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ABBREVIATIONS AND SYMBOLS 
List of abbreviations 
CHP  Combined Heat and Power 
CO2  Carbon Dioxide 
EEK  Estonian crown 
energyPRO Modeling software for cogeneration projects 
EUR  European monetary unit euro 
GDP  Gross Domestic Product 
GHG  Greenhouse Gas 
GWh  Gigawatt hour  
LEAP long-term energy planning model, abbreviation of Long-range 

Energy Alternatives Planning 
MARKAL long-term energy planning model, abbreviation of MARKet 

ALlocation 
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OS  Oil Shale 
PJ  Petajoule 
PV  Solar Photovoltaic 
RE  Renewable Energy 
SO2  Sulfur Dioxide 
WP  Wind Power 
 
Conversion factors 
1 EUR  15,6466 EEK 
1 GWh  3600 GJ 
 
Unit prefixes 
k  kilo, 103 
M  Mega, 106 
G  Giga, 109 
T  Tera, 1012 
P  Peta, 1015 
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INTRODUCTION 
The development of Estonian electricity generation is greatly influenced by the 
climate- and energy policies of European Union. Europe is more and more 
moving towards a carbon free power generation and increased use of renewable 
energy. In 2008 the European Union (EU) adopted an energy and climate change 
policy called Europe 2020, which targets 20% lower greenhouse gas (GHG) 
emissions compared to 1990, 20% of energy consumption from renewables and 
20% increase in energy efficiency [1].  

The development of member states is conducted through directives, such as 
2009|28|EC on promotion of renewable energy, directive 2004|8|EC on 
promotion of cogeneration and directive 2010|75|EU on industrial emissions. 
Having been a member of EU since 2004, Estonia has taken several 
commitments, of which most relevant regarding this thesis are [4,43]: 
• 25% share of renewable energy in final energy consumption in 2020,  
• 15% share of renewable energy in electricity gross consumption1 in 2015, 
• 20% share of cogeneration in gross electricity consumption in 2020,  
• 7,85 million tons of CO2 emissions from the energy sector in 2020, of which 
5 million tons from electricity generation.  

The installed capacity of power plants in Estonia is currently about 
2 500 MW, of which 1 600 MW are oil shale production units which are over 
50 years old and which does not comply with sulfur emission standards. In 2010 
about 13 000 GWh of electricity was generated, of which 89% from oil shale, 
2% from natural gas, 1% from peat and 8% from renewable energy [2]. 
Electricity generation from renewable energy is increasing and it is mainly 
produced from wood and wind power. Renewable energy formed 10,8% and 
cogeneration 13,7% of gross electricity consumption. Estonia is a country that 
exports electricity more than it imports, 34% of the produced electricity was 
exported in 2010.  

The GHG emissions in Estonia have decreased about 50% from 40,8 million 
tons of CO2 equivalent in 1990 to 20,5 in 2010. CO2 contributes currently 89% 
of the total GHG emissions. Electricity and heat production account for 77% of 
total GHG emissions in 2010, of which majority comes from power 
plants [3]. But the CO2 emissions are currently almost at the same level as in the 
year 1993. Most of the emission reduction took place in the years 1991 and 1992 
due to regaining independence from the Soviet Union in 1991 and transition 
from planned economy to market economy. Therefore additional efforts in the 
electricity generation are required for further emission reduction. 

During the next ten years a significant share of production capacities will be 
replaced. The current Development Plan of the Estonian Electricity Sector until 
2018 includes basically three options for electricity generation: oil shale, nuclear 
power and wind power with gas turbines [4]. The scenarios with other renewable 

                                                      
1 Gross electricity consumption is domestic electricity production, plus imports, minus 
exports. 
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energy sources or distributed generation are not included, since these areas have 
not yet been adequately studied in Estonia. This thesis contributes to the 
development of this particular area. 

