 



12 

 semi-coke gas production, Nm3 

 generator gas production, TJ 

 oil shale consumption, TJ 

 semi-coke gas production, TJ 

 shale oil production, TJ 

 pyrolysis gasoline production, TJ 

  amount of carbon leaving the process with ash, t 

  amount of carbon leaving the process with flue gas, t 

  amount of carbon leaving the process with generator gas, t 

  amount of carbon in oil shale entering the process, t 

  amount of carbon leaving the process with pyrolysis gasoline, t 

  amount of carbon leaving the process with semi-coke, t 

  amount of carbon leaving the process with semi-coke gas, t 

  amount of carbon leaving the process with shale oil, t 

 carbon content of oil shale dry matter, % 

 carbon content of oil shale as received, % 

 content of mineral CO2 in oil shale dry matter, % 

 content of mineral CO2 in oil shale as received, % 

 content of mineral CO2 in dry heat carrier from AFC, % 

 FeS2 content in sandy-clay part of oil shale, % 

 content of pyrites in dry oil shale, % 

 share of wood used in cogeneration plant , % 

 share of wood used in cogeneration plant , % 

 share of wood used in oil shale plants, % 

 decomposition rate of carbonate minerals in semi-coke 

 increase of ash amount because of sulphur binding 

 molar mass of C  

 molar mass of CO2 

 content of pyritic (marcasite) sulphur in dry oil shale, % 

 content of apparent combustible matter in oil shale as received, % 

 installed capacity for electricity production from wood, MWel 

 installed capacity of existing cogeneration plant , MWel 

 installed capacity of oil shale units, MWel 
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  carbon emission factor of generator gas, tC/TJ 

  carbon emission factor of oil shale, tC/TJ 

  carbon emission factor of pyrolysis gasoline, tC/TJ 

  carbon emission factor of semi-coke gas, tC/TJ 

  carbon emission factor of shale oil, tC/TJ 

  CO2 emission factor of generator gas, tCO2/TJ 

  CO2 emission factor of pyrolysis gasoline, tCO2/TJ 

  CO2 emission factor of oil shale, tCO2/TJ 

  CO2 emission factor of shale oil, tCO2/TJ 

  CO2 emission factor of semi-coke gas, tCO2/TJ 

/  specific CO2 emission factor per unit of produced oil, tCO2/t 

 heating value of carbon, MJ/kg 

 lower heating value of generator gas, MJ/Nm3 

 lower heating value of pyrolysis gasoline, MJ/kg 

 lower heating value of semi-coke gas, MJ/Nm3 

 lower heating value of shale oil, MJ/kg 

 lower heating value of oil shale dry matter, MJ/kg 

 lower heating value of oil shale as received, MJ/kg 

 corrected lower heating value of oil shale, MJ/kg 

 content of organic part in dry oil shale, % 

 operating time, h 

 industrial oil yield, % 

 laboratory oil yield, % 

 content of sandy-clay part in dry oil shale, % 

 content of sandy-clay part in oil shale as received, % 

  moisture content of oil shale as received, % 

 electricity produced from wood per year, GWh 

 excess air factor 

η energy efficiency of oil shale thermal processing, % 

 relative density of semi-coke gas, kg/Nm3 

 relative density of generator gas, kg/Nm3 
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1. LITERATURE OVERVIEW 

In Estonia, the major part of anthropological emissions of greenhouse gases 
originates from the energy sector, where the main fuel, especially in power 
generation, is oil shale. Oil shale compared with other fossil fuels has the low 
heating value, higher CO2 emission factor and a large amount of solid residues 
going to landfill as well as other environmental hazards.  

In 2010, the share of energy from oil shale provided about 69 percent of the 
primary energy supply [2]. In electricity production the share of oil shale, including 
secondary fuels made from oil shale (oil and gas) is even larger, totalling about 89 
percent of the electricity production in 2010 [2]. Oil shale as a local energy source 
plays an important role in the guaranteed energy supply and energy independence 
not only for Estonia, but for the whole Baltic region. Nevertheless, oil shale energy 
is also the main source of greenhouse gases. 

In 2010, the energy sector contributed 88.6 percent of total greenhouse gas 
emissions in Estonia, totalling 18.19 Mt of CO2 equivalents. The substantial 
amount of energy related emissions, 80.4 percent is caused by extensive 
consumption of fossil fuels for power and heat production. In 2010, more than 90 
percent of electricity production was still oil shale based contributing about 75 
percent of the energy sector’s greenhouse gas emissions [2]. 

Despite all the progress made in reducing the environmental impact of oil shale 
burning: introduction of new combustion technologies (fluidized bed combustion 
vs. pulverized combustion), combustion of enriched oil shale in fluidized bed 
boilers, etc., oil shale use for electricity production in the long term is not 
sustainable and there is the need to find new solutions to reduce the share of oil 
shale in the fuel balance. 

In the National Development Plan for the Utilization of Oil Shale 2008–2015 the 
maximum limit of oil shale mining is set to 20 million tons a year. In implementing 
the plan, the objective in the long run is to achieve the maximum annual limit of oil 
shale mining of 15 million tons by the year 2015. At present, there are plans to 
decrease the share of oil shale use for electricity generation and on the other hand 
to increase the use of oil shale for thermal processing [11]. 

1.1 Oil shale 

Oil shale is a sedimentary fossil mineral, which always consists of organic and 
inorganic components. The share of oil shale organic matter ranges from 10 to 70% 
[4]. The inorganic or mineral part consists of various rocks, of which from the 
technological aspect, the most important are carbonate part or limestone (as a 
potential source of additional CO2) and pyrites (due to the sulphur content). The 
organic part of oil shale can be divided into two parts: bitumen – soluble in organic 
solvents (1–2%, sometimes up to 10%) and kerogen – a three-dimensional 
macromolecular system, which is insoluble in organic solvents [12]. 
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The data on the chemical and mineralogical composition of oil shale components 
are based upon references [13, 14, and 15] and presented in Table 1.1. 

Table 1.1 Chemical composition of Estonian oil shale (dry basis), % 

Organic part Mineral part 

 Sandy-clay part Carbonate part 

Component Content Component Content Component Content 

C 77.45 SiO2 59.8 CaO 48.1 

H 9.70 CaO 0.7 MgO 6.6 

O 10.01 Al2O3 16.1 FeO 0.2 

N 0.33 Fe2O3 2.8 CO2 45.1 

S 1.76 TiO2 0.7   

Cl 0.75 MgO 0.4   

  Na2O 0.8   

  K2O 6.3   

  FeS2 9.3   

  SO3 0.5   

  H2O 2.6   

The main characteristics of the organic matter of oil shale are: high hydrogen 
(9.7%), oxygen (10.01%) and low nitrogen (0.33%) content. The carbon hydrogen 
mass ratio C/H is 8, which is similar to liquid fuels. An important characteristic of 
the oil shale organic matter is also the high chlorine content [16]. 

The mineral matter of oil shale can be divided into two large groups: a sandy-clay 
or terrigenous part and a carbonate part. The sandy-clay part is densely intertwined 
with the organic matter of oil shale, considered as an inherent mineral impurity. 
The carbonate minerals in an oil shale deposit occur as separate layers. The 
carbonate part can be considered extraneous mineral matter [16]. 

1.2 Estonian shale oil industry 

Estonia is the biggest shale oil producer in Europe and one of four countries in the 
world (among Russia, Brazil and China) commercially producing shale oil. There 
is some use and production of shale oil also in Austria and Germany for the 
medicine and cosmetics industry, but the quantities there are not comparable, either 
with the industrial production or use of shale oil in Estonia. The shale oil 
production in Estonia has become an important industry with long-standing 
traditions that has made a significant contribution to the national economy. 
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Figure 1.1 Shale oil production and export in Estonia 1992–2011, million bbl3 [1] 

In Figure 1.1 the Estonian shale oil production and export in 1990–2011 is 
presented. From 2003 onwards, the shale oil production has increased steadily as a 
result of increased export opportunities, and with the addition of oil plant 
production units.  

The share of shale oil export has also increased from year to year. When in 1992 it 
accounted for 30%, by 2008 the share of export had risen to 81 percent from the 
total oil production. 

The shale oil production has gained importance in the light of higher oil prices, 
declining petroleum supplies, energy supply and security as well as rapidly 
increasing demand from emerging economies. Shale oil is used as an admixture to 
marine fuels, and as a fuel in boilers and industrial furnaces. The advantage of 
shale oil compared to heavy fuel oil is its lower viscosity, low sulphur content (1–
2%) and freezing point.  

The term ‘shale oil’ refers to any synthetic oil obtained by destructive retorting of 
oil shale. During the extraction process, the stable organic matter embedded in oil 
shale is thermally cracked and converted into oil, combustible gases, a solid ash 
and semi-coke. The composition of shale oil depends on the used extraction 
technology, composition of kerogen and presence of non-organic components such 
as sulphur, phosphate or nitrates. 

                                                      
3 1 oil barrel = 158.987 litres 
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1.3 Theoretical background of oil shale thermal processing 

1.3.1 Thermal processing of oil shale 

The main parts of oil shale organic matter are various carbon chains, which, 
according to their origin, contain, in addition to organic carbon also hydrogen, 
sulphur, nitrogen and oxygen atoms. For the practical use of the oil shale organic 
content, for example, for the production of liquid fuels, it is necessary to break 
down the three-dimensional insoluble structure. One option is to heat oil shale to 
the temperature of 500–540 °C without oxygen access (known also as pyrolysis) 
[12].  

During thermal decomposition of oil shale in pyrolysis process, in the oxygen-free 
conditions at a temperature between 480–500 °C, oil and gas as volatile 
compounds of oil shale processing products, and pyrogenetic water are formed. 
Their quantities and chemical nature depend on the composition of the organic 
mass of the fuel. The Estonian oil shale – kukersite – contains 30–40% of organic 
matter [17]. 

An important factor in the formation of volatile pyrolysis products is the hydrogen 
to carbon ratio of the organic matter in the fuel. The higher the ratio of H/C, the 
closer the organic fraction of solid fuel in its composition to crude oil is, and the 
higher is the yield of oil by thermal decomposition of the fuel. An important 
characteristic of oil shale organic matter is the initial temperature of thermal 
decomposition.  

This is dependent on the composition and structure of the organic matter, but is 
also influenced by the heating rate. The initial temperature of thermal 
decomposition is influenced by the oxygen content in the fuel organic matter. The 
higher the oxygen content, the lower the starting temperature of thermal 
decomposition will be [15]. 

At the oil shale pyrolysis temperature of 100–105 °C, separation of mechanically 
bound water takes place. It is the water that has run into oil shale during mining. 
The first signs of the organic fraction decomposition appear already at 150 °C. 

At the temperature of 170–180 °C the so-called oxidized gases are emitted, which 
form a negligible share per mass of oil shale. In the temperature range of 270–290 °C 
the formation of pyrogenetic water from hydrogen and oxygen in the oil shale 
organic matter begins. In the temperature range of 300–350 °C the release of light 
gas and oil fractions from kerogen begins. The major part of kerogen moves to the 
semi-fluid thermo bitumen phase, which during further heating decomposes into oil 
and gas. At the temperature of 450–500 °C the process ends and there remains a solid 
residue with the low C/H ratio – semi-coke. The oil yield of oil shale pyrolysis in an 
externally heated standard retort (if heated to a temperature of 520 °C) is about  
65–67% by weight of oil shale organic matter. The rest of pyrolysis products are: gas 
13–14%, pyrogenetic water 5%, and semi-coke 15–17% [18]. The stages of oil shale 
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thermal decomposition process with the corresponding temperature ranges are given 
in Figure 1.2. 

150 °C  Separation of mechanically bound water 

 

170–180 °C Emission of oxidized gases 

 

270–290 °C Formation of pyrogenetic water 

 

300–350 °C Release of gas and light oil fractions from kerogen begins 

 

450–500 °C 
The process ends and there remains the solid residue – 

semi-coke 

Figure 1.2 The stages of oil shale thermal decomposition with the corresponding 
temperature ranges  

1.3.2 Technologies of oil shale thermal processing 

There are several different shale oil production technologies in use in the world. By 
the manufacturing method of heat carrier the direct and indirect pyrolysis can be 
defined. The heat required for direct pyrolysis is obtained by burning oil shale 
residual carbon.  

The combustion products of generator gas formed during the process ensure the 
pyrolysis process running due to their intrinsic heat content. In the direct pyrolysis 
the flue gas mixes with the generator gas, diluting it and lowering its heating value.  

In the case of indirect pyrolysis the heat is produced by combustion of semi-coke 
(residual carbon) in a separate furnace. The flue gas does not mix with the 
pyrolysis gas and as a result high-calorific semi-coke gas as a co-product of the 
pyrolysis process is formed. 

In general, the oil shale processing technologies can be broadly divided into two 
categories: above-ground and underground (in-situ) pyrolysis technologies. 
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Figure 1.3 Oil shale thermal processing technologies 

Underground pyrolysis technologies (in-situ) 

Underground pyrolysis is a promising technology for deep and a thick (hundreds of 
metres) shale layers. Presently, there are only some pilot plants in operation, but no 
commercial shale oil production based on in-situ technology is in use. The above-
ground and underground retorting do not compete, but rather complement each 
other. The advantages of the in-situ process are: the lack of mining, large volumes 
of production, and disadvantages: difficult process controllability, environmental 
issues (groundwater), high energy consumption, and resource loss – some of the 
carbon remains in the ground. 

The Shell in-situ conversion process (ICP) process 

In the ICP process the oil shale layers are surrounded by a freeze wall, which is 
usually formed from cooling pipes filled with liquid coolant to isolate the 
processing area from the surrounding groundwater and avoid draining of pyrolysis 
products. Electrical heaters are installed in the wells. Heating runs up to 2–3 years 
until the temperature reaches 340–370 °C. The formed oil is pumped into 
collection wells and diverted to the refinement plant. The pilot plant of Shell ICP 
technology is in operation in the United States, Colorado, where the oil shale layers 
are up to 600 metres thick and located at depths up to 500 metres [19]. In 
comparison, the thickness of Estonian oil shale layers is only 2–3 metres. 

The above-ground process 

According to the type of heat carrier, the existing above-ground industrial 
technologies can be divided into gaseous and solid technologies. A number of units 
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with very different operation principles are in the development phase now: using 
microwaves, plasma, etc. The main problem with most of the new developments is 
the high energy consumption. 

Retorting technology with gaseous heat carrier – Paraho process 

Paraho process (developed in the USA, Colorado) can be operated in two different 
heating modes, which are either direct or indirect. The Paraho direct process 
evolved from the gas combustion retort technology and is classified as an internal 
combustion method. Accordingly, the Paraho direct retort is a vertical shaft retort 
similar to the one used by Kiviter (Estonia) and Fushun (China) technologies [10]. 
The Paraho indirect process is classified as an externally generated hot gas 
technology. The Paraho indirect retort configuration is similar to the Paraho direct 
one except that a part of the gas from the compressor is heated to 600 °C–800 °C in 
a separate furnace and injected into the retort instead of air. No combustion occurs 
in the Paraho indirect retort itself. As a result, the fuel gas from the Paraho indirect 
retort is not diluted with combustion gases and the char remains with the disposed 
spent shale [20]. The main advantage of the Paraho process is simplicity in process 
and design; it has few moving parts and therefore, the construction and operating 
costs are low compared with more sophisticated technologies. The Paraho retort 
consumes no water, which is especially important for oil shale extraction in areas 
with water scarcity. A disadvantage common to both the Paraho direct and indirect 
technologies is that neither is able to process oil shale particles smaller than about 
12 mm.  

Retorting technology with gaseous heat carrier – Petrosix 

Currently, Petrosix is one of four technologies of shale oil extraction in commercial 
use [21]. The Petrosix process was developed by the Brazil oil company Petrobras, 
which is one of the biggest oil companies in the world. The Petrosix technology 
was tailored for Irati oil shale, but it is possible to process other oil shales too. A 
pilot and demonstration unit was built in 1982 (65 t/h) followed by the construction 
of an industrial unit, which has been in successful commercial operation since 
1991. The Petrosix process uses oil shale particles with the size between 6–50 mm. 
The company is actively involved in introducing the process worldwide – Jordan, 
the U.S., Morocco, etc. The advantages of the process are its simplicity and 
reliability. The disadvantages include: no oil shale particles smaller than 12 mm 
can be processed in the Petrosix retort, the process requires a large amount of water 
and plenty of semi-coke is formed. 