Energy system planning models are very useful for evaluating weather it is 
possible to reach the goals of development plans and limitations of directives. 
Energy system planning model MARKAL has been previously used by Liik et 
al, Agabus and Landsberg for prognosis of CO2 emissions in Estonia [5-7]. For 
the studies related to this thesis LEAP (Long range Energy Alternatives Planning 
System) model is used and in addition to CO2 also SO2 emissions are predicted. 
Dementjeva has investigated different energy planning models and used LEAP 
for CO2 emission forecast [8].  

When planning new generation capacities, the investment decision should be 
made taken into account the impact of future EU policies, as the lifetime of 
investments is long. In the end of 2011 European Commission published a long 
term energy strategy Energy Roadmap 2050, which aims reduction of GHG 
emissions to 80-95% below 1990 level by 2050 [9]. The CO2 emissions from 
electricity production are expected to reduce by 99% due to increased use of 
renewable energy, nuclear power and carbon capture and storage. For Estonia 
this target means, that the GHG emissions should be decreased to 2,0-8,2 million 
tons. Among several other targets, Energy Roadmap 2050 suggests use of energy 
storage and smart grid solutions for distributed generation. Even though the 
primary energy consumption is aimed to decrease, electricity will have an even 
higher importance in the future due to partially replacing fossil fuels in transport 
and heating through electrification of these sectors.  

Several countries of EU have announced very ambitious energy sector 
development plans. German government has decided to phase out nuclear power 
by 2022, to reduce greenhouse gases from the 1990 level by 80% by 2050 and 
increase the share of renewable energy in the gross electricity consumption to 
80% [10]. Denmark’s energy policy has set an aim that 50% of electricity in 
2020 is generated from wind power and by 2035 all electricity and heating will 
be generated using renewable sources. By 2050 all energy supply – electricity, 
heat, industry and transport – will be covered by renewable energy [11]. United 
Kingdom has adopted a plan to reduce GHG emissions by at least 80% below 
1990 level by 2050 [12], which foresee major changes in electricity generation 
including small and micro production. 

Wind energy will have a high importance on the move towards to a low CO2 
development, but also distributed generation units like small hydro and wind, 
solar photovoltaic panels and CHP plants using biomass and biogas can be used 
to replace fossil fuels.  

There is an international trend towards an increase of distributed generation. 
The term of distributed generation, also called as dispersed generation, 
embedded generation or decentralized generation means producing electricity 
close to the consumer. In the central energy system the electricity generation 
takes place in large thermal power plants and electricity is transported to the 
consumers through power lines. The electricity distribution and especially the 
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generation (if cogeneration is not used) is related to high energy losses, which 
can be reduced using cogeneration of heat and power (CHP) and producing 
electricity close to the consumer. In addition to CHP plants distributed 
generation includes small-scale wind, solar and hydro power. Also storages are 
sometimes considered as distributed generation. Through use of production with 
high efficiency and use of renewable energy remarkable energy savings and 
emission reductions can be achieved.   

According to World Survey of Decentralized Energy in 2005, the world’s 
average share of distributed generation in power generation was 10% and by 
2025 it could reach 20%. Countries with a highest distributed generation share 
are Denmark (52%), Finland and Netherlands (48%) [13]. These are countries 
with considerable cogeneration. As the EU aims at further increased use of 
cogeneration and renewable energy, the share of distributed generation in 
Europe will grow also in the future. It is estimated that by 2020 the installed 
capacity of small-scale renewable electricity generation in Europe could increase 
over three times and reach 105 GW, of which about half would form 
photovoltaic, but also biogas and small biomass CHP-s will have a growing 
importance [14].  

Distributed generation is defined differently depending on the specifics of a 
country. It is not yet adequately studied in Estonia and there is no general 
understanding what is called distributed generation and what is not. Is it only 
electricity production for a household, producers connected to the distribution 
network or producers with an electrical output below 5 MW? In the master 
thesis, Kivipõld has estimated the potential of distributed generation in Estonia, 
which largely consists of wind power [15]. The potential distributed electricity 
generation of the study is assessed by multiplying the primary energy of 
available resources with the efficiency of power generation. But as the 
distributed generation should use locally available fuels, the assessment should 
include evaluation of available resources in smaller areas, not for the whole 
Estonia. There is already research done for biomass and biogas resources per 
county in Estonia [16,17].  

High penetration of renewable energy in the electricity generation includes 
usually high shares of wind and solar power, of which generation is fluctuating 
depending on weather conditions. In the conventional electricity system the 
power plants are operated according to the electricity demand. But generation of 
wind turbines and solar panels cannot be operated according to electricity 
demand and therefore the electricity system needs some balancing capacities. 
Palu has analyzed the balancing impact of thermal power plants in Estonia [18]. 
In this thesis the balancing ability of gas engine and availability of heat storage 
is investigated. 
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The purpose of the thesis 
The main purpose of this thesis is to analyze the potential of distributed 
electricity generation and its possibilities for meeting the targets of energy and 
climate policies. This thesis presents extended knowledge and new solutions in 
addition to the above-mentioned research work. The purpose of the work 
performed during the doctoral studies was: 
1. to make a proposal for definition of distributed generation in Estonia and to 

investigate its current state, 
2. to assess the potential of distributed generation in Estonia taking into 

account the potential for cogeneration and location of consumers and 
resources.  

3. to analyze the ability of gas engine CHP plant for balancing the fluctuating 
wind power production.  

4. to estimate the need for balancing measures in an electricity system 
containing only CHP plants, wind and solar power. 

5. to compare the possibilities of different electricity generation scenarios for 
meeting the targets of national development plans. 

6. to make a proposal for additional electricity generation scenarios in the 
development plan of electricity sector.  

This doctoral thesis is based on eight already published research articles 
written by the author of this thesis. The study was carried out during the years 
2005-2012 in Estonia while the author took part in the research projects 
Optimization of the structure of distributed electricity production, Dissemination 
strategy on electricity balancing for large scale of renewable energy and 
Assessing the impact of electricity and heat production scenarios for the 
National Development Plan of the Energy Sector until 2020. 
 
Outline of the thesis 
The current thesis includes a summary chapter and appended five published 
articles. In the summary chapter the related author’s publications, methods and 
results are described. Thesis also includes additional analyses, which have not 
been previously published. 

In Chapter 1 Material and Methods the background information, calculation 
methods, assumptions and description of software is given. The different 
possibilities of defining the distributed generation, its advantages and 
disadvantages are shortly described. The principles and data sources for 
estimating the distributed generation capacity in Estonia are presented. The 
overview of support schemes in Estonia for promotion of renewable energy and 
cogeneration is given. The potential of renewable energy resources and 
cogeneration and limitations on their usage is provided. Formulas for simple 
distributed generation potential calculation are introduced. Assumptions for 
calculating the distributed generation based on location of resources and 
consumption are also described. The overview of electricity and heat generation 
simulation software energyPRO and its modeling assumptions is given. Finally 
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energy-environment modeling tool LEAP and the principles of Estonian energy 
sector model are presented. 

In Chapter 2 Results the outcomes from calculations and simulation models 
are introduced. The definition of distributed generation in Estonia is formed. It is 
assessed how much distributed generation there is currently in Estonia and the 
potential for future developments is analyzed. The potential is examined also 
based on several resource use and plant operation restrictions. A graphical 
overview of location of renewable energy resources and electricity demand is 
presented. The renewable energy based production capacities are calculated, if 
all required electricity in Estonia would be produced in CHP plants, wind 
turbines, hydro power plants and solar panels. The same capacities are inserted 
into the energyPRO model to see, which will be the electricity and heat 
generation, fuel consumption and need for balancing capacities if the plants are 
operated according to hourly electricity and heat demand. The need for 
balancing measures is also thereby assessed. The possibilities of balancing wind 
power generation with gas engine CHP plant are also summarized. The predicted 
CO2 and SO2 emissions, electricity and heat generation, primary energy 
consumption of Estonia are given in case of several electricity generation and 
consumption scenarios in LEAP. 