Retorting technology with gaseous heat carrier – Fushun 

The Fushun technology was developed and utilized for the extraction of shale oil in 
China during the mid-1920s. The commercial-scale utilization of the process began 
in 1930. In 2005, China became the largest shale oil producer in the world.  

The advantages of the Fushun technology include low investment costs and stable 
operation. The process is characterized by the high thermal efficiency, but due to 
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the addition of air into the retort, the nitrogen dilutes the pyrolysis gas. In addition, 
the excess oxygen in retort burns out a part of produced shale oil, reducing the 
shale oil yield. The oil yield of the Fushun retort accounts for about 65% of the 
Fischer Assay. A disadvantage of this process is the high water consumption 
amounting to 6–7 units of water per unit of produced shale oil, and huge quantities 
of waste shale. It is not suitable for oil shale with small particle size and oil content 
lower than 5% [21]. 

Solid Heat Carriers (Galoter, Enefit, Petroter, SHC–500) 

The solid heat carrier process is the "new generation" pyrolysis technology. Its 
main advantages are: utilization of all the mined oil shale resource (particle size 0–
25 mm), maximum utilization of the energy potential of oil shale as hot ash from 
the process is used as a heat carrier and no semi-coke is formed. The only industrial 
oil shale processing units with solid heat carrier are operating in Estonia. 

Alberta Taciuk process with Solid Heat Carrier (ATP) 

In Canada the Alberta Taciuk Process (ATP) has been developed, but up to now it 
has no industrial application (pilot plant). In 1997–2004, efforts were made to use 
the ATP process in Australia. As a result, a pilot plant (6000 t/day) was built there. 
In 2004, the plant was shut down due to various reasons: environmental problems, 
low price of crude oil, design faults and high project cost – 300 million USD. The 
process was considered too complicated to cope with the changing oil shale 
characteristics, difficult access to different nodes and expensive materials [21]. 

1.3.3 Thermal processing technologies of oil shale in Estonia 

In Estonia, thermal processing of oil shale has always been a part of a larger energy 
and chemical industry complex, not a separate entity. So far, the conversion of raw 
shale oil into oil products has mainly been a part of the same complex. At the same 
time, the crude shale oil can also be processed outside the thermal treatment 
complex, which can provide a basis for a specific oil shale chemical industry [12]. 

In the current work, the oil shale thermal processing technologies are classified by 
the type of heat carrier. There are two different oil shale thermal processing 
technologies applied in Estonia today. The Kiviter type gas generators or gaseous 
heat carrier (GHC) technology is in use by VKG Oil AS and in Kiviõli 
Keemiatööstuse OÜ (Kiviõli Oil Plant). The solid heat carrier technology (SHC, 
called also Galoter technology), carries different brand names – Enefit 140 in the 
Eesti Energia Õlitehas AS (Narva Oil Plant) and Petroter in VKG Oil AS.  

In Figure 1.4 the oil shale thermal processing plants are presented by technology 
and their share in the total oil output in 2010.  
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Figure 1.4 Oil shale thermal processing plants by the technology used in Estonia in 
2010 

A detailed overview of the solid heat carrier unit is provided by N. Golubev [22] 
and that of gas generator unit by S. Doilov and J. Soone [23]. The current work 
gives a brief overview of these two oil shale processing technologies.  

1.3.3.1 Gas heat carrier technology 

The simplified layout of oil shale retorting in vertical gas generator is given in 
Figure 1.5 [24]. Oil shale processing in the vertical Kiviter type internal 
combustion retort (a gas generator) with the gaseous heat carrier is a universal 
technology suitable for retorting high-calorific (12 MJ/kg) lump oil shale with the 
particle size of 25–125 mm. The vertical retort is a metal vessel with inside 
refractory brick lining. The oil shale loading device (F), semi-coke unloading 
device (E) and extractor are arranged on the top and in the lower part of the retort 
vessel, respectively. Thermal processing of oil shale is carried out in the retorting 
chamber (C) in the cross flow of gaseous heat carrier (the combustion products of 
generator gas). The hot gases heat up and dry oil shale and after reaching the 
required temperature for retorting (450–550 °C), the organic matter of oil shale 
starts to decompose. The mixture of the heat carrier, oil and water vapour flows 
into the collector chamber (G) while the semi-coke (retorted oil shale) moves 
downward to the cooling chamber (D). The oil vapour and gas are discharged from 
the retort to the oil separation system (H) via the outlet connections. Some of the 
discharged generator gas is burned in the combustion chamber of the retort (A) for 
producing a gaseous heat carrier. The most of the produced generator gas is 
directed into the power plant boilers for firing.  

 

• Enefit‐140 (SHC)

• Enefit‐280 (SHC, since 2013)

Eesti Energia 
Õlitehas AS

34%

• Petroter (SHC)

• Kiviter (GHC)
AS VKG Oil 

54%

• Galoter‐500 (SHC)

• Kiviter (GHC)

Kiviõli 
Keemiatööstus OÜ

12%
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Figure 1.5. Principal layout of oil shale pyrolysis in the vertical retort  

Abbreviations: 

A – generator gas combustion chamber; B – distribution chamber of hot gas combustion 
products (gas heat carrier); C – oil shale retorting chamber; D – semi-coke cooling 
chamber; E – semi-coke unloading device; G – collector chamber; F – oil shale loading 
device; H – oil separation system. 

Main material flows: 

1 – oil shale; 2 – oil vapours and gas; 3 – semi–coke to the oil shale waste dump; 4 – 
generator gas; 5 – generator gas into the retort; 6 – generator gas for burning in the retort; 7 
– generator gas into the cooling chamber; 8 – generator gas for firing in the power plant 
boilers; 9 – shale oil to the fuel storage of oil plant; 10 – fusses; 11 – air. 

1.3.3.2 Solid heat carrier technology for oil shale processing  

For the oil shale retorting process with a solid heat carrier, the oil shale with a 
particle size of 0–25 mm (as received) is used. The average output of the unit is 
140 tons per hour and oil yield is about 13% [25]. 

A simplified layout of the solid heat carrier retorting process is presented in Figure 
1.6. Since the SHC technology is more complicated the layout of the process is 
given with more details.  
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Figure 1.6. Principal layout of retorting process with a solid heat carrier  

Abbreviations: 

A – reactor for the oil shale pyrolysis; B – dust removal chamber; C – gas and oil vapours 
separator; D – aerofountain combustor (AFC); E – by-pass; F – hot ash (heat carrier) 
separation cyclone; G – ash separation cyclones (1st, 2nd and 3rd stage); H – waste heat 
(utilisation) boiler; I – aerofountain dryer (AFD); J – dried oil shale separation cyclones 
(the 1st, 2nd and 3rd stage); K – dried oil shale and hot ash (heat carrier) mixer; L – 
electrostatic separator; M – centrifugal air blower; N – pulp tank; O – oil condensation 
system; P – stack. 

Main material flows: 

1 – raw oil shale, 2 – compressed air; 3 – dried oil shale with flue gas; 4 – dried oil shale; 
5 – semi-coke; 6 – hot ash (solid heat carrier) with gases after the combustion of semi-coke 
in AFC; 7 – hot ash (heat carrier); 8 – mixture of ash and AFC gases; 9 – flue gas; 10 – ash; 
11 – flue gas to the electric precipitator; 12 – electric precipitator ash; 13 – ash pulp of the 
retort to the dredger unit of the power plant; 14 – oil vapours after cleaning; 15 – semi-coke 
gas delivered to power plant boilers; 16 – shale oil to the fuel storage of the oil plant. 

Oil shale is heated up and dried with hot flue gas (600 °C) from the combustion of 
semi-coke in the aerofountain dryer (I). The dry oil shale is mixed with hot ash 
(750–800 °C) – a solid heat carrier. The ash is a by-product of semi-coke 
combustion in the aerofountain furnace (D). The ratio of heat carrier to oil shale is 
regulated by the required temperature of oil vapours leaving the retort, and 
controlled by the position of valve arranged in the heat carrier by-pass (E). The 
dried oil shale and hot ash (heat carrier) are mixed. The mixture of oil shale and 
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heat carrier is fed into the horizontal rotating retort (A). Thermal treatment of oil 
shale starts in the mixer (K) and continues in the retort. The contact of oil shale 
with heat carrier results in the intensive formation of shale oil vapours and semi-
coke. The fine semi-coke particles are removed from the gas and oil vapours in the 
dust removal chamber (B) and separator (C). After the shale oil being condensed 
from oil vapours in the oil condensation system (O), the remaining semi-coke gas 
is directed into the power plant boilers for heat and power production. The semi-
coke leaving the retort at 460 °C is delivered to the AFC (D) for the combustion. 
The gases from the AFC contain combustible compounds and surplus of sensible 
heat in the gases makes it possible to carry out the afterburning of these gases in 
the waste heat boiler H. The flue gas from the aerofountain dryer (I) is cleaned in 
the electric precipitator (L) and discharged into the atmosphere through the oil 
plant stack (P). 

Various combustible co-products of shale oil production are used for heat 
generation required in oil shale processing in the described retorts. In order to 
obtain a gaseous heat carrier some of the generator gas is burned in the combustion 
chamber during oil shale retorting in the vertical retort. 

The combustion products of generator gas are not emitted directly from the oil 
plant into the atmosphere, but are left in the generator gas as its components. Most 
of the generator gas is delivered to the power plant where it is burned in the boilers 
for heat and power generation. The yield of semi-coke in vertical retorts is 
approximately 49% [23]. The major share of waste from oil shale processing in gas 
generators is a solid residue – semi-coke. Today, the semi-coke, which contains 
about 10–13% of carbon, is not utilized, but stored in the dumps. In the future, it is 
planned to use semi-coke as a raw material in the cement industry. 

The hot semi-coke ash is used for heating oil shale in the solid heat carrier retort. 
The hot semi-coke combustion product – flue gas is used for drying raw oil shale 
and after cleaning it is discharged into the atmosphere through the oil plant stack. 
The semi-coke gas is completely burned in the boilers of power plant and its 
combustion products are emitted into the atmosphere through the power plant 
stacks together with the flue gas of other fuels [24].  

The advantages and disadvantages of SHC and GHC technologies are presented in 
Table 1.2.  
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Table 1.2 Advantages and disadvantages of SHC and GHC technology 

Gas heat carrier technology Solid heat carrier technology 

Advantages 

Design simplicity and reliability. 
The utilization of raw material (oil shale) is 
more efficient. 

The industrial oil yield (16.5–17.5%) of 
GHC technology is higher that of SHC 
technology (13%). 

Allows the use of unenriched fine fraction 
of oil shale. 

Major part of oil shale sulphur and all the 
carbonate CO2 goes to the dump with semi-
coke. 

Fairly low environmental pollution rate. 

 
The organic matter of oil shale is almost 
entirely utilized in the process, only 1–2% 
of carbon is stored with ash. 

 
There is no need for additional energy 
sources. 

Disadvantages 

Only enriched oil shale with a larger particle 
size (25 – 125 mm) can be used, but mining 
gives approximately 30% fine oil shale. 

A relatively complex design reduces its 
reliability and requires the synchronized 
work of all process elements. 

The quantity of heat is directly related to the 
size of shale lump. The bigger the lump, the 
more time it takes to warm up and thus it 
reduces the output. 

CO2 emission into the atmosphere, resulting 
from the combustion of semi-coke in the 
aerofountain combustor. 

Direct combustion of gas to heat up the gas 
heat carrier results in a large quantity of low 
heating value gas. 

 

During the process the solid residues (semi-
coke) hazardous to the environment are 
formed due to the high concentration of not 
completely distilled organic matter.  
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2. CARBON BALANCE METHOD FOR ESTIMATING 
CO2 EMISSIONS FROM THE OIL PRODUCTION 
PROCESS  

2.1 General 

Thermal processing of oil shale for the production of shale oil – pyrolysis – is a 
complex technological process during which the cleavage of the organic content of 
oil shale to shale oil, gas, and solid waste takes place. During the pyrolysis process 
the water separation occurs and carbon contained oil shale is distributed as shown 
in Figure 2.1. 

 

 

Figure 2.1 Principal distribution of oil shale organic carbon during thermal 
processing of oil shale 

In order to calculate the emission amounts of carbon dioxide evolved during 
thermal processing of oil shale, the carbon emission factors should be found for the 
oil shale (carbon input) and shale oil, gas, and semi-coke (all outputs). The reason 
why to consider the carbon balance instead of the CO2 balance is the fact that CO2 
balance makes the input-output analysis of carbon more complicated as it includes 
also the carbon oxidation factor. The use of carbon balance method increases the 
transparency of the analysis.  

For this purpose, it is important to define the system boundaries, which lead to the 
most appropriate estimation of specific products’ emission, at the same time 
minimising the amount of data needed. 

The general principle is to design a set of formulas satisfying the condition: 
„everything that goes in also goes out“, or in other words, the amount of carbon 
entering the system boundaries must be equal to the amount of carbon leaving 
these boundaries: 

(2.1) 

Oil shale

Shale oil Gas Solid waste
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, (2.2) 

where ADi is activity data (fuel consumption in tons or Nm3) for the fuel , NCVi is 
the net heating value (TJ/t or TJ/Nm3) and  is the carbon emission factor of fuel 
 (tC/TJ). For converting the carbon content to CO2 emissions or vice versa the 

following formula is used:  

M CO
M C

C 3.664 C, (2.3) 

where C is the carbon content (tons), M(CO2) is the molar mass of CO2 and M(C) 
is the molar mass of carbon [27].4  

2.2 System boundaries 

It is important to define the production unit system boundaries, which lead to the 
most appropriate accounting of emissions, at the same time minimising the amount 
of data needed to estimate the carbon content of specific products. 

 

Figure 2.2 Process boundaries for a gaseous heat carrier unit 

                                                      
4 The result of the formula (2.3), 3.664 C is obtained by dividing 44.009/12.011. 
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Figure 2.3 Process boundaries for a solid heat carrier unit 

In Figure 2.2 and Figure 2.3 the process boundaries for gaseous and solid heat 
carrier technologies are presented.  

In both cases all carbon entering the system (installation) is derived from oil shale. 
The amount of carbon can be calculated using the formula (2.4). This requires, 
however, developing the technology-specific carbon emission factor for oil shale. 

The output products and residues from the process are the following: raw shale oil, 
generator or semi-coke gas, ash or semi-coke, depending on the technology used. 
In the case of SHC technology also flue gas is emitted, in which the carbon as CO2 

escapes into the atmosphere. The generator gas and semi-coke gas are the process 
residues, but at the same time also valuable fuels for power plants. In order to 
calculate the amount of carbon, which leaves the process with semi-coke gas or 
generator gas it is required to find the technology-specific carbon emission factors 
for these gases. 

2.3 Amount of carbon entering the process with oil shale  

Amount of carbon (  that enters the pyrolysis process with the feedstock oil 
shale can be calculated by the following formula: 

  (2.4) 
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2.3.1 Method for estimating the carbon emission factor of oil shale  

2.3.1.1 Oil shale carbon emission factor for the solid heat carrier technology 

In order to calculate the amount of carbon in oil shale    (t) with the formula 
(2.4), where only the quantity of feedstock oil shale  (t) and the annual average 
lower heating value of oil shale as received  (MJ/t) are known, it is at first 
necessary to find the oil shale carbon emission factor (CEF) which can be 
calculated by the formula [28]: 

 10
44/12

,  (2.5) 

where 

    – carbon emission factor of oil shale, tC/TJ; 

    – amount of carbon in oil shale as received, %; 

    – corrected heating value of oil shale as received, MJ/t; 

 – mineral carbon dioxide content of oil shale as received, %; 

     – decomposition rate of the carbonate part of semi-coke in the  
 aerofountain combustor. 