In Chapter 3 Discussion the issues arising from the study are analyzed and 
the critical assessment of results is made. 

Data used for the analysis includes statistical data from the database of 
Statistics Estonia, national development plans, articles published in scientific 
journals, results from research works, annual reports from national transmission 
network operator Elering, legal acts of Estonia, master and doctoral thesis, etc. 
The study was carried out performing calculations in Excel and using modeling 
and simulation software energyPRO and LEAP.  

Network connection and power quality issues of distributed generation are 
not included in this thesis. Economical aspects have also been outside the 
framework of the current research, though the impact of distributed generation 
development on electricity price is evaluated in one of the author’s articles.  
 
Contribution of the thesis 
This thesis includes theoretical approaches, methodological and practical 
recommendations considering the future development of distributed generation. 
The originality of thesis consists of theoretical and practical results. 

Theoretical originality includes methodological recommendations for 
planning the development of distributed generation. The results expand the 
existing knowledge on the definition of distributed generation and on the 
estimation of its potential. The optimal operation objectives show different ways 
of distributed generation development aims. Theoretical methodology also 
includes developed approach for balancing the wind power with CHP plant and 
for considering the distributed generation development impact on national 
targets. 



 

 14

Practical originality of the thesis includes results from the need for balancing 
and the impact on the environment. The results of the thesis can be used for 
preparing new support schemes for promotion of renewable energy and 
cogeneration. The practical originality includes a comprehensive model in LEAP 
for Estonian energy system, which can be used to provide reliable estimates of 
various scenarios. The model can be used for preparing the analyses for 
development plans, simulation of several future scenarios, emission and energy 
usage prognoses, etc 

The current relevance of the thesis is related to fast development of 
distributed generation in Estonia as well as in the whole world supported by the 
European climate policy. The developed methodologies help to solve problems 
in energy planning. The results will be useful for energy planners, ministry 
officials and researchers. Currently a new long-term energy sector development 
plan is under a preparation and also the subsidies for electricity generation are 
being amended. Due to closing down of old oil shale power plants there is a 
need for decisions which fuels and production types will be replacing this 
generation. At the same time the uncertainty regarding the profitability of new 
investments is depending on environmental targets. One possibility of reducing 
the risks is through development of distributed generation, which has a low 
environmental impact. 
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1. MATERIAL AND METHODS 

1.1 Definition and potential of distributed generation 
In the articles [I] and [II] the definition, potential and optimal operation of 
distributed generation in Estonia is analyzed. The influence of distributed 
generation development on electricity price and on national targets is also 
assessed in these articles. 

Distributed generation can be classified based on the voltage level of network 
connection, their unit size, technology or fuel used. Some countries define it as 
production units connected to the distribution network, others have limits for the 
production capacity or include only renewable energy based production [II]. It 
also depends on which issues of distributed generation are observed. For 
example, if the electricity network problems are studied, then the focus is on 
producers connected to the distribution grid.  

But the main purpose of distributed generation is to produce electricity close 
to the consumer. The production units can be connected to the transmission grid, 
distribution grid or on the customers’ side of the meter [19]. They can produce 
electricity for a town, village, industrial site, commercial building or one 
household. The size of distributed generation units can be very different, which 
could be in some cases even up to 300 MW. The producers are classified by the 
production capacities as micro (< 5 kW), small (5 kW–5 MW), medium (5 MW–
50 MW) and large (50 MW–300 MW) producers [20].  

Distributed generation comprises all kind of production technologies and the 
assortment depends rather on availability of technology in required size. Possible 
technologies are gas and steam turbines, internal combustion engines, micro 
turbines, biomass gasification technologies, wind turbines, small hydro power, 
photovoltaic panels, fuel cells and storage units [20]. The choice of fuel depends 
on what is locally available, like biomass, biogas, peat, household waste, natural 
gas, wind, water, solar etc.  