In the solid heat carrier unit oil shale semi-coke moves from the reactor to the 
aerofountain combustor for afterburning where a certain decomposition of semi-
coke mineral matter occurs (see Figure 1.6). The combustion of semi-coke in the 
aerofountain furnace takes place under the conditions of air shortage (α < 1). The 
decomposition rate of semi-coke  can be calculated as follows [29]: 

1
/

/
, (2.6) 

where 

 – mineral carbon dioxide content of dry heat carrier from AFC, %; 

 – mineral carbon dioxide content of dry oil shale, %; 

  – content of ash in the solid heat carrier, %; 

    – content of ash in dry oil shale, %. 

In this work, the value of   used in carbon balance calculations is taken equal 
to 0.256. The value is based on the test results in Narva Oil Plant performed by the 
Oil Shale Research Institute of Tallinn University of Technology in 2003 [30].  

Because of the smaller extent of carbonate decomposition, the corrected lower 
heating value of oil shale  (MJ/kg) can be calculated [4]: 
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∆ ,  (2.7) 

where 

  – lower heating value of oil shale as received, MJ/kg; 

∆  – heat effect due to incomplete decomposition of carbonate minerals, MJ/kg. 

Heat is released mainly during the combustion of organic matter, but the thermal 
effects occurring in the fuel mineral matter cannot be ignored. During the oil shale 
combustion process, the thermal effects related to the decomposition of carbonate 
minerals can be considered the most important ones [16]. 

The thermal effect due to incomplete decomposition of carbonates can be 
calculated by A. Ots [16] as follows: 

∆ 0.0406 1 , (2.8) 

where the coefficient 0.0406 is taken from the [26]. 

To convert the quantity of oil shale given in natural units (tons) to energy units we 
can use a simple formula: 

 = , (2.9) 

where 

   – oil shale consumption, TJ; 
   – oil shale consumption, kt; 
    – lower heating value of oil shale as received, MJ/kg. 

In order to find the content of mineral carbon dioxide  in oil shale as 
received, a well-known conversion formula can be used [31]: 

   100 /100, (2.10) 

where 

 – content of mineral CO2 in oil shale dry matter, %; 

   – moisture content of oil shale as received, %. 

Based on the research by H. Arro, A. Prikk and T. Pihu [13], the following 
formulas were developed for determining the mineral CO2, ash content and 
moisture content of oil shale: 

 0.112 1.0723 20.323, (2.11) 

0.052 2.3049 68.929, (2.12) 
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0.6695 5.9141 (2.13) 

Applying the conversion formulas [31], heating value of the oil shale as received 
can be converted to heating value of dry matter in oil shale  

0.02442 100/ 100 ,  (2.14) 

where  

 – lower heating value of oil shale as received, MJ/kg; 

 – moisture content of oil shale as received, %. 

Ash content in oil shale as received   (%) can be found through converting 
formula (2.12) to the following form:  

100 /100. (2.15) 

The carbon content in dry matter of oil shale  can be found based on ultimate 
analysis of oil shale (see Table 1.1) [16]: 

0.7745 , (2.16) 

where  

  – organic part in dry matter of oil shale, %. 

The organic part in dry matter of oil shale [13]: 

100 3.882 13.297 /34.56, (2.17) 

where  

 – content of pyritic sulphur, %. 

The content of pyritic (marcasite) sulphur  can by found applying the following 
formula [13]:  

0.534 , (2.18) 

where 

 – content of pyrites in dry oil shale [13], %. 

 /100, (2.19) 

where 

FeS2 – content in the oil shale sandy-clay part (is taken equal to 9.3%, see Table 
1.1). 
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The carbon content of oil shale as received  can be found using the following 
conversion formula [31]: 

100 /100. (2.20) 

The content of apparent combustible matter  can be calculated by the following 
formula [16]: 

100 , (2.21) 

and sandy-clay part in dry oil shale  (%) by the next formula [16]: 

1.217 . (2.22) 

2.3.1.2 Carbon emission factor of oil shale for the gaseous heat carrier 
technology 

During the oil shale retorting process in gas generators with gaseous heat carrier 
the retorting residue semi-coke is not burnt, but disposed in a waste dump. 
Therefore, for the calculation of carbon amount entering the process (formula 2.4), 
the carbon emission factor of oil shale    (tC/TJ) has to be calculated using a 
simplified formula:  

  10  / , (2.23) 

where 

  – carbon content of oil shale as received, %; 

   – heating value of oil shale as received, MJ/kg. 

The carbon content of oil shale as received can be calculated by the same 
methodology as in Chapter 2.3.1. 

2.4 Amount of carbon leaving the process with gas 

Amount of carbon leaving the pyrolysis process with semi-coke gas   (t) or 
generator gas   (t) can be calculated by the following formulas: 

, (2.24) 

where 

 – carbon emission factor of semi-coke gas, tC/TJ; 

 – amount of semi-coke gas, TJ. 

, (2.25) 
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where 

 – carbon emission factor of generator gas, tC/TJ; 

 – amount of generator gas, TJ. 

In the chapters 2.4.1 and 2.4.2 a method for estimating the carbon emission factors 
for semi-coke and generator gas is described. 

2.4.1 Method for estimating the carbon emission factors for semi-coke and 
generator gas 

The approach for estimating the carbon emission factors of oil shale semi-coke and 
generator gas is based on the actual composition of gas. The gas composition, 
breaking the gas into methane, ethane, propane, other hydrocarbons and other gases 
determines also the heating value and its carbon content.  

2.4.1.1 Carbon emission factor for SHC semi-coke gas  

The semi-coke gas formed in the SHC unit is characterised by a high content of 
burning compounds and has approximate lower heating value of 39.8–46.8 MJ/kg 
[33]. Besides methane, ethane and ethene are also the main compounds of semi-
coke gas. The composition of semi-coke gas by compounds varies somewhat in 
different sources, since the compounds of gas depend on the thermal processing 
regime. At the same time those differences are not significant.  

The carbon emission factor of SHC semi-coke gas can be calculated by the 
following formula [23]:  

  10 12/16 24/30 24/28
36/44  36/42  48/58  48/56
60/72  60/78 72/82  12/44

12/28 / , 

(2.26) 

or 

10  ∑ / ,  (2.27) 

where 

qc scg – carbon emission factor of semi-coke gas, tC/TJ;  

∑    – total carbon content in semi-coke gas (in weight units), %;  

Qr'
scg – heating value of semi-coke gas, MJ/kg; 

Qr
scg – heating value of semi-coke gas, MJ/Nm3. 

The heating value of semi-coke gas (MJ/kg) can be found by dividing the lower 
heating value in (MJ/Nm3) with the density of semi-coke gas: 
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/ , (2.28) 

where 

ρscg – density of semi-coke gas, kg/Nm3. 

2.4.1.2 Carbon emission factor of generator gas  

In the vertical retorts (gas generators) with cross-flow of heat carrier due to direct 
burning of gas for heating up the heat carrier, the large volumes of gas with a very 
low heating value are formed. 

For calculating the carbon emission factor of generator gas    (tC/TJ) the 
following formula can be used:  

10  ∑ / ,  (2.29) 

where 

 – lower heating value of generator gas, MJ/kg;  

∑     – total carbon content in generator gas (in weight units), %.  

2.5 Amount of carbon leaving the process with shale oil 

Amount of carbon stored in shale oil  (t) can be calculated as:  

,  (2.30) 

where 

   – carbon emission factor of shale oil, tC/TJ (is taken from [33]); 

  – amount of produced shale oil, TJ. 

2.6 Amount of carbon leaving the process with pyrolysis gasoline 

The semi-coke and generator gas contain also pyrolysis gasoline. According to the 
plant data, the content of pyrolysis gas in semi-coke gas is approximately  
200 g/Nm3 and in generator gas 15 g/Nm3. In the current work the amounts of 
pyrolysis gasoline have not been measured, but calculated. 

, (2.31) 

where 

  – carbon emission factor of pyrolysis gasoline, tC/TJ; 

 – production of pyrolysis gasoline, TJ. 
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The country specific carbon emission factor of gasoline   is published in the 
Estonian National GHG Report to UNFCCC [3]. 

2.7 Amount of carbon stored with ash 

After semi-coke combustion in the aerofountain combustor of the SHC device, a 
solid waste – ash is formed. The ash amount   removed from the SHC 
process can be calculated as follows: 

, (2.32) 

where 

 – ash content in solid heat carrier material, %. 

1 /100, (2.33) 

where 

 – increase of ash amount because of sulphur binding. 

The carbon content of ash removed from a SHC unit is less than one percent by ash 
weight [4] and can be calculated as: 

/0.99 .  (2.34) 

As the result of oil shale thermal processing in a gaseous heat carrier units a solid 
residue of used oil shale – semi-coke is formed, which accounts for about 58% [17] 
of the amount of used oil shale. Similar to oil shale, semi-coke consists of organic 
and mineral matter. The content of oil shale organic matter used in generators is 
about 35%. The content of organic matter in semi-coke is (mainly in the form of 
carbon) about 10–13% [17].  

The amount of carbon stored with semi-coke   (t) can be calculated as a 
difference between the carbon content of the source oil shale  (t) and carbon 
stored with shale oil  (t) generator gas  (t) and pyrolysis gasoline  (t): 

. (2.35) 

Amount of solid waste of gaseous heat carrier – semi-coke   (t) can be 
calculated as follows: 

/100 . (2.36) 
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2.8 Amount of carbon emitted with flue gas (SHC technology) 

In the case of oil shale pyrolysis with a solid heat carrier unit the solid residue 
(semi-coke) will be afterburned in the aerofountain combustor. The flue gas from 
the AFC that contains combustible compounds enables afterburning of these gases 
in the waste heat boiler. After cleaning the gas will be discharged in the 
atmosphere through the oil plant stack.  

The amount of carbon in flue gas   (t) can be calculated as a difference between 
the carbon amount of oil shale and carbon stored in shale oil, semi-coke gas, 
pyrolysis gasoline and ash: 

. (2.37) 

The amount of CO2 emitted with the flue gas to the atmosphere   can be 
calculated as follows: 

 
44
12

 
(2.38) 

The results of calculations for different oil plants and technologies are presented in 
Chapter 3. 
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3. RESULTS OF CARBON BALANCE CALCULATIONS 
FOR OIL SHALE PYROLYSIS IN 2010 

3.1 Description of the calculation model 

A calculation model has been developed based on the methodology described in 
Chapter 2. At the limited amount of activity data the model allows to calculate the 
quantity of carbon entering the process with feedstock oil shale and the quantity of 
carbon leaving the process with pyrolysis products, co-products and residues or 
directly emitted to the atmosphere during the process. 

The activity data for a model, as oil shale consumption, oil and gas production and 
their heating values, are obtained from oil production companies. In this study the 
annual data have been used, but the model allows using also the activity data for a 
shorter period (a month, quarter). 

 

Figure 3.1 A simplified diagram of the SHC carbon balance calculation model 
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Figure 3.2 A simplified diagram of the GHC carbon balance calculation model 

3.2 Calculation results of carbon balance mass flows participating in 
the oil shale pyrolysis process 

3.2.1 Calculation results for the amounts of carbon entering the process with 
oil shale  

With using the formulas 2.2 to 2.24 in Chapter 2, the amounts of carbon entering 
the pyrolysis process with oil shale by plant and technology can be calculated. The 
summary of the calculation results is given in Table 3.1. The data on oil shale 
consumption and average annual lower heating values have been collected from oil 
plants5. The calculations are based on the activity data (AD) of the year 2010.  

Table 3.1 Amounts of carbon entering the pyrolysis process with oil shale by plant and 
technology in 2010  

Indicator Unit 
SHC GHC 

Narva VKG* Kiviõli VKG Kiviõli 

Oil shale consumption, Bos kt 1747.36 263.36 22.48 1682.83 449.18 

Lower heating value of oil 
shale as received, Qr

os 
MJ/kg 8.43 8.43 9.76 12.57 9.12 

                                                      
5 The same data was used for preparation of Estonian National GHG inventory report 
1990–2010 to the UNFCCC [2]. 
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Carbon emission factor of 
oil shale, qos 

tC/TJ 23.29 23.31 23.18 22.93 23.24 

Amount of carbon entering 
the pyrolysis process with 
oil shale, Cos 

kt 343.27 51.75 5.08 485.11 95.20 

Total carbon input  % 100 100 100 100 100 

* The solid heat carrier unit (Petroter) of VKG Oil AS was in 2010 only in the experimental stage, 
and therefore the results may deviate from the data of later years  

3.2.2 Calculation results for the carbon leaving the process with shale oil 

Summary of the calculation results for the carbon leaving the process with raw 
shale oil by plant and technology is given in Table 3.2. 

In Estonia, the country specific average carbon emission factor of shale oil is 
established by the regulation of the Ministry of Environment No 94, December 8, 
2006 [33]. 

Table 3.2 Amounts of carbon leaving the pyrolysis process with shale oil by plant and 
technology, 2010  

Indicator Unit 
SHG GHC 

Narva VKG Kiviõli VKG Kiviõli 

Shale oil production, Bos kt 190.45 29.56 2.77 266.89 65.70 

Average heating value of 
shale oil, Qso 

MJ/kg 39.51 37.36 40.08 40.00 39.50 

Carbon emission factor of 
shale oil, qso 

tC/TJ 21.1 21.1 21.1 21.1 21.1 

Amount of carbon leaving 
the process with shale oil, 
Cso 

kt 158.75 23.31 2.34 225.26 54.76 

Carbon leaving the 
process with shale oil 

% 46.25 45.03 46.07 46.43 57.52 

3.2.3 Estimation of carbon emission factor for semi-coke and generator gas 

Using formulas 2.28 and 2.30 and average annual composition of semi-coke gas 
and generator gas obtained from oil plants, the carbon emission factors of semi-
coke gas and generator gas were calculated. The calculation results are presented in 
Table 3.3. 
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Table 3.3 Carbon emission factors of semi-coke gas and generator gas from oil shale 
thermal processing by oil production factory, 2010 

Co-product 

Carbon emission factor, tC/TJ 

Narva Oil Plant 
(Enefit–140) 

VKG Oil Plant 
(Petroter) 

Kiviõli Oil Plant  
(SHC–500) Average 

Semi-coke gas 18.78 18.83 17.97 18.77 

Generator gas – 50.36 51.17 50.52 

The value of carbon emission factor of retort gas (semi-coke gas or generator gas) 
depends on the technology used. However, even for the same technology minor 
differences between the carbon emission factors of different oil plants can be 
observed since each oil producer has introduced his own modifications in the 
technology.  

The annual average values of gas composition are calculated on the basis of 
quarterly data collected from oil plants. In 2010, the values of carbon emission 
factors of semi-coke gas remained in the range of 17.97–18.83 tC/TJ, the weighted 
average being 18.77 tC/TJ. Carbon emission factors of generator gas were in the 
range of 50.36–51.17 tC/TJ, and the weighted average value was 50.52 tC/TJ. The 
value of carbon emission factor is calculated by the gas composition, which 
depends on the operation mode of the unit. Therefore, the values of carbon 
emission factors should be calculated annually. 

3.2.4 Calculation results of the carbon amount leaving the process with semi-
coke gas or generator gas 

Summary of calculation results on the carbon leaving the process with semi-coke 
or generator gas by plant and technology is presented in Table 3.4. and Table 3.5. 

Table 3.4 Amounts of carbon leaving the pyrolysis process with semi-coke or generator 
gas by plant and technology, 2010  

Indicator Unit 
SHC GHC 

Narva VKG Kiviõli VKG Kiviõli 

Semi-coke gas / generator gas 
production, Bscg /Bgg 

MNm3 59.82 9.93 1.11 857.82 204.44 

Heating value of semi-coke gas / 
generator gas, Qscg/Qgg 

MJ/Nm3 47.37 40.47 28.65 3.19 2.10 

Carbon emission factor of semi-
coke gas / generator gas, qc scg/qc gg 

tC/TJ 18.78 18.83 17.97 50.36 51.17 

Amount of carbon leaving the 
process with semi-coke gas / 
generator gas, Cscg/Cgg, 

kt 53.22 7.57 0.57 137.81 21.97 

Carbon leaving the process with 
gas 

% 15.50 14.64 11.26 28.41 23.08 
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3.2.5 Calculation results of the carbon amount leaving the process with 
pyrolysis gasoline 

At first, the amount of pyrolysis gasoline was calculated. According to the oil 
plants data, 200 grams of pyrolysis gasoline is derived per one normal cubic metre 
of semi-coke gas and 15 grams of pyrolysis gasoline per that of generator gas. 