The advantages of distributed generation are emission reductions and energy 
savings through the use of production units with high efficiency and renewable 
fuels. Use of locally available fuels, like biogas, landfill gas and biomass, 
improves independence from imported fuels. Also the network losses are 
reduced, power quality and supply reliability is improved. In addition distributed 
generation could help with peak load shaving and avoid investments into new 
transmission and distribution capacity. The construction time of small 
production units is short and a wide range of technologies allows selecting the 
suitable unit for a specific purpose [21].  

Disadvantages are related with grid connection of distributed generation 
units. The production units are not always located where the distribution 
network would mostly need them. Distribution network is designed usually for 
only one-directional power flow, therefore connection of distributed generation 
can cause power quality problems and may require rebuilding of the grid 
protection system [20].  
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1.1.1 Data about distributed generation in Estonia 
In Estonia there are no special reports on distributed generation capacity and its 
generation. Therefore the data must be collected from annual reports and 
statistical databases. Unfortunately the data available in statistical databases is 
not detailed enough for this purpose. But each year the transmission network 
operator Elering publishes reports on sufficiency of production units [22], 
security of supply [23] and annual review of power system [24], which provides 
additional information. The reports give a detailed overview of electricity 
generation, available and planned production capacities.  

As most of the distributed generators are receiving subsidies, the table of paid 
subsidies per month for each producer [25] is very useful source of data. But not 
all subsidies are paid to distributed generation producers. When examining the 
subsidies paid to producers, it is seen that in 2011 subsidized generation was 
1 213 GWh, but 308 GWh formed generation from thermal power plant [25], 
which is co-firing of oil shale with wood chips. This plant operates with not 
efficient cogeneration or even in condensing regime, therefore this generation is 
not distributed generation.  

The existing production units can be divided to distributed and central 
producers according to following principles: 
• Hydro power plants are distributed generation, as their unit size is very 

small, from few kilowatts to 1,1 MW. 
• Wind power plants on shore are distributed generation. 
• Offshore wind power plants are central generation. 
• Solar photovoltaic panels are distributed generation. 
• Micro-, small- and medium-scale CHP plants are distributed generation as 

they are operated at the high efficiency cogeneration2 regime [26]. These 
plants use renewable (biogas, wood) and fossil (natural gas, peat) fuels.  

• Thermal power plants, which operate at the condensing or low efficiency 
cogeneration regime, are central producers irrespective what fuels are used. 

 
1.1.2 Support for the development of distributed generation 
The Electricity Market Act regulates the generation, transmission, distribution 
and sale of electricity. The development of renewable energy and cogeneration 
is promoted using the feed-in-tariff, which producers will receive in addition to 
price of selling electricity to the market. Producer receives a subsidy of 
53,7 €/MWh if electricity is produced from renewable energy or from biomass 
using cogeneration. A subsidy of 32 €/MWh is paid for production from high-
efficient cogeneration using waste, peat or oil shale gas or with a high-efficient 
cogeneration with a production units with capacity up to 10 MW. For wind 
power there is an annual limit of 600 GWh, after which subsidy is not paid [27]. 

                                                      
2High efficiency cogeneration – heat and power cogeneration providing at least 10% 
primary energy savings compared to separate production 
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In the beginning of year 2012 the Ministry of Economic Affairs and 
Communications has proposed a new support scheme, by which the subsidies 
would be depending on electricity market price.  

In addition to subsidies, some small- and micro-producers have received 
investment support. Estonian Environmental Investment Centre has supported 
the investments into CHP plants and wind parks, which were financed from CO2 
quota sales. The investment support is 37,8 million € and as a result 11,8 MW 
small scale CHP-s and 24,9 MW wind power are built. Estimated annual 
electricity generation of these plants is 136,2 GWh, of which 76 GWh from CHP 
plants and 60 GWh from wind power [28].  