The main part of the pyrolysis gasoline is used for liquefying heavy fraction of oil 
in the oil preparation unit. Summary of calculation results of carbon leaving the 
process with pyrolysis gasoline is given by plant and technology in Table 3.5. 

Table 3.5 Amounts of carbon leaving the process with pyrolysis gasoline by plant and 
technology, 2010 

Indicator Unit 
SHC GHC 

Narva VKG Kiviõli VKG Kiviõli 

Amount of pyrolysis gasoline, 
Bpg 

kt 10.48 1.99 0.22 12.87 3.07 

Heating value of pyrolysis 
gasoline, Qpg 

MJ/kg 44.00 44.00 44.00 44.00 44.00 

Carbon emission factor of 
gasoline, qpg 

tC/TJ 19.90 19.90 19.90 19.90 19.90 

Amount of carbon leaving the 
process with pyrolysis gasoline, 
Cpg 

kt 10.48 1.74 0.19 11.27 2.69 

Carbon leaving the process with 
pyrolysis gasoline 

% 3.05 3.36 3.83 2.32 2.82 

3.2.6 Calculation results of the carbon amount leaving the process with solid 
waste 

In Table 3.6 the calculation results of the carbon amount leaving the pyrolysis 
process with solid waste are presented. The solid waste of the solid heat carrier unit 
is ash, the semi-coke combustion residue. The solid waste of oil shale thermal 
processing in gas generators is semi-coke. 

Table 3.6 Amounts of carbon leaving the pyrolysis process with solid waste by plant 
and technology, 2010 

Indicator Unit 
SHC GHC 

Narva VKG Kiviõli VKG Kiviõli 

Solid waste production, Bsc/Bash kt 1054.76 158.96 12.68 932.79 289.24 

Amount of carbon in solid waste, 
Csc/Cash 

kt 10.33 1.56 0.12 110.78 15.79 

Carbon leaving the process with 
solid waste 

% 3.01 3.01 2.45 22.84 16.58 
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3.2.7 Calculation results of the carbon amount leaving the  
process with flue gas 

In Table 3.7 the calculation results of the carbon amount leaving the pyrolysis 
process with flue gas are presented. Carbon in flue gas is emitted to the atmosphere 
in the form of carbon dioxide. 

Table 3.7 Amounts of carbon leaving the pyrolysis process with flue gas by plant and 
technology, 2010  

Indicator Unit 
Plant 

Narva VKG Kiviõli 

Amount of carbon leaving the process 
with flue gas, Bfg 

kt 99.05 15.85 1.72 

Carbon dioxide emitted with flue gas tCO2 405.15 64.45 6.78 

Carbon leaving the process with flue gas % 32.19 33.97 36.40 

In Table 3.8 the carbon balance of oil shale pyrolysis is presented. The amount of 
carbon entering the pyrolysis process with oil shale is taken equal to 100% while 
the amounts of carbon leaving the process with products, co-products, solid waste 
and gaseous waste are presented in natural units (t) and in percents. All activity 
data and calculation results are presented by oil plant and by technology used. 

Table 3.8 Carbon balance of oil shale pyrolysis, 2010 

 

SHC GHC 

Narva VKG Kiviõli VKG Kiviõli 

kt % kt % kt % kt % kt % 

Oil shale 343.27 100.00 51.75 100.00 5.08 100.00 485.11 100.00 95.20 100.00 

Shale oil 158.75 46.25 23.31 45.03 2.34 46.07 225.26 46.43 54.76 57.52 

Semi-coke 
gas 

53.22 15.50 7.57 14.63 0.57 11.26 – – – – 

Generator 
gas 

– – – – – – 137.81 28.41 21.97 23.08 

Pyrolysis 
gasoline 

10.48 3.05 1.74 3.36 0.19 3.83 11.27 2.32 2.69 2.82 

Solid waste 10.33 3.01 1.56 3.01 0.12 2.45 110.78 22.84 15.79 16.58 

Flue gas 110.50 32.19 17.58 33.97 1.85 36.40 – – – – 

For better visualization of the results the data given in Table 3.8 are also depicted 
graphically in Figure 3.3 and Figure 3.4. 
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Figure 3.3 Carbon distribution between pyrolysis products and waste by plants using 
the solid heat carrier technology in 2010 

 

Figure 3.4 Carbon distribution between pyrolysis products and waste by plants using 
the gaseous heat carrier technology in 2010  
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 11.3–15.5%  with semi-coke gas (which is used as a fuel for electricity 
  and heat production in power plants nearby), 

 3.1–3.8% with pyrolysis gasoline,  
 2.4–3.0%  with semi-coke and 
 32.2–36.4%  with flue gas to the atmosphere in the form of CO2. 

At thermal processing of oil shale in gas generators the carbon entering the process 
with oil shale is distributed by products leaving the process as follows:  

 46.4–57.5% with shale oil, 
 23.1–28.4% with generator gas, 
 2.3–2.8% with pyrolysis gasoline and 
 16.6–22.8%  with semi-coke to landfill. 

3.3 Specific carbon dioxide emission factor of produced oil 

In addition to the amount of carbon emitted with flue gas to the atmosphere, a 
second important factor – carbon dioxide emission per unit of produced oil 
( / ) can be calculated for the SHC technology. To this end, the amount of 
carbon dioxide in flue gas is found and the result is divided by the quantity of oil 
produced from oil shale. 

/ =  / , (3.1) 

where 

/    – specific carbon dioxide emission factor per unit of oil produced, tCO2/t  
 oil; 

    – estimated emissions of carbon dioxide, kt; 

   –  oil shale consumption for oil production, TJ. 

The amount of carbon dioxide leaving the pyrolysis process with flue gas can be 
estimated using the following formula: 

 , (3.2) 

where 

 – amount of carbon leaving the process with flue gas, kt. 

The gaseous heat carrier technology is a closed process, and no carbon dioxide 
emission to the atmosphere can be observed. 

In Table 3.9 the values of specific emission factor for CO2 by oil plant and 
weighted average of the specific emission expressed in tons of CO2 per ton of oil 
are presented.  
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Table 3.9 Specific carbon dioxide emission factor per unit of produced oil by plant in 
2010, tCO2/t oil 

Indicator 
Plant 

Narva VKG Kiviõli 

Shale oil production, kt 190.45 29.56 2.77 

Amount of carbon in flue gas, kt 110.50 17.58 1.85 

Amount of CO2, kt 405.15 64.45 6.78 

Specific emission factor, tCO2/t oil 2.13 2.18 2.45 

Average specific emission factor, tCO2/t oil 2.14 

The value of specific carbon dioxide emission factors /  of solid heat carrier 
technology is the lowest in Narva and the highest in Kiviõli Oil Plant ranging 
between 2.13–2.45 tons of carbon dioxide per ton of oil produced. In 2010, the 
weighted average value of specific CO2 emission factor for solid heat carrier 
technology was 2.14 tCO2/t oil. 

3.4 Oil yield 

The key indicator of the quality of oil shale as a raw material for thermal 
processing is the laboratory oil yield. The oil yield from oil shale is in direct 
correlation with the heating value of dry oil shale. 

The correlation between the heating value of dry oil shale and oil yield can be 
expressed by the formula compiled by V. Kattai on the basis of 600 oil shale 
analyses [17]: 

1.78  ,  (3.3) 

According to the data from oil plants, the oil shale with the average heating value 
of 8.43–12.57 MJ/kg (Table 3.1 and Table 3.10) was consumed in oil plants. The 
industrial oil yield has been calculated by dividing the produced quantity of oil (t) 
with the consumed amount of oil shale (t). The industrial oil yield for the solid heat 
carrier units remained in the range of 10.9–12.3% and that of gas generators 14.6–
15.9% (Table 3.10). 

Table 3.10 Oil yield of oil shale by plant and technology in 2010 

Indicator 
 SHC GHC 

Unit Narva VKG Kiviõli VKG Kiviõli 

Moisture content of oil shale, Wr % 11.56 11.56 12.45 14.33 12.02 

Average heating value of oil 
shale as received, Qr

os 
MJ/kg 8.43 8.43 9.76 12.57 9.12 

Industrial oil yield, T  % 10.9 11.2 12.3 15.9 14.6 
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Indicator 
 SHC GHC 

Unit Narva VKG Kiviõli VKG Kiviõli 

The weighted average industrial 
oil yield, Taverage 

% 11.0 15.6 

Average heating value of oil 
shale dry matter, Qd

os 
MJ/kg 9.86 9.86 11.50 15.08 10.70 

Laboratory oil yield, TL  % 17.5 17.6 19.8 26.8 19.1 

Laboratory oil yield, weighted 
average, TL average 

% 17.6 25.3 

Ratio of industrial oil yield to 
laboratory oil yield 

% 62.1 64.0 60.2 59.1 76.8 

In 2010, the weighted average industrial oil yield was about 11.0% for SHC 
technology and 15.6% for GHC technology. The weighted average of laboratory 
oil yield totalled 17.6% and 25.3%, respectively. Thus, the industrial oil yield of 
solid heat carrier plants was in the range of 62.1–64.0% and of GHC plants in the 
range of 59.1–76.8% of the laboratory oil yield.  

The industrial and laboratory oil yield depending on the heating value of dry oil 
shale for VKG and Kiviõli gas generators are shown in Figure 3.5 and Figure 3.6. 

 

Figure 3.5 Industrial and laboratory oil yield versus the heating value of dry oil shale 
(VKG gas generators), 1990–2010 
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The annual average heating values of dry oil shale (in Figure 3.5, Figure 3.6 and 
Figure 3.6 one dot corresponds to data of one year) come from the model 
calculations of carbon balance while the laboratory oil yield is calculated using the 
formula 3.1. As a conclusion, we can say that in 1990–2010 the laboratory oil yield 
of oil shale from the VKG and Kiviõli gas generators remained in the range of 
26.5–27.3% (in VKG) and 18.4–31.2% (in Kiviõli). The actual (industrial) oil yield 
made from the laboratory oil yield 55.2–63.3% (in VKG) and 53.1–79.6% (in 
Kiviõli). 

 

Figure 3.6 Industrial and laboratory oil yield versus the heating value of dry oil shale 
(Kiviõli gas generators) ), 1990–2010 
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0.0

5.0

10.0

15.0

20.0

25.0

30.0

35.0

10.0 11.0 12.0 13.0 14.0 15.0 16.0 17.0 18.0 19.0

L
ab

or
at

or
y 

(T
L
) 

an
d 

in
du

st
ri

al
 (

T
) 

oi
l y

ie
ld

, %

Heating value of dry oil shale, Qd
os, MJ/kg

Industrial oil yield, % Laboratory oil yield, %



49 

 
Figure 3.7 Industrial and laboratory oil yield versus the heating value of dry oil shale 
(Narva Enefit–140) ), 1990–2010 
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Table 3.11 Efficiency of shale oil production by plant and technology in 2010 

 Narva 
Enefit–140 

VKG Oil 
Petroter 

Kiviõli 
SHC–500 

VKG Oil gas 
generators 

Kiviõli gas 
generators 

Oil shale, TJ 14 737 2 220 219 21 153 4097 

Shale oil, TJ 7 524 1 105 111 10 676 2 595 

Semi-coke gas, TJ 2 834 402 32     

Generator gas, TJ       2 736 429 

Pyrolysis gasoline, TJ 461 87 10 566 135 

Steam production, TJ  71    

Efficiency, % 74 75 70 53 67 

Average efficiency by 
technology, % 

74.0 55.3 

In terms of efficiency indicator for oil production or better utilization of the energy 
in feedstock oil shale, the solid heat carrier technology is considered to be the best.  

However, the comparison of indicators presented in Table 3.11 shows that in 2010 
the efficiency of the VKG Oil solid heat carrier process Petroter was the highest, 
approximately 75%, followed by Narva Enefit–140 (74%) and the Kiviõli SHC–
500 process approximately 70%.  

The efficiency of gaseous heat carrier process in VKG Oil Plant was 53%. In the 
case of Kiviõli Oil Plant it was approximately 67%, but author of this thesis has 
serious doubts about the quality of Kiviõli Oil Plant oil shale consumption data of 
recent years (2005–2010), but it is not possible to check them. 
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4. GREENHOUSE GAS EMISSION REDUCTION 
PERSPECTIVES IN ESTONIA 

In December 2008, the European Parliament adopted a set of legislative docu-
ments – the so called EU climate and energy package for increasing energy supply 
security and transforming Europe gradually into a low-carbon economy. An 
agreement has been reached on the following legally binding targets, by 2020: 

 to cut GHG emissions by 20% compared to 1990, 
 to establish a 20% share for renewable energy in final energy consumption 

and the share of biofuels up to 10% in transport fuels, and 
 to achieve a 20% reduction in energy consumption by 2020 (to improve 

energy efficiency). 

Regarding the reduction of GHG emissions, the package contains an offer to go 
further and commit to a 30% cut in the event of a satisfactory international 
agreement being reached [3].  

Directive 2009/28/EC sets legally binding targets for each EU Member State, in 
order to reach the EU aggregated target of a 20% share of renewable energy by 
2020. It creates cooperation mechanisms for achieving the targets in a cost 
effective way. National targets for Member States were set, together with a linear 
legally binding trajectory for the period 2013–2020 with annual monitoring and 
compliance checks [35]. 

Directive 2009/30/EC provides a set of binding targets for the emissions from the 
fleet of new cars. This is an important tool for meeting emission targets in the non-
Emission Trading System (ETS) sectors [36]. 

Directive 2009/31/EC establishes a legal framework for the environmentally safe 
geological storage of carbon dioxide (CO2) to contribute to the fight against climate 
change [37]. 

Decision 406/2009/EC lays down the minimum contribution of EU Member States 
to meeting the GHG emission reduction commitment of the Community for the 
period from 2013 to 2020 for GHG emissions covered by this decision, and rules 
on making these contributions and for the evaluation thereof [38]. 

4.1 Overview of Estonian energy sector 

In Estonia the domestic fuels play an important role in the energy supply. The 
share of these fuels in the primary energy balance has remained at the level of 65–
75% during the last decade. Estonia is the only country in the world using oil shale 
as its major primary source of energy. Estonian oil shale as a fuel is characterised 
by high ash (45–47%) and sulphur (1.5–1.7%) content, low heating value (8.3–8.7 
MJ/kg) and high content of volatile matter in the combustible part (up to 90%) 
[16]. Wood is another important primary energy resource: more than half of the 
territory of Estonia is covered by forests. The third important indigenous fuel is 
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peat. Estonia’s dependency on imported energy sources was 21.2% in 2009 [39]. 
Estonia has no oil-refining capacity, therefore all petroleum products are imported, 
mainly from Lithuania, Finland and Russia. Nevertheless, Estonia has a long term 
experience of processing oil shale into shale oil, which is the only locally produced 
liquid fuel. Estonia has no indigenous natural gas, so it is fully dependent on 
imports from Russia. In the total primary energy consumption, the share of fossil 
fuels is very high, approximately 90%. 

The Estonian electricity sector is well developed and mainly organised around 
Eesti Energia AS, which is a state-owned company engaged in power generation 
and sales throughout the country. There are also some privately owned companies 
on the market dealing with generation (small-scale combined heat and power 
generation, mini hydro and wind turbines) as well as with the distribution of 
electricity. In total, the power plants of Eesti Energia AS generate approximately 
91% of the electricity in Estonia [2]. Estonia has always been a net exporter of 
electricity, mainly to Latvia, but also to Finland, Russia and Lithuania. The only 
exception was in 2009, when import exceeded the export by 82 GWh.  

In 2009, the primary energy supply totalled about 199.8 PJ in Estonia. The major 
part (81%) of it was utilised in conversion processes. Approximately half (51%) of 
the converted primary energy was used for electricity generation, and the rest for 
heat production (24%) and manufacturing secondary fuels, mainly shale oil and 
peat briquettes (25%). 8% of primary energy was utilised in the energy sector, 
including the use for non-energy purposes and transmission and transportation 
losses. About 11% of primary energy went directly to final consumption [1].  