Estonian Ministry of Economic Affairs and Communications has a similar 
investment support program for households to buy a small wind turbine or solar 
panels with a maximum capacity of 11 kW. The total support is 1 million €, 
which could raise the distributed generation capacity by 0,5-0,6 MW [29]. But 
this is only the first, introductive support plan before wider support schemes for 
micro-generation. 

 
1.1.3 Potential of renewable energy resources and cogeneration 
Previous research on the potential of renewable sources and cogeneration has 
shown that: 
• Wood resources based on annual renewal of forests in Estonia is estimated 

to be 21 600 GWh (77 PJ) [17] of primary energy, but when excluding the 
merchantable wood (for woodworking industry, furniture industry etc), only 
30% of the resource remains for electricity generation. Based on the 
Estonian Forestry Development Plan until 2020 the energy sector could use 
up to 8 300 GWh (30 PJ) of wood annually [30] and electricity production 
could be about 2 600 GWh.  

• Straw and reed resources could be an alternative for wood. Its potential is  
3 451 GWh (12 PJ), which allow producing 1 035 GWh of electricity[16]. 

• Biogas resources produced from animal and biological waste, landfills, 
wastewater treatment plants and from herbaceous biomass are 2471 GWh 
(8,9 PJ) and their electricity generation could be 1 024 GWh [16].  

• Wind and solar potential exceeds the national electricity demand many 
times, but their production is depending on favorable weather conditions, 
which can occur also in a moment of low electricity consumption. Their 
usage is also related to electricity grid limitations. Estonian electricity grid 
currently allows connecting only 575 MW of wind turbines, if Estlink 2 
starts operating in 2014 the limit is 850-1 100 MW and the potential 
electricity generation could be up to 3 000 GWh. But with wind power 
curtailment3 the limit is 3 200-3 400 MW [31]. Current connection proposals 
have given for total over 3 000 MW wind power plants [22], with the 
potential generation of 7 500 GWh. 

                                                      
3 Reduction of wind power production for maintaining the electricity system stability. 
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• Technical potential of solar power is estimated to be 150-600 GWh of 
electricity [32], but there are no investigations made which are the grid 
limitations if there is already wind power connected to the network.  

• Hydro power potential is 300 MW and their generation 2 000 GWh, but 
technically available potential is only 30 MW and 200 GWh [33]. 

• Cogeneration potential in Estonia is estimated to be 397 MW and electricity 
generation of these plants could be 2 095 GWh [26]. This evaluation is 
based on assumption that 45% of the heat demand is covered with CHP 
plants and heat to power ratio is 3. In Denmark, which has the highest share 
of cogeneration in Europe, over 80% of heat and 60% electricity has been 
produced in CHP plants [34].  

 
1.1.4 Calculation of distributed generation potential 
The assessment of distributed generation potential in Estonia made so far has 
been looking only at the available resources and possible electricity generation 
efficiencies. The potential of generation is calculated by multiplying the 
available renewable energy resources with the efficiency of power generation.  
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where   WE – Potential distributed electricity generation  
 WE,i – Electricity generation by fuel, i=1,….,n 
 RE,i – Primary energy resource by fuel 
 ηE,i – Electrical efficiency of power unit  
There are several resources available for distributed generation – fossil and 

renewable; solid, gaseous and liquid, etc. The electrical efficiency depends on 
the technology, which in turn uses certain type of fuel. One resource can be used 
in different electricity generation technologies. 