4.1.1 Energy efficiency 

In Estonia, the efficiency of primary energy utilisation (the ratio of final energy 
consumption to the primary energy used) is approximately 52% [1], which is lower 
than in the neighbouring countries. The main factor here is that over 90% of 
electricity in Estonia is produced in condensing power plants [1]. The efficiency of 
these plants is very low, approximately 36%. Other factors, like high losses in the 
power and district heating networks, large export volumes of converted energy, 
also have an impact. 

Much work has been done in the field of energy efficiency in Estonia. A national 
goal has been set to achieve the continuous improvement of energy efficiency in 
both the energy conversion and energy end-use sectors. In 2009, the Parliament of 
Estonia approved the National Development Plan of Energy Sector until 2020 [40]. 
The Plan foresees that in order to ensure sustainable energy supply and 
consumption, energy efficiency shall be improved by energy producers, 
transporters and consumers and the share of renewable energy sources and 
combined heat and power production (CHP) shall be increased in the energy 
balance. Upon the development of sustainable energy supply and consumption, the 
awareness of the public about possible solutions and innovative technologies shall 
be increased and implementation of new solutions shall be promoted. 
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In 2005, oil shale formed 45% of the internal (i.e., excluding energy export) energy 
balance of Estonia. Such a large share of one fossil energy source in the country’s 
energy balance is considered not reasonable due to energy supply security as well 
as environment considerations. Therefore, it is envisaged to increase the share of 
other energy sources in the energy balance and to establish the infrastructure for 
more extensive energy trading with other EU Member States. However, the oil 
shale power industry shall be developed as well in order to ensure the security of 
supply. 

Regarding the electricity sector, the Plan sets a target to expand the use of CHP up 
to reaching the share of 20% of gross electricity consumption by 2020. The 
relevant schemes of operational support for CHP have been introduced. Also, it is 
foreseen to reduce the losses in power lines below 3% in distribution networks and 
below 6% in the transmission grid. 

From the end of the 2006, a connection has been established with the Finnish 
energy system through a 350 MW underwater cable Estlink. The new connection 
increased Estonia’s reliability substantially and it enables to export electricity 
produced in Estonia to the Nordic countries. The construction of the next 
interconnector (650 MW) between Estonia and Finland – Estlink 2 – is on-going 
and it is expected to be in operation in 2014. 

In order to restrain the increase of energy consumption, it is important to increase 
the efficiency of the energy system and to promote energy efficiency at end 
consumers, especially in the heating sector, which has the highest potential for 
energy conservation. Estonian energy networks have become more efficient: 
thermal energy losses upon transmission and distribution have decreased by 23% 
and power energy losses by 28% compared to 2000 [1]. This progress has been 
achieved by the development of regulation, increased energy prices and sufficient 
investment capacity of undertakings.  

For comparing the energy efficiency levels, both within a country during a time 
period and between countries, several indicators can be calculated. The most 
general macro level indicator used for characterizing the overall energy efficiency 
in a country is the primary energy intensity of the GDP, which relates the total 
amount of primary energy used in a country to the GDP at constant prices. This 
indicator represents both the efficiency in the energy transformation sector and that 
at final consumers. 

According to the Eurostat data, the average primary energy intensity in the EU was 
3.6 kg oe/1000 EUR in 2009. The corresponding indicator for Estonia was 3.3 
times higher. The main reason for the high level of primary energy intensity in 
Estonia is that over 90% of electricity in Estonia is produced in condensing power 
plants.  



54 

4.1.2 Renewable energy consumption 

The use of renewable energy sources in Estonia has been increasing since 1990. 
The changes of the renewable energy sources share in gross final energy 
consumption are shown in Figure 4.1. 

 

Figure 4.1. Share of renewable energy sources in the gross energy consumption in 
Estonia [39] 

In 2009, 36.2 PJ of renewable energy was produced and 30.0 PJ utilized. The share 
of renewable energy sources in Estonia’s energy balance is rather high: in 2009 the 
share in primary energy production was 20.8% and in gross inland consumption 
(GIC) 13.5%. In 2000, the woody biomass was the almost only renewable energy 
source utilized for energy production.  

The deployment of smaller scale CHP as an element of decentralized energy 
production strategy would increase the energy supply security in Estonia. 
Therefore, the potential use of biomass in new CHP plants can be a development 
option. Up to now, the biomass has been fired in district heating and other heat-
only boiler (HOB) plants. Today, woody biomass is more widely utilized in district 
heating plants. In 2010, there were 833 boilers firing wood as a main fuel. Heat 
production (1557 GWh) by these boilers made up 30.0% of the total heat 
production in HOB plants. Firewood is also used by households for heating and 
cooking purposes, especially in rural areas [1]. 

In Estonia, the heat production in HOB plants is relatively environment benign 
already. Nevertheless, in the Development Plan 2007–2013 for Enhancing the Use 
of Biomass and Bioenergy [41] a target was set to increase the share of heat 
produced from renewable resources in the total volume of district heat from 21% in 
2005 to 33% by 2013. 
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Since 2006, the use of wind energy for electricity generation has grown rapidly, 
reaching 2.3% of the gross inland consumption in 2009. Regarding electricity 
production from other renewable sources, there are tens of mini and micro 
hydropower plants on Estonian rivers generating a minor quantity (ca 30 GWh a 
year) of electricity while the wind electricity production was 195 GWh in 2009 
(277 GWh in 2010). Biomass (woodchips) is utilized in several power plants, in the 
case of largest plants it is co-fired with oil shale. The new support scheme together 
with the commissioning of two new CHP plants caused a jump in wood based 
electricity production from 28 GWh in 2008 to 307 GWh in 2009. In 2009, the 
total production of renewable electricity reached 541 GWh making 6.1% (1046 
GWh in 2010, 10.8%) of the gross electricity consumption in Estonia, meaning that 
the relevant target set by EU (5.1%) for 2010 was exceeded. 

As to other renewable fuels, biogas is produced in small quantities and utilized in 
some pilot plants. Regarding liquid biofuels, Estonia is in difficult situation as the 
use of biofuels in transport is so small that it is not reflected in the national energy 
balance. On the basis of energy content, the biofuels constitute 0.26% of the fuel 
use in transport. The only national support measure to transport biofuels has been 
the exemption from excise duty since 2005. The excise exemption permit for 
biofuels from the EC expired on 27 July 2011. 

In 2009, 132 MW of wind power capacity was installed in Estonia, approximately 
200 MW of new wind power capacity was constructed and connection points had 
been completed for an additional capacity of 380 MW. Also, preliminary permits 
have been given for the installation of 2600 MW of wind power. These projects are 
still in the planning process. Regarding more extensive use of wind energy, 
technical limitations are to be considered as the intermittency effects on the grid 
will need compensating capacity. It was estimated that if these limitations are 
removed, it will be possible to accommodate up to 1200 MW of wind power with 
Estlink 1 and up to 2000–2200 MW with both Estlink 1 and Estlink 2 in operation 
[42]. 

The current version of the Electricity Market Act provides that the operational 
subsidies for new wind based electricity will not be paid if the annual production of 
wind electricity reaches 600 GWh [43]. In projections of wind based electricity it 
has to be taken in account as well. Assuming the 1100 MW capacity of wind parks 
by 2020, the annual production may reach 2–3 TWh, which can reduce the CO2 
emission by 1.9–2.8 million tons, in case the oil shale based electricity is replaced.  

As to technical potential of biogas, approximately 2.1 million tons of manure with 
the energy content of 400 GWh is generated annually. If half of it could be used for 
biogas production, this would form approximately 200 GWh of primary energy. In 
addition, there are 3–4 sewage treatment plants, whose capacity allows producing 
biogas that could be utilized on the spot to meet the local needs. Until today, no 
sufficient resources have been found to produce biogas and sell it into the network 
in a larger volume.  
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For promoting the use of renewable energy resources in transport, the following 
measures are outlined in the National Renewable Energy Action Plan: 

 introducing the 5–7% blended fuel obligation on liquid fuels (by 2015); 
 transfer of public transport partially (50%) to renewable energy (by 2020); 
 encouraging car buyers to prefer environmentally friendly vehicles. 

4.2 Greenhouse gas emissions in Estonia  

In 2009, the total emissions of GHG in CO2 equivalent were 9.8 million tons and 
without land use, the land use change and forestry (LULUCF), 16.84 million tons 
of CO2 equivalent. The energy sector is the major source of GHG emissions in 
Estonia. In 2009, the energy sector contributed about 86% of total emissions, 
totalling 14.4 Mt CO2 equivalents. Compared to 1990 as the base year, the 
emissions were about 60% below that level (36.16 Mt CO2 eqv.). Most of the energy 
sector emissions (97.7%) originate from the fuel combustion and only 2.3% are 
contributed by fugitive emissions. The substantial amount of energy related 
emissions is caused by extensive consumption of fossil fuels for electricity and heat 
production. The share of oil shale, shale oil and shale gas combustion is about 
67.5% of the energy sector total GHG emissions [44]. The share of oil shale 
(including secondary fuels made from oil shale: shale oil and shale gas) in 
electricity production is even larger, being approximately 96% of the electricity 
production emissions in 2009 [45]. 

The total GHG emissions can be considered in terms of greenhouse gas intensity of 
the country’s GDP. Intensity shows the amount of emissions for the production of 
one unit of economic output. The smaller amount of emissions per one euro is 
emitted, the more environment benign the country’s economy is. In 2009, the GHG 
intensity of Estonia was 1.9 kg CO2 /EUR, which exceeds the EU average value 
(0.4 kg CO2/EUR) by 4.3 times [39, 46].  

4.3 Greenhouse gas emission reduction perspectives in Estonia 

According to the national GHG inventory 1990–2009 [44], Estonia’s emissions 
have decreased significantly between 1990 and 2009. Since then the annual 
emissions have stayed more than 50% below the 1990 level. Current analyses and 
some earlier studies [46] gave a clear indication that Estonia had no problems with 
meeting the Kyoto targets for 2008–2012. 

However, the EU has set several challenging climate and energy targets to be met 
by 2020. Among these there is a goal to reduce the GHG emissions in the EU 
Member States by at least 20% below the 1990 level. The reduction of GHG 
emissions will be achieved through the integration of two mechanisms: the EU 
Emission Trading System (EU ETS) and country targets for the non-ETS sectors. 

In 2009, the European Parliament and the Council adopted a new Directive 
2009/29/EC (amending the Directive 2003/87/EU) to improve and extend the 
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greenhouse gas emission allowance trading scheme of the Community [47]. 
Nevertheless, when the revised directive governing the EU ETS was adopted in 
2009, it was decided to introduce an harmonised EU-wide approach to the 
allocation of greenhouse gas emission allowances for the installations covered by 
the system. In particular, it was agreed that during of the ETS third phase (2013–
2020), allowances should no longer be granted for free to power plants, which 
instead would have had to buy all their allowances through auctions (or in the 
secondary market). 

However, to help modernize their electricity sector 10 Member States were given 
the option (Article 10c of the Directive 2009/29/EC) of exempting these plants 
from the 'full auctioning' rule and continuing to allocate a limited number of 
emission allowances to power plants for free until 2019 [47]. These Member States 
are eligible since they meet one or more of the relevant criteria laid down in the 
revised EU ETS Directive. These States are: Bulgaria, Cyprus, Czech Republic, 
Estonia, Hungary, Latvia, Lithuania, Malta, Poland and Romania. 

The derogation from full auctioning for the power sector is optional. Eligible 
Member States need to decide whether they want to make use of this option or not. 
The Member State needs to decide for how many years and to what extent they 
want to make use of the derogation, as the Directive defines only maximum values 
in this regard. Member States applying for the derogation need to take into account 
that the number of free allowances to be given to the power sector reduces the 
number of allowances they can sell at auction, thus lowering their national 
auctioning revenues. 

The number of free emission allowances that may be handed out to power plants is 
limited. The revised ETS Directive stipulates that even when the derogation is 
granted, the level of free allocation in 2013 must not exceed 70% of the allowances 
needed to cover emissions for the supply of electricity to domestic consumers. In 
each year following 2013, this percentage has to decrease gradually – the rules are 
set out in the Decision – and, in 2020, it has to be 0%. Eligible Member States can 
decide to distribute fewer free emission allowances than the maximum amount 
permitted. Free allowances can be given only to power plants that were operational, 
or for which the investment process was physically initiated, by 31 December 
2008. The use of the derogation is not allowed for newer power plants, in order to 
avoid undue distortion of competition on the European power market [48]. 

Decision 406/2009/EC lays down the minimum contribution of EU Member States 
to meeting the GHG emission reduction commitment of the Community for the 
period from 2013 to 2020 for GHG emissions regulated by this decision, in the 
sectors covered by the ETS [40]. Here, Estonia is among the 12 Member States 
with an allowed increase of their non-ETS GHG emissions by 2020. The decision 
provides that a Member State with a positive limit (i.e., an increase of GHG 
emissions allowed) shall ensure that its GHG emissions in 2013 do not exceed a 
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level defined by a linear trajectory, starting in 2009, on its average annual GHG 
emissions during 2008, 2009 and 2010. 

The following formula (4.1) will be applied for calculating the 2020 annual 
emission allocations for sectors not covered by the EU ETS [49]: 

1  (4.1) 

where 

 total emissions, excluding LULUCF in 20056; 

 CO2 emissions from the IPCC category ‘domestic civil aviation’ (IPCC CRF 
1.A.3) in 20057; 

 verified 2005 emissions of installations by the ETS in 2005–2007 or verified 
2007 emissions of installations by the ETS in 20078; 

 2005 emissions of installations that were included or excluded in the ETS in 
2008–2012 due to an adjusted scope applied by Member State9; 

 verified 2005 emissions of installations opted out in 2005 and included in the 
ETS in 2008–201210; 

 emission reduction percentage stated in the ESD (the Effort Sharing Decision 
– Article 3.2 of the Decision No 4006/2009/EC)11. 

Table 4.1 Estonia’s greenhouse gas emission targets for the sectors not covered by the 
EU ETS in 2020, Mt CO2 

Indicator 2005 2010 2020 

Total GHG emissions 19.16 16.84 NO 

non-ETS sectors 6.54 6.23 6.92 

% 34.10 37.00 37.90 

Estonia does not have a fixed national target for the total national GHG emissions 
up to the year 2020. But, in relation to the commitments agreed at the EU level, 
Estonia’s GHG emissions from the non-ETS sector should not increase over 11% 
by the year 2020 compared to 2005. In 2005, the total GHG emissions were 19.2 
Mt CO2 eqv. including 6.5 Mt CO2 eqv. from the non-ETS sectors and 12.6 Mt 
CO2 eqv. from the ETS sector (Table 4.1). The share of non-ETS sectors in the 

                                                      
6 Source: National inventory [2] 
7 Source: National inventory [2] 
8 Source: Community Independent Transaction Log CITL 
9 Decisions on national allocation plans for the second commitment period or data notified 
by the concerned Member States and agreed on by the Commission in the NAP process 
10 Data notified by the concerned Member State 
11 Annex II, of the Effort Sharing Decision [38] 



59 

country’s total emissions is rising (34% in 2005 and 37% in 2009). At the same 
time, the total GHG emission is decreasing as a result of the measures implemented 
in the ETS sector [50]. 

It is not possible to calculate the combined (ETS + non-ETS) volumes of GHG 
emission for Estonia as at present the national obligations have been set for non-
ETS sectors only while the national allocation plans for ETS sectors are still in the 
preparation phase. For assessing the ability of Estonia to reach the 20% reduction 
target set by the EU Climate Package, several forecasts are considered. Figure 4.2 
presents the actual inventory data for 1990, 2005 and 2009, and forecast data for 
2015 and 2020. The forecast data are given for two scenarios: the first one is based 
on the emission volumes calculated by the Technical University of Athens using 
the PRIMES model [51]. According to the modelling results, the GHG emissions 
from Estonia will be 20.4 Mt CO2 eqv. (Scenario EST 1). 

The second scenario (EST 2) has been developed using the national forecasts from 
the Report pursuant to Article 3 (2) of Decision 280/2004/EC [52]. Here, the ’WM’ 
(with measures) scenario has been selected. The WM scenario assumes that the 
policy and measures for GHG reduction have been implemented already.  

Table 4.2 GHG prognoses to 2020, Mt CO2 eqv. 

Scenarios 1990 2005 2009 2015 2020 
Reduction compared 

to 1990, % 

EST 112 41.1 19.2 16.8 20.0 20.4 50 

EST 213 41.1 19.2 16.8 21.1 19.7 52 

The emissions calculated for these scenarios are given in Table 4.2. The 
comparison of results indicates that the prognoses of GHG emissions for Estonia 
are quite similar, the difference being only 0.7 Mt CO2 equivalents. 

 

                                                      
12 Data source of scenario 1 [50] 
13 Data source of the scenario 2 [51] 
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Figure 4.2 Forecast of total GHG emissions in Estonia by different scenarios for the 
years 2010–2020 (without LULUCF), Mt CO2 equivalent  

4.4 Use of wood for energy generation  

One way for reducing greenhouse gas emissions from the energy sector is the 
wider use of wood fuels for electricity generation in Estonia. The share of wood 
fuels in the heat production is quite high already, accounting for one third of all the 
heat produced by boiler plants in 2010. At the same time, the share of electricity 
production from wood amounted only to 5 percent in 2009 [44].  

Use of wood for electricity generation is an essential option for increasing the 
renewable electricity share at the same time reducing GHG emissions in Estonia. 
The main advantage of this fuel is that wood is a renewable resource, offering a 
sustainable and reliable supply. Wood is considered to be carbon neutral. 

Wood fuel contains minimal amounts of sulphur and heavy metals. Also, wood is a 
local fuel in Estonia, and it is usually significantly cheaper than the imported fossil 
fuels. However, there are some disadvantages of using wood energy. The main 
disadvantages of wood fuel usage are the high transportation and storage costs 
[53]. 

The main factors that influence competitiveness of wood fuel as an energy source 
for electricity production are Estonian renewable energy support policy, which is 
based on energy targets and obligations, open electricity market and greenhouse 
gas (GHG) emission allowance trading mechanisms. The goal of this section is to 
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evaluate competitiveness of wood fuel in comparison with oil shale taking all these 
factors into account.  

4.4.1 Potential for electricity generation from wood 

During a long period the Estonian electricity production has been oriented to oil 
shale. Before 2009, almost 95% of all electricity was produced from oil shale. But 
within the last few years the share of renewable energy resources, including the 
wood fuel, has increased. Nevertheless, it is important to take into account that the 
potential of wood fuel for electricity production is not yet fully realised.  

According to the estimation of the wood fuel resources in Estonia the potential of 
wood, which can be used for energy production, is 8400 thousand m3 per year 
(67200 TJ) [54]. Additionally, it is possible to use the woody biomass from the 
non-forest areas and the wood processing residues. In past years the consumption 
of wood fuel was less than 4000 thousand m3 per year. From the point of view of 
wood fuel supply there is an opportunity to double the wood fuel consumption in 
Estonia. But it is important that there are technological limits for electricity 
production from wood.  

There are three primary technologies used for the electricity generation from wood: 
direct combustion, pyrolysis and gasification [55]. At the moment, direct 
combustion is the most appropriate technology, which includes two main 
opportunities: electricity production in wood-fired cogeneration plants and co-
firing with oil shale in oil shale power plants.  

Electricity production in wood-fired cogeneration plants is a widely used 
opportunity to increase the share of renewable energy sources and to reduce the 
impact on environment [56, 57]. There are three wood-fired cogeneration plants 
operating in Estonia. In the beginning of 2009, two new plants were put into 
operation: the Tartu Elektrijaam with capacity of 25 MWel and 52 MWth and the 
Tallinna Elektrijaam with capacity of 25.4 MWel and 50 MWth [53, 57]. Besides, in 
the beginning of 2011 a new wood-fired cogeneration plant – the Pärnu Elektrijaam 
with capacity of 24 MWel and 50 MWth was put into operation. Wood chips and 
peat can be used as fuel in these plants.  

Additionally, there is still a potential for some new wood-fired cogeneration plants. 
There are few places in Estonia, where the heat load is high enough for an efficient 
cogeneration. For calculation of the potential, it was assumed that one more wood-
fired cogeneration plant would be installed with electrical capacity of 25 MWel.  

By feeding the boiler partly with peat, it is possible to keep the boiler burning 
surfaces cleaner, thus the cogeneration plant can work more efficiently. As regards 
the peat share in combustion process, the technology allows to be flexible in this 
point. But peat is considered to be fossil fuel with relatively low heating value and 
high GHG emissions. From the experience of wood-fired cogeneration plants 
operating in Estonia, the optimal share of peat is about 10%.  
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Another possibility for electricity production from wood is the co-firing wood 
chips with oil shale in power plants in Estonia. Wood co-firing is a well-proven 
technology which has been successfully demonstrated in more than 200 plants 
worldwide for most combinations of fuels and boiler types in the capacity range of 
50–700 MWel [58]. 

Two circulating fluidised bed boilers are installed in the Balti and the Eesti Power 
Plants. Both units have capacity 215 MWel and are flexible for co-firing oil shale 
with wood. According to different researches and world practice the most suitable 
co-firing share for wood chips in fluidised bed boilers is 15% [59, 60]. In Estonia, 
wood chips can be used as an additional fuel in the new oil shale power plant (300 
MWel) equipped with circulating fluidized bed technology, which will be built next 
to an Eesti Power Plant after 2015. 

In Estonia, the GHG emission can be reduced by decreasing the share of oil shale 
and increasing the share of wood. The emission reduction can be calculated as a 
difference between emissions from the oil shale combustion and the wood 
combustion, according to the formula (4.2). 

∆  , (4.2) 

where 

   – specific GHG emission factor per produced electricity unit for oil shale 
fluidised bed combustion, tCO2/MWhel; 

 – specific GHG emission factor per produced electricity unit for the 
wood based electricity production, tCO2/MWhel. 

The value of the carbon emission factor for the oil shale circulating fluidized bed 
combustion is equal to 26.94 tC/TJ (27.44 tCO2/ MWhel) [33].  

A specific CO2 emission factor per produced energy unit for the oil shale fluidised 
bed combustion technology is worked out at the Department of Thermal 
Engineering of the Tallinn University of Technology [61]. The value of the CO2 
emission factor is equal to 0.965 tons of CO2/MWhel. 

According to the international agreement the CO2 emission from wood combustion 
is taken equal to zero [62]. There are other GHG emissions such as CH4 and N2O, 
but the amount of these emissions is negligible and it was not taken into account in 
further calculations.  

Therefore, the reduction of the GHG emissions can be calculated by the formula 
(4.3).  

∆ , (4.3) 

where 

  – specific CO2 emission factor of produced electrical energy unit for oil 
shale fluidised bed unit, tCO2/MWhel; 



63 

 – annual electricity produced from wood, GWh (formula 4.4). 

∑ ∑ , (4.4) 

where 

   – installed capacity for electricity production from wood, MWel; 

   – installed capacity of existing cogeneration plant , MWel; 

   – the share of wood used in cogeneration plant , %, 

PCHPj   – installed capacity of planned cogeneration plant , MWel; 

   – the share of wood used in cogeneration plant , %; 

   – installed capacity of oil shale units, MWel; 

   – the share of wood used in oil shale plants, %; 

   – operating time, . 

The potential for electricity capacity where wood is used as fuel can be calculated, 
taking into account the existing wood-fired cogeneration plants, the planned 
cogeneration plants and the wood fuel resources, which can be used in oil shale 
power plants by the following formula (4.5). 

∑ ∑ . (4.5) 

Results 

Taking into account all assumptions and data, which were mentioned in [63] the 
potential for electricity production from wood in Estonia was calculated. Using the 
formula (4.5), the total installed capacity for electricity production from wood was 
calculated. The total capacity that can be installed is close to 200 MWel. 

According to the data about the total installed electrical capacity in 2010, the wood 
based electricity producers could supply 6% from the overall installed capacity. 

Table 4.3 Potential of wood based electricity production 

Indicator 
In existing 

CHPs 
In planned 

CHPs 
In co-firing 

process 
Total 

Capacity, MWel 66.96 22.5 109.50 198.96 

Electricity production 
per year, GWh 

440.28 146.25 766.50 1 353.03 

As it follows from Table 4.3, annual electricity production from wood would reach 
1350 GWh, which is approximately 13% from the average total electricity 
production during the last 5 years.  
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Wood fuel required for electricity production is about 2000 TWh (7200 TJ). This 
amount is equal to 10.7% of available wood potential in Estonia, which can be used 
for energy production.  

The avoided GHG emissions were calculated using the formula (4.3). The 
estimated wood use for electricity production enables the reduction of the GHG 
emissions from Estonian energy sector by 1.31 Mt of CO2 per year. It is about 8% 
from the total greenhouse gas emissions in Estonia. Economic value of this 
reduction can vary from 13 to 40 MEUR, depending on the actual price for CO2. 

According to the results, the wood fuel can be competitive as a primary fuel for 
electricity generation when it is used in a cogeneration plant, even when no 
additional support is provided from the state.  

But in the case of wood usage in oil shale units as an additional energy source it is 
not competitive without the state support for wood based electricity. The reason is 
that the electricity production costs, when only oil shale is used are much lower, 
than in the case of wood being added to the co-firing process. It can be explained 
by high wood fuel prices and relative cheapness of oil shale.  

The basic calculations were made for the case when the price of CO2 emission 
allowance is 10 EUR/tCO2. There are no accurate forecasts available for the price 
of CO2 emission allowance in 2020. This price can vary in a rather broad range. 
This factor can influence the results of calculation and this impact should be 
evaluated by the sensitivity analysis. 
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CONCLUSIONS 

In the first part of the present work the carbon mass balance for thermal processing 
of Estonian oil shale was investigated. A simplified technology specific calculation 
method and a model for estimating the carbon amounts leaving the pyrolysis 
process with products and waste were worked out. The output products considered 
in the model are: total oil (primary shale oil), oil shale gas (semi-coke gas or 
generator gas), solid waste (semi-coke and ash) and for the SHC technology – flue 
gas. The further treatment of primary shale oil is not included in the model since 
the only carbon re-distribution takes place in the analysed processes14.  

1. The applied carbon mass balance method is the best way for estimating the 
CO2 emissions and carbon quantities stored with the products from the thermal 
treatment of oil shale (shale oil, generator and semi-coke gas) and residues 
(semi-coke and ash). 

2. The values of carbon emission factors for semi-coke gas and generator gas 
depend on the composition of these gases. The composition of gases depends 
primarily on the operating mode of the pyrolysis unit and less on oil shale 
heating value. In 2010, the values of carbon emission factors of semi-coke gas 
remained in the range of 17.97–18.78 tC/TJ, the weighted average value being 
18.77 tC/TJ. Carbon emission factors of generator gas were in the range of 
50.36–51.17 tC/TJ, and the weighted average value was 50.52 tC/TJ. Since the 
value of carbon emission factor is calculated by the gas composition, which 
depends mainly on the operation mode of the unit and heating value of oil 
shale, the values of carbon emission factors should be calculated annually. 

3. Carbon entering with oil shale the thermal treatment process of the solid heat 
carrier technology is divided, as follows: 45.0–46.2% leaves the process with 
shale oil, 11.3–15.5% with semi-coke gas, (which is used as a fuel for 
electricity and heat production in power plants), 3.1–3.8% with pyrolysis 
gasoline, 2.4–3.0% with semi-coke and 32.2–36.4% of carbon escapes to the 
atmosphere with flue gas in the form of CO2. 

4. In the case of oil shale thermal processing in gas generators carbon entering 
the process with oil shale can be divided by product as follows: 46.4–57.5% 
leaves the process with shale oil, 23.1–28.4% with generator gas, 2.3–2.8% 
with pyrolysis gasoline and 16.6–22.8% with semi-coke to the landfill. 

5. The carbon dioxide specific emission factor of produced oil is an important 
indicator for the environmental assessment of various oil production 
technologies. In this work the CO2 specific emission factors were calculated 
for all SHC technology oil plants: Enefit–140 in Narva Oil Plant – 2.13; 

                                                      
14 Oil shale thermal processing primarily refers to processing or pyrolysis of oil shale. The 
oil shale chemistry includes basically further processing of raw shale oil for fuel and 
chemical products [12].  
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Petroter in VKG Oil Plant – 2.18 and SHC–500 in Kiviõli Oil Plant – 
2.45 tCO2/t. The total weighted average was 2.14 t of CO2 per ton of shale oil. 

6. The correlation between the industrial and laboratory oil yields has also been 
studied in this work using the oil production actual data of the years 1990–
2010. The industrial oil yield of solid heat carrier plants was in the range of 
62.1–64.0% and of GHC plants in the range of 59.1–76.8% of the laboratory 
oil yield. 

7. In order to compare the different oil production technologies a special energy 
efficiency indicator was worked out characterizing the efficiency of utilizing 
the energy in feedstock oil shale, i.e. the ratio of the energy produced to the oil 
shale energy used. Energy efficiency indicator of solid heat carrier units is 
about 75%, the same indicator for gas generators units remains on the level of 
55%.  

The energy sector is the main contributor to GHG emissions in Europe and in 
Estonia as well. The Estonian energy generation industry is one of the most CO2 
emission-intensive energy sectors in the EU countries. In Chapter 4 the energy 
sector of Estonia was analysed from the point of energy efficiency and use of 
renewable energy sources. All the targets set in the EU Energy and Climate 
Package were evaluated focusing mainly on reaching the GHG reduction target. 

8. Wood fuel use for electricity production provides an essential option for 
increasing the renewable electricity share and accompanying GHG emission 
reduction in Estonia. At present, the total installed capacity for electricity 
production from wood is about 200 MWel in Estonia. These capacities could 
produce about 1350 GWh of electricity per year. If compared to oil shale 
based electricity the estimated wood use enables the reduction of GHG 
emission by 1306 thousand CO2 tons per year. 

9. Research results indicated that wood fuel is not competitive as an additional 
fuel for electricity production in oil shale units in co-firing process without the 
state economic support. It means that there is a high risk that electricity 
producers will stop to use wood after the state support is terminated. It means 
that CO2 allowance trading scheme cannot solve the task of wood fuel 
competitiveness as an additional fuel for electricity generation in oil shale 
units. 

10. On the other hand, calculations of electricity production costs in wood-fired 
cogeneration plants showed that wood can compete with oil shale as 
cogeneration plants are more effective, producing and selling both electricity 
and heat. 

11. Based on the GHG emission forecasts described in Chapter 4, it could be 
concluded that Estonia can meet the targets set by the EU Climate and Energy 
Package for Member States. Estonia has to find a solution for reducing the 
high share of oil shale in the fuel consumption. Today, oil shale contributes 
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almost 68% of GHG emissions from the energy sector. According to the 
analysed forecasts the GHG emission reduction will be much higher than the 
EU average target: in Estonia for 50–52%, while the required EU average is 
20%. 
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ABSTRACT 

Current research is focused on two objectives: firstly, to upgrade the methodology 
for the GHG emission calculation for the Estonian oil shale industry, and secondly, 
to assess the options for GHG emission reduction of the energy sector as the largest 
source of pollution and Estonia’s ability to comply with the new EU energy and 
climate policy obligations. 

In Estonia, two different shale oil production technologies are in use: the Kiviter 
type gas generators where the generator gas formed during the process is used as a 
heat carrier, and technology with a solid heat carrier where the residual retorting 
product – hot ash from afterburning the semi-coke is the heat carrier. The main 
difference of the two technologies lies with the feedstock – special requirements to 
oil shale. While the pyrolysis technology with the gaseous heat carrier uses 
enriched oil shale with a large lump size (25–125 mm), then unenriched and fine 
oil shale can be used in the unit with a solid heat carrier, which is the best 
technology when considering utilization of the resource. In the case of SHC 
technology, the organic matter is not disposed with semi-coke in the waste dump. 
The only disadvantage is the CO2 emission to the atmosphere with the flue gas 
discharged from afterburning the semi-coke. For gas generators there is no direct 
CO2 emission to the atmosphere because it is a closed process and the retorting 
gases are burned in the same retort and the combustion product is utilized in power 
plant boilers for electricity and heat production. 

One goal of this doctor’s thesis is to study the distribution of carbon during thermal 
processing of oil shale (retorting) and develop a calculation model for computing 
GHG gas emissions from various technologies for Estonian shale oil. The study is 
based on the annual average data from oil industries: amount of used oil shale and 
its heating value, amount of produced oil, its heating value and composition as well 
as amount of retorting gases generated during the process.  