Heat generation from CHP plants can be calculated with a formula: 
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where    WH – heat generation of CHP plants, i=1,….,n 
 Ci    – heat to power ratio4 
Based on electricity generation quantities the production capacities are 

calculated according to following formula: 
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where   PE  – Potential distributed electricity generation capacity  
 PE,i –  Electricity generation capacity by fuel, i=1,….,l 

Tmax,j – Annual full load operating hours5 of a particular generation 
capacity 

                                                      
4 Heat to power ratio shows how much heat is generated per one unit of electricity.  
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Annual full load operating hours constraint: 
0 ≤ Tmax ≤ 8760                 (4) 

For wind turbines, solar panels, hydro power plants the annual operating 
hours depend on availability of the resource. For combustion power plants the 
load factor is linked to type of generation (e.g. peak, base load or medium load 
covering). The operation of CHP plant is dependent on heat demand. In the 
electricity market conditions working hours are also dependent on the production 
price. If the production price is higher than the market price in certain hours, 
then the production unit cannot operate and therefore the annual full load 
working hours will be lower.  
 
1.1.5 Assumptions for distributed generation calculation based on 
renewable energy sources.  
Estonia’s territory is divided into 15 counties. The calculation based on 
Formulas 1 and 2 was made for each county to see how much the result will 
differ compared to calculation made for the whole country. This issue was also 
derived from the principles of energy efficiency. Minimization of energy losses 
and emissions should be aimed throughout the entire supply chain, from 
resource extraction until the consumption. Therefore it is important that 
distributed generation units use locally available fuel. If it is necessary to 
transport fuels over long distances, then additional fossil fuel (for example 
diesel) usage of transporting vehicles and thereby emitted emissions will reduce 
the positive effect of distributed generation. Also the fuel costs are thereby 
increased, which by ever-rising oil prices could form a substantial part of 
operational expenditures. For example, it was concluded in a master thesis that it 
is economically not feasible to transport reed and straw further than 50 km [35].  

The assessment of potential renewable energy based distributed generation is 
based on following assumptions: 
1. Electricity demand including grid losses is 8 500 GWh. 
2. Heat demand including network losses is 10 000 GWh. 
3. Maximum share of CHP in heat production is 80%. 
4. The available renewable energy resources for CHP plants are biogas 

(8,9 PJ), straw (12,4 PJ) and wood (30 PJ). 30% of wood is gasified and 
used in gas engines and the rest is used in steam turbine CHP plants. 

5. Technical parameters of CHP plants are presented in the Table 1. 
6. Potential electricity generation of hydro power plants is 200 GWh, from 

solar power 900 GWh and wind power 6 500 GWh [15].  
7. Wood, biogas and straw resources are divided between the counties based on 

performed studies [16,17]. Hydro resources are summed for each county 
based on the location of the potential hydro power plants [33]. Solar 
resources are divided per capita based on population distribution between 

                                                                                                                                   
5 Full load operating hours are calculated when the annual generation is divided with 
rated power output. 
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the counties. Wind resources inland are divided according to wind atlas [36] 
and availability of land in coastal areas [37]. 

8. Electricity and heat consumption are divided between 15 counties according 
to following assumptions: consumption in households per capita and in other 
sectors per GDP based on population and GDP distribution between the 
counties [2]. The calculated electricity and heat consumptions per county are 
presented in Appendix A, Tables 7 and 8. 

 
Table 1. Technical assumptions for CHP plants 

Fuel 

Electrical 
efficiency 

(%) 

Thermal 
efficiency 

(%) 

Working 
hours (h) 

Heat to 
power 
ratio 

Wood Steam 30 60 6 500 2,2 
Wood Gas 35 43 6 500 1,2 
Straw 23 67 6 500 2,9 
Biogas 40 50 8 000 1,2 

 
In the investigation process four resource usage and generation restriction 

strategies were studied: 
• Alternative 1, where electricity generation is based on locally available 

renewable fuels in a county and the operation of plants is not limited and all 
resources are used up. 

• Alternative 2, where electricity generation is based on locally available 
renewable fuels in a county and the operation of CHP plants is restricted to 
80% of heat demand. The CHP production units are prioritized in the order 
that at first the heat demand is covered with biogas produced from animal, 
biological waste, wastewater and landfills, then with wood, thereafter biogas 
produced from herbaceous biomass and as a last with straw. The remaining 
local electricity demand is at first covered with local hydro power. 
Thereafter in the areas with remarkable wind resources wind power is 
prioritized and as last solar power is used. In inland solar power is 
prioritized before wind power. The electricity generation in a county cannot 
exceed the local demand. 