The carbon mass balance method was used for developing the calculation model. 
The advantage of this model against the carbon dioxide balance method is the 
higher reliability because the carbon dioxide balance method would require taking 
into account the oxidation rate, thereby increasing the uncertainty of calculation 
results. The idea of carbon balance method is based on the fact that all the carbon 
that enters the process has to leave it with different process outputs. The aim of the 
work was not only to develop calculation method for computing the carbon dioxide 
emission to the atmosphere, but also to estimate the quantity of carbon stored with 
output products (oil and gas) and solid waste (semi-coke and ash). 

Because the two oil production technologies are different, the calculation methods 
for computing the carbon balance also differ. In the case of the solid heat carrier 
technology, the correction factor for the oil shale heating value due to incomplete 
decomposition of carbonate minerals during afterburning semi-coke has also been 
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taken into account when calculating the amount of carbon entering the process with 
oil shale.  

Identification of the value of semi-coke carbonates decomposition rate  is very 
important in terms of accuracy of the calculation results. The value of  is 
according of the test results in the range between 1.5–2.5.  

Plant and technology specific carbon emission factors for semi-coke gas and 
generator gas have been calculated based on the retort gas composition data 
collected in oil plants. As the composition of gases depends mainly on the 
operation mode of retorting unit, the specific emission factors have to be calculated 
annually.  

The results of the work showed that in case of solid heat carrier technology the 
carbon entering the retorting process with oil shale is distributed in the process 
outputs as follows: 45.0–46.2% of carbon is stored with shale oil, 11.3–15.5% with 
semi-coke gas, 3.1–3.8% with pyrolysis gasoline, 2.4–3.0% with ash and 32.2–
36.4% of carbon is emitted to the atmosphere with flue gas. 

In gas generators carbon entering the retorting process with oil shale is distributed 
as follows: 46.4–57.5% of carbon is bound with shale oil, 23.1–28.4% with 
generator gas, 2.3–2.8% with pyrolysis gasoline and 16.6–22.8% is deposited with 
semi-coke to waste heaps.  

The carbon dioxide specific emission factor of produced oil is an important 
indicator for the environmental assessment of various oil production technologies. 
In this work the CO2 specific emission factors were calculated for all SHC 
technology oil plants: Enefit–140 in Narva Oil Plant – 2.13; Petroter in VKG Oil 
Plant – 2.18 and SHC–500 in Kiviõli Oil Plant – 2.45 tCO2/t. The total weighted 
average was 2.14 t of CO2 per ton of shale oil. 

The correlation between the industrial and laboratory oil yields has also been 
studied in this work using the oil production actual data of the years 1990–2010. 
The industrial oil yield of solid heat carrier plants was in the range of 62.1–64.0% 
and of GHC plants in the range of 59.1–76.8% of the laboratory oil yield. 

The results of this doctor’s thesis can be used to improve the quality of greenhouse 
gas inventory at the national level and also for the developing the national 
allocation programme of CO2 emission allowances. The quality of guidelines 
prepared by Ministry of Environment can also be enhanced applying method 
developed in this work.  

The fourth chapter of the work is dedicated to the analysis of Estonian energy 
production sector as the largest source of greenhouse gases. The energy efficiency 
level and the use of renewables were analysed to assess the ability of Estonia to 
meet the national commitments set by the EU new energy and climate policy.  

Increasing the share of wood as the most significant source of renewable energy is 
a good method for reducing the GHG emissions. Research showed that considering 
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the available wood fuel resource, about 1350 GWh of electricity could be produced 
from wood avoiding 1306 tons of CO2 emission per year. 

When analysing different scenarios of GHG emissions by 2020, a conclusion can 
be made that Estonia has no problems with meeting the commitments set by the EU 
energy and climate policy. According to the calculations, Estonia will be able to 
reduce the GHG emissions by 50–52% from the 1990 level by 2020 and this is 
considerably more than the required 20%.  

 

Keywords: oil shale, shale oil, oil shale pyrolysis technologies, greenhouse gases 
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KOKKUVÕTE 

Käesoleva doktoritöö eesmärgiks on hinnata energeetikasektori kui kõige suurema 
kasvuhoonegaaside saasteallika heitkoguste vähendamise võimalusi ja Eesti 
suutlikkust täita EL-i uue energia- ja kliimapoliitikaga sätestatud kohustusi, samuti 
täiustada kasvuhoonegaaside arvutamise metoodikat Eesti põlevkiviõlitööstuse 
tarbeks. 

Tänapäeval kasutatakse Eestis kahte erinevat õlitootmise tehnoloogiat: Kiviter-
tüüpi gaasgeneraatoreid, kus soojuskandjaks on protsessi käigus tekkiv 
generaatorgaas, ja tahke soojuskandjaga tehnoloogiat, kus soojuskandjaks on 
utmisprotsessi jääkprodukti – poolkoksi järelpõletamisest tekkiv kuum tuhk. 
Oluline erinevus nende kahe tehnoloogia juures on toorainele (põlevkivile) 
esitatavad nõudmised. Kui gaasilise soojuskandjaga seade vajab rikastatud ja 
suurema tüki suurusega (25–125 mm) põlevkivi, siis tahke soojuskandjaga seadmes 
saab kasutada ka rikastamata peenpõlevkivi, mis on ressursi ärakasutamise 
seisukohast parim tehnoloogia. Samuti ei kaasne tahke soojuskandjaga tehnoloogia 
korral orgaanilise aine ladustamist koos poolkoksiga jäätmemäkke. Puuduseks on 
vaid poolkoksi järelpõletamise protsessis tekkivate suitsugaaside koostises oleva 
süsinikdioksiidi emissioon atmosfääri. Gaasgeneraatorite kasutamise korral CO2 
emissiooni atmosfääri aga ei toimu, kuna tegemist on kinnise protsessiga, kus 
uttegaasid põletatakse gaasilise soojuskandja saamiseks samas utmisseadmes ja 
põlemisproduktid utiliseeritakse kateldes elektri ja soojuse tootmiseks. 

Käesoleva doktoritöö üheks eesmärgiks oli uurida süsiniku jaotumist põlevkivi 
termilisel töötlemisel (utmisel) ja koostada mudel süsinikdioksiidi heitkoguste 
arvutamiseks põlevkiviõli tootmise erinevatele tehnoloogiatele. Uuring põhineb 
õlitööstustest saadud aastakeskmistel andmetel: kasutatud põlevkivi kogus ja 
kütteväärtus, toodetud õli kogus ja kütteväärtus ning protsessi käigus tekkinud 
uttegaaside koostised ja kogused. Arvutusmudeli väljatöötamisel on kasutatud 
süsiniku massibilansi meetodit. 

Süsiniku massibilansi meetodi idee rajaneb põhimõttel, et kogu süsinik, mis läheb 
põlevkiviga protsessi sisse, peab sealt ka protsessi erinevate väljunditega välja 
tulema. Töö eesmärgiks ei olnud üksnes utmisprotsessist atmosfääri emiteeritavate 
süsinikdioksiidi heitkoguste arvutamise metoodika väljatöötamine, vaid ka 
väljundproduktides (õli ja gaas) ning tahkes jäägis (poolkoks ja tuhk) sisalduva 
süsiniku koguste hindamine. 

Kuna õlitootmise tehnoloogiad on erinevad, siis on erinev ka süsinikubilansi 
koostamise arvutusmetoodika. Tahke soojuskandjaga seadme puhul on protsessi 
põlevkiviga siseneva süsiniku koguse väljaarvutamisel võetud arvesse ka põlevkivi 
alumise kütteväärtuse parandustegurit, mis tuleneb karbonaatmineraalide 
mittetäielikust lagunemisest poolkoksi järelpõletamisel. Arvutustulemuste 
korrektsuse seisukohalt on väga oluline ka poolkoksi karbonaatide lagunemisastme 

 väärtuse arvutamine. Antud töös on  väärtus arvutatud varasemate 
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katseandmete põhjal Narva õlitehase tahke soojuskandja (Enefit–140) seadmel. 
Karbonaatide lagunemisastme  väärtus võib teistes õlitehastes olla teatud 
määral erinev, kuid katseandmete puudumisel on töös kasutatud Narva õlitehase 

 väärtust ka kõigi teiste tahke soojuskandjaga õlitehaste süsinikubilansi 
arvutustes. 

Gaasgeneraatortehnoloogia korral on süsiniku koguse arvutamisel kasutatud 
põlevkivi tarbimisaine alumist kütteväärtust, kuna poolkoksi järelpõletamist ja 
karbonaatide lagunemist ei toimu.  

Õlitehastest kogutud uttegaaside aastakeskmise koostiste baasil on välja töötatud 
tehnoloogia- ja tehasepõhised süsiniku eriheitetegurid poolkoksigaasile ja 
generaatorgaasile. Kuna gaaside koostised sõltuvad utteseadme töörežiimist, on 
vaja igal aastal arvutada antud aasta keskmised eriheitetegurid. 

Töö tulemusena selgus, et põlevkiviga utmisprotsessi sisenev süsinik jaguneb tahke 
soojuskandjaga tehnoloogia korral protsessi väljundites järgmiselt: 45,0–46,2% 
süsinikust seotakse põlevkiviõliga, 11,3–15,5% poolkoksi gaasiga, 3,1–3,8% 
gaasbensiiniga, 2,4–3,0% süsinikku ladustatakse tuhaväljadele või aheraine mäkke 
ja 32,2–36,4% süsinikku emiteeritakse süsinikdioksiidi kujul koos suitsugaasidega 
atmosfääri. 

Põlevkivi utmisel gaasgeneraatorites jaguneb põlevkiviga protsessi sisenev süsinik 
aga järgmiselt: 46,4–57,5% süsinikust seotakse põlevkiviõliga, 23,1–28,4% 
generaatorgaasiga, 2,3–2,8% gaasbensiiniga ja 16,6–22,8% süsinikku ladustatakse 
koos poolkoksiga aheraine mäkke. 

Süsiniku massibilansside koostamise käigus kogutud ja töödeldud andmete baasil 
on leitud ka teisi õlitootmist iseloomustavaid indikaatoreid: süsinikdioksiidi 
eriheide toodetud õli tonni kohta, erinevate õlitootjate tööstuslik õlisaagis ja 
õlitootmise efektiivsuse näitajad.  

Erinevate õlitootmistehnoloogiate hindamistel kasutatakse ühe keskkonna-
sõbralikkuse näitajana ka süsinikdioksiidi eriheiteteguri väärtust toodangu ühiku 
kohta. Käesolevas töös on välja arvutatud CO2 eriheiteteguri kaalutud keskmine 
väärtus tahke soojuskandjaga tehnoloogiale tervikuna – 2,14 tonni CO2 tonni 
põlevkiviõli kohta ja eriheiteteguri täpsustatud väärtused õlitööstuste kaupa, mis 
olid järgmised: Narva Enefit–140 tehnoloogiale – 2,13; VKG Oil Petroter 
tehnoloogiale – 2,18 ja Kiviõli Keemiakombinaadi TSK 500-le –2,45 tCO2/t 
toodetud õli kohta. 

Tuginedes reaalsetele õlitoodangu andmetele, on töös uuritud ka põlevkivi 
tööstusliku ja laboratoorse õlisaagise vahekorda. Antud töö raames tehtud arvu-
tused näitasid, et 2010. aastal moodustas keskmine õlisaagis tahke soojuskandjaga 
seadmetes 62–64% ja gaasilise soojuskandjaga gaasgeneraatorites 59–77% 
laboratoorsest õlisaagisest.  
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Töös on välja arvutatud ka põlevkiviõli tootmise efektiivsuse indikaator, mis 
iseloomustab lähtepõlevkivis sisalduva energia ärakasutamise efektiivsust ehk 
milline on toodetud energia ja tootmiseks kasutatud energia suhe. Õlitootmise 
efektiivsuse näitaja poolest on parim lahendus tahke soojuskandjaga tehnoloogia, 
mille keskmine efektiivsus oli 2010. aastal ligikaudu 74%. 

Doktoritöös saadud tulemusi on võimalik kasutada riikliku kasvuhoonegaaside 
inventuuri kvaliteedi parendamiseks, samuti riiklikus jaotuskavas osalevate 
ettevõtete süsinikdioksiidi heitkoguste aruannete koostamisel. Töös esitatud 
metoodika alusel saab tõsta ka Keskkonnaministeeriumi poolt koostatavate 
juhendmaterjalide kvaliteeti.  

Töö neljandas peatükis on analüüsitud Eesti energiatootmise sektorit kui suurimat 
kasvuhoonegaaside allikat energia efektiivsuse taseme ja taastuvate energiaallikate 
kasutamise seisukohast ning hinnatud Eesti suutlikkust täita Euroopa Liidu uue 
energia ja kliimapoliitikaga sätestatud riiklikke kohustusi. Puidu kui olulisima 
taastuva energiaallika osakaalu suurendamine elektri tootmisel on hea meetod 
kasvuhoonegaaside emissioonide vähendamiseks.  

Eesti üldise energiakasutuse efektiivsuse näitaja on üks EL-i madalamaid (2009. a 
52%). Riikide energiakasutuse efektiivsuse võrdlemiseks on kasutusel majanduse 
energiamahukuse indikaator, mis väljendab primaarenergia vajadust toodetud 
sisemajanduse kogutoodangu (SKT) kohta. Eesti SKT energiamahukus oli 2009. 
aastal 3,6 korda kõrgem Euroopa Liidu keskmisest näitajast (3,6 kg oe/1000 EUR). 
Põhjuseks on asjaolu, et ligikaudu 90% elektrist toodetakse Eestis kondensat-
sioonelektrijaamade abil.  

Läbiviidud arvutused näitavad, et arvestades puitkütuse ressurssi, oleks võimalik 
toota puidust ligikaudu 1350 GWh elektrit ja hoida seeläbi ära 1306 tuhat tonni 
CO2 emissiooni aastas. 

Analüüsides erinevaid kasvuhoonegaaside heitkoguste stsenaariume aastani 2020, 
võib kokkuvõtteks öelda, et Eestil ei ole probleeme EL-i energia- ja kliima-
poliitikaga sätestatud riiklike kohustuste täitmisega. Arvutuste kohaselt suudab 
Eesti aastaks 2020 alandada kasvuhoonegaaside heitkoguste taset 50–52% võrra 
1990. aasta tasemest, mis on tunduvalt rohkem kui nõutud 20%.  
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%&'(�)*(� +,-./�01� ./2/3-45/�/2/.67�809.:/8�;2� <,/� 6.088�;25-2=�/2/.67�:0289>?<;02;2� @;<,9-2;-A� BCD,/./�-./�<,.//�>-;2�6.09?8�01�4;0>-88�98/=�10.�,/-<�?.0=9:<;02;2�@-<E;-F�300=�19/5A�8<.-3�-2=�-6.;:95<9.-5�3-8</8C�D,/�>08<�8;62;1G;:-2<�6.09?�;8� 300=� 19/5� 3,;:,�;2:59=/8�H./300=A�300=� 3-8</�-2=300=� ?.0=9:<8F� 300=:,;?8� -2=� 300=� ?/55/<8C� I2� JKLKA� JMK� 40;5/.,098/8�1.0>�NNM�98/=�300=�-8� -� 19/5�OLPK�H./300=A�MQ� 300=:,;?8ALL� ?/55/<8A� Q� 300=� 3-8</A� -2=� RS� >;T/=� 4;0>-88� 19/58UC� V/8;=/8A� ;2JS� 40;5/.� ,098/8� 300=� 3-8� :0GH./=� 3;<,� 1088;5� 19/58CD,/�8,-./�01�8<.-3�;2�,/-<�4-5-2:/�;8�;28;62;H:-2<W<,/./�-./�0257109.� 8<.-3� 49.2;26� 40;5/.� ,098/8� 3;<,� <,/� <0<-5� ;28<-55/=� :-?-:;<701� QCN�XY� 0?/.-<;26� ;2� @-<E;-� ZLK[C\::0.=;26� <0� <,/� 4;019/5� ?.0=9:<;02� -2=� 98/� ;2� @-<E;-A� <,;8� 8/:G<0.�;8�;2�<,/�=/E/50?>/2<�8<-6/C�I2�JKLK�<30�4;0/<,-205�?.0=9:<;02?5-2<8� -2=� 8;T� 4;0=;/8/5� ?5-2<8� 3/./� ;2� 0?/.-<;02C� ]9.;26� -� 7/-.� <,/8,-./� 01� 4;019/58� ;2� <,/� <0<-5� ->092<� 01� <.-28?0.<� 19/58� ,-8� .;8/2� 47JCPM�?/.:/2<-6/�?0;2<8�<0�JCSNB�;2�JKLK�ZRNAR̂[C�I<�:-2�4/�/T?5-;2/=47� 2/3� ->/2=>/2<8� ;2� <,/� _-4;2/<� /̀695-<;02� a0C� RRJ� 02� :0210.G>;<7� -88/88>/2<� 01� ?/<.05� -2=� =;/8/5C� \::0.=;26� <0� <,/8/� :,-26/8A8<-.<;26� 1.0>� b:<04/.� JKKSA� 0257� =;/8/5� 3;<,� 4;0=;/8/5� O04<-;2/=1.0>� .-?/8//=� 0;5U� :02</2<� 01� PCQWQB� 47� E059>/� 01� <,/� <0<-5� c9-2G<;<7� 01� /2=� ?.0=9:<� ;8� ?/.>;<</=� <0� 4/� 805=� ;2� @-<E;-C� \==;<;02-557A?/<.05� 3;<,� 0:<-2/� 29>4/.� SQ� 0.� ,;6,/.A� 49<� 503/.� <,-2� SMA� >-70257� 4/� 805=� ;1� 4;0/<,-205� :02</2<� 3-8� PCQWQB� O47� E059>/� 01� <,/805=� ?/<.05U� ZRM[Cd�e�� f��g���@;<,9-2;-� ,-8� -� 8:;/2<;H:A� </:,20506;:-5� -2=� ;2=98<.;-5� ?0</2G<;-5� 10.� ./2/3-45/� /2/.67� =/E/50?>/2<C� ]/8?;</� ;<8� 8>-55� :-?-:;<7A<,/� ./2/3-45/� /2/.67� 8/:<0.� ;8� :9../2<57� 92=/.60;26� .-?;=� =/E/5G0?>/2<C� I2� JKKLA� ./2/3-45/� /2/.67� 8/:<0.� 3-8� 1/-<9./=� 0257� 47300=� 19/5� -2=� ,7=.0?03/.C� h03/E/.A� =9.;26� <,/� ?-8<� /;6,<� 7/-.80<,/.�./2/3-45/�/2/.67�809.:/8�,-E/�4//2�8;62;H:-2<57�=/E/50?/=CY00=� 19/5� -2=� 300=� 3-8</� -./� <,/� >08<� 3;=/57� 98/=� ./2/3-45/19/58� 10.� ,/-<;26� ;2� @;<,9-2;-A� >-i;26� 9?� <0� SKB� O<,/� JKKS� =-<-UCD,/� ./>-;2;26� LRB� ;8� 0<,/.� ./2/3-45/8� ZRS[CD,/� 4;66/8<� ./2/3-45/� ?0</2<;-5� 10.� /5/:<.;:;<7� ?.0=9:<;02� ;2@;<,9-2;-� :095=� 4/� :028;=/./=� <,/� ,7=.0� -2=� 3;2=� /2/.67C� I<� ;8/T?/:</=� <,-<� <,/� 98-6/� 01� 4;0>-88� ;2� /5/:<.;:;<7� 6/2/.-<;02� 3;55;2:./-8/�2;2/G105=�4/<3//2�JKKS� -2=� JKL̂A� 3,/./-8�<,/� /5/:<.;:;<71.0>� 3;2=� ;8� /T?/:</=� <0� .;8/� QP� <;>/8� 4/<3//2� JKKS� -2=� JKL̂C_9../2<57A� <,/� 8,-./� 01� ./2/3-45/� /2/.67� 809.:/8� ;2� <,/� H2-5/2/.67�:0289>?<;02�->092<8�<0�-.092=�LPBC�D,/�5-.6/8<�?-.<�01�;<�;8:0E/./=�47�4;0>-88A�3,;:,�3;55�:02<;29/�<0�?5-7�-�5/-=;26�.05/�;2�<,//2/.67� ?.0=9:<;02� 1.0>� ./2/3-45/� /2/.67� 809.:/8C� j;E/2� @;<,9-G2;-k8� 2-<9.-5� :02=;<;028A� <,/� ?0</2<;-5� 01� 3;2=� -2=� ,7=.0� /2/.67� ;8-580� 20<� 19557� /T?50;</=� 7/<� O8//� l;6C� LKUCm5/:<.;:;<7� 6/2/.-<;02� 1.0>� ./2/3-45/� /2/.67� 809.:/8� ;2� <,//2/.67� 8/:<0.� ;8� ->0268<� <,/� 8<-</k8� <0?� ?.;0.;<;/8C� a-<;02-5

%&'(� ))(� ]/E/50?>/2<� 01� <,/� 98/� 01� ./2/3-45/8� ;2� @;<,9-2;-� ZLQ[C/̀2/3-45/� m2/.67� /̀809.:/8� ]/E/50?>/2<� +<.-</67� ,-8� 4//2-??.0E/=� 47� <,/� j0E/.2>/2<� ZPK[C� D,/� +<.-</67� =/H2/8� <,/� >-;204n/:<;E/8� 10.� <,/� /2/.67� 8/:<0.A� 8/<<;26� 2-<;02-5� <-.6/<8� 10.� <,/;>?5/>/2<-<;02� 01� 8<.-</6;:� ;2;<;-<;E/8� <,.096,� <,/� 7/-.8� JKJKAJKRK� -2=� JKQKC� D,/� >-;2� 60-5� 01� <,/� +<.-</67� ;8� @;<,9-2;-k8� /2/.67;2=/?/2=/2:/� 4/10./� <,/� 7/-.� JKJKC� I<� 8/<8� -� <-.6/<� <0� ;2:./-8/� <,/98/� 01� ./2/3-45/� /2/.67� ./809.:/8� ;2� /2/.67� 8/:<0.� 1.0>� LQCRB� ;2JKKM� <0� JRB� ;2� JKJKC� @;<,9-2;-� 3;55� ?.06./88;E/57� ;2:./-8/� <,/� 98/01� ./2/3-45/� /2/.67� ./809.:/8� ;2� <,/� ?.0=9:<;02� 01� /5/:<.;:;<7� -2=,/-<� -8� 3/55� -8� ;2� <,/� <.-28?0.<� 8/:<0.C� D,/� 8<-</� 3;55� -;>� <0� ./-:,<,/� <-.6/<� 01� JRB� 01� ./2/3-45/� /2/.67� ;2� H2-5� /2/.67� :0289>?G<;02� <0� JKJKA� ;2:59=;26� 20� 5/88� <,-2� JKB� 01� ./2/3-45/� /2/.67� ;2� <,//5/:<.;:;<7� 8/:<0.A� NKB� ;2� <,/� =;8<.;:<� ,/-<;26� 8/:<0.� -2=� LKB� ;2� <,/<.-28?0.<� 8/:<0.C� D,/� >-n0.� 10:98� ;8� ?9<� 02� <,/� 98/� 01� 4;0>-88� ;2_ho� ?5-2<8� -2=� -??5;:-<;02� 01� 3;2=� ?03/.C� \� ?.;0.;<7� ;8� -580� ?9<� 02<,/� 1955� ;>?5/>/2<-<;02� 01� -E-;5-45/� ,7=.0� /2/.67� ?0</2<;-5C� D,/8<-</� 3;55� -;>� 10.� -<� 5/-8<� JKB� 01� /5/:<.;:;<7� <0� 4/� 6/2/.-</=� 1.0>./2/3-45/�/2/.67�809.:/8A�>-;257�;2� 4;0>-88�_ho� ?5-2<8�-2=� 3;2=?03/.� ?5-2<8C� I2� 0.=/.� <0� ./-:,� <,;8� 60-5A� @;<,9-2;-� 3;55� ,-E/� <0;28<-55� QKK�XY� 01� 3;2=� /2/.67� :-?-:;<7A� LK�XY� 01� 805-.� /2/.67A-<� 5/-8<� JJP�XY� 01� 4;0>-88� -2=� LQR�XY� 01� ,7=.0� /2/.67� :-?-:;<7ZPL[C̀/2/3-45/�/2/.67�809.:/8�3;55�:0E/.�-<�5/-8<�NKB�01�=;8<.;:<�,/-<G;26A� >-;257� 47� 9250:i;26� <,/� 4;0>-88� ?0</2<;-5C� I2� <,;8� ./6-.=A� ;<;8� E/.7� ;>?0.<-2<� <0� /289./� <,/� -E-;5-4;5;<7� 01� 891H:;/2<� 4;0>-88./809.:/8� -<� :0>?/<;<;E/� ?.;:/8C� D,/� ;21.-8<.9:<9./� 10.� :055/:<;26300=� 4;0>-88� 3;55� 4/� =/E/50?/=A� ?.0?/.� >-2-6/>/2<� 01� <,/� p03801� 300=� ?.0=9:<8� ?.0E;=/=� -2=� <,/� 98/� 01� 8<.-3� 8948<-2<;-557;2:./-8/=CD,/� :,-26/8� 01� <,/� 8,-./� 01� ./2/3-45/� /2/.67� 809.:/8� ;2� 6.088H2-5� /2/.67� :0289>?<;02� -2=� /5/:<.;:;<7� ?.0=9:<;02� -2=� <,-<� 014;019/58�;2�<,/�.0-=�<.-28?0.<�19/58�:0289>?<;02�;8�8,032�;2�l;6C�LLCl;6C�LL�8,038A�<,-<�<,/�8,-./�01�./2/3-45/8�,-8�8,-.?57�;2:./-8/=8;2:/� JKKQC� D,/� 98/� 01� ./2/3-45/� /2/.67� 809.:/8� ;2� <,/� <.-28?0.<8/:<0.� ,-8� ;2:./-8/=� /8?/:;-557� =.-8<;:-557CD,/� @-3� 02� m5/:<.;:;<7� ?.0E;=/8� <,-<� <,/� 8<-</� 8,-55� /2:09.G-6/� <,/� ?.0=9:/.8� <0� 6/2/.-</� /5/:<.;:;<7� 1.0>� ./2/3-45/� /2/.67809.:/8� 47� ;>?08;26� <,/� ?945;:� 8/.E;:/� 045;6-<;028C� I2� -==;<;02� <0<,/8/�8/.E;:/8A�;<�;2:59=/8�<,/�?.0=9:<;02�01�/5/:<.;:;<7�1.0>�./2/3G-45/� /2/.67� 809.:/8� :022/:</=� <0� <,/� /5/:<.;:;<7� 2/<30.i8� ZPJ[CI2� JKKM� <,/� _0>>;88;02� -??.0E/=� <,/� 2/3� ?9.:,-8/� ?.;:/8� 016.//2� /5/:<.;:;<7A� -??5;:-45/� 1.0>� q-29-.7� LA� JKKSC� D,/� <-.;118� 3;554/� 69-.-2<//=� 92<;5� ]/:/>4/.� RLA� JKJKC� h03/E/.A� 8/E/.-5� 4-..;/.8/T;8<A� 5;i/� 5026� 5/-=G<;>/8� 10.� -9<,0.;8-<;02A� /2E;.02>/2<-5� ;>?-:<-88/88>/2<� ?.0:/=9./8A� -2=� :,-26/8� ;2� <,/� 5/6-5� 8<-<98� 01� 5-2=CD,/� 02� mT:;8/� ]9<7� ?.0E;=/8� <,-<� <,/� /T/>?<;02� 1.0>� /T:;8/=9<7� ;8� -??5;/=� <0� /5/:<.;:;<7� ?.0=9:/=� 1.0>� ./2/3-45/� /2/.67809.:/8C�D,/�?.0E;8;028�=/-5;26�3;<,�/5/:<.;:;<7�01�<,/�@-3�02�mT:;8/]9<7� /2</./=� ;2<0� 10.:/� 1.0>� q-29-.7� LA� JKLK� ZPR[C
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$%&'� ()'� *+*� ,-./-0,.1� 23� /42-251� ,-� 67789677:;<=2>?4.,2-� 23� 2-/� ?-,.� 23� /42-25,4� 2?.<?.;� @A/� 3/B/=� C52?-.� 23/5,00,2-0� </=� 2-/� /?=2� C=/� /5,../>D� .A/� 52=/� /-E,=2-5/-.� F/-,G-.A/�42?-.=1H0�/42-251�,0;�I-�677:D�.A/�*+*�,-./-0,.1�23�J0.2-,C�BC08;:D� .AC.� 23� KC.E,C� 7;:� C->� K,.A?C-,C� 8;6�LG�MN6OJPQR� ,.� /S4//>0� .A/JP� CE/=CG/� ECT?/� U7;V�LG� MN6OJPQW� V;XD� 6;7� C->� 6;Y� .,5/0D� C442=>Z,-GT1�[\DV\9V:];� .̂�.A/�0C5/�.,5/�.A/�=/>?4.,2-�,-�.A/�*+*�,-./-0,.123� /42-251� AC0� ,5<=2E/>� .A/� 3C0./0.� ,-� J0.2-,C� UXX_WD� .A/-� ,-K,.A?C-,C� U6̀_WD� KC.E,C� U6a_W� C->� JP� CE/=CG/� U8:_W� 425<C=/>� .26777D� BA,4A� 320./=0� >/42?<T,-G� 23� /5,00,2-0� 3=25� .A/� /-/=G1� ?0/C->� /42-25,4� G=2B.A;b�c�� �	�����I-� 677:D� .A/� .2.CT� /5,00,2-0� 23� *+*� ,-� MN6/d?,ECT/-.� B/=/:;a� 5,TT,2-� .2-0� C->� B,.A2?.� KC->� P0/D� .A/� KC->� P0/� MAC-G/� C->e2=/0.=1� UKPKPMeWD� 8Y;aV� 5,TT,2-� .2-0� 23� MN6/d?,ECT/.;� @A/� /-/=G10/4.2=� ,0� .A/� 5C,-� 02?=4/� 23� *+*� /5,00,2-0� ,-� J0.2-,C;� I-� 677:D� .A//-/=G1� 0/4.2=� 42-.=,F?./>� CF2?.� aY_� 23� .2.CT� /5,00,2-0D� .2.CTT,-G8V;V�f.�MN6/d?,E;� M25<C=/>� .2� .A/� FC0/� 1/C=� 8::7D� .A/� /5,00,2-0B/=/� CF2?.� Y7_� F/T2B� .AC.� T/E/T� UXY;8Y�f.�MN6/d?,E;W;� f20.� 23� .A//-/=G1�0/4.2=�/5,00,2-0�U:\;\_W�2=,G,-C./�3=25�3?/T�425F?0.,2-�C->2-T1� 6;X_� C=/� 42-.=,F?./>� F1� 3?G,.,E/� /5,00,2-0;� @A/� 0?F0.C-.,CTC52?-.� 23� /-/=G1� =/TC./>� /5,00,2-0� ,0� 4C?0/>� F1� /S./-0,E/� 42-Z0?5<.,2-� 23� 3200,T� 3?/T0� 32=� /T/4.=,4,.1� C->� A/C.� <=2>?4.,2-;� @A/0AC=/�23� 2,T� 0ACT/D�0ACT/�2,T� C->� 0ACT/�GC0�425F?0.,2-�,0� CF2?.�Y\;̀_23� .A/� /-/=G1� 0/4.2=� .2.CT� *+*� /5,00,2-0� Ue,G;� 8VW� [̀7];@A/� 0AC=/� 23� 2,T� 0ACT/� U,-4T?>,-G� 0/42->C=1� 3?/T0� 5C>/� 3=25� 2,T0ACT/g�0ACT/�2,T�C->�0ACT/�GC0W�,-�/T/4.=,4,.1�<=2>?4.,2-�,0�/E/-�TC=G/=.2.CTT,-G� CF2?.� :Y_� 23� .A/� /T/4.=,4,.1� <=2>?4.,2-� /5,00,2-0� ,-� 677:U0//� e,G;� 8̀W;
$%&'� (h'� *+*� /5,00,2-0� F1� 02?=4/0� ,-� 677:D� _;
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