• Alternative 3, where electricity generation is based on locally available fuels 
and operation of CHP plants is restricted to 80% heat demand, but wood is 
transported to counties with high electricity demand. In this scenario heat 
demand is covered at first with biogas, then with straw and thereafter with 
wood. The remaining electricity demand is fulfilled using the same priorities 
as in the Alternative 2. 

• Alternative 4, where electricity generation is not restricted to local electricity 
demand, but to total demand in the whole country. Compared to Alternative 
3 the CHP generation priorities are the same, but coastal wind power plants 
are allowed to produce more than it is locally needed.   
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1.2 Simulation of electricity and heat generation in energyPRO 
In this doctoral thesis energyPRO software was used to simulate the operation of 
CHP plants, wind and solar power. It was also used for analyzing the capability 
of CHP plant to balance the fluctuating wind power and the essence of heat 
storage, which results are presented in articles [III] and [VI]. In the article [VII] 
the same software was used for modeling the operation and performing the 
profitability analysis of CHP plants using biogas collected from the landfill. 
Also the impact of availability of biogas and heat storages on the flexibility of 
CHP plant operation was investigated. 

energyPRO is a software for design, optimization and analysis of energy 
projects developed by Danish company Energi- and Miljødata. The user is able 
to input a wide range of data on different energy plant types, external conditions 
such as demands, operating strategies, tariff structures, revenues and operating 
costs, investments and finance arrangements. CHP plants, boilers, biogas plants, 
geothermal plants, solar collectors, solar photovoltaic and wind farms can be 
analyzed using this software. It includes also different types of storages – for 
thermal energy, biogas, compressed storages, batteries, electric vehicles. Based 
on the inputs energyPRO optimizes the operation of the plant against technical 
and financial parameters and provides graphical overviews about hourly 
generation and demand curve for the whole year. Software also provides 
operating results, report for the emissions and detailed financial reports [38].  

energyPRO is an input/output model for calculating annual production in 
steps of one hour. In this thesis inputs are capacities, efficiencies, fuel data, 
hourly outdoor temperatures, wind speed and solar radiation data. It is necessary 
for the optimization to define hourly demands for electricity and heat. For this 
purpose the total consumption, its dependency on outdoor temperatures, hourly 
variation of demand during a day and period of heating is needed to define.   

The optimization in energyPRO is based on calculation periods and it is 
dependent on operational strategy. Based on inserted data, the model constructs 
for the whole planning period an hourly time series for electricity demand and 
similar curve for heat. The production units are given priorities, and additionally 
it is defined whether the partial load, production to storages and restrictions 
related to electricity and heat demand are allowed or not.  

 
1.2.1 Simulation of electricity and heat generation in an electricity system 
containing only CHP plants, wind and solar power. 
For the simulation of electricity and heat generation in Estonian energy system 
containing CHP plants, wind and solar power, the following assumptions are 
used: 
• Production capacities are the same as shown in Table 4. In addition heat 

boilers are available. 
• Technical data of CHP plants is the same as in Table 1. In addition it is 

assumed, that the minimum load of CHP plants is 30% of their rated output 
and then their efficiency is reduced by 10%. 
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• Electricity demand including grid losses is 8 500 GWh, hourly electricity 
demand and wind power production for the year 2011 is used [39]. Wind 
power hourly values are converted in energyPRO so that the maximum 
output is 1 667 MW. 

• Heat demand including network losses is 10 000 GWh, which is dependent 
on hourly outdoor temperatures for the year 2011 [40]. Heating period is 
from 1st September to 31st May. Daily profile demand from 06:00-20:59 
ratio is 10, from 21:00-05:59 ratio 8.  

• Production priorities for heat generation are: CHP biogas 1, CHP wood 2, 
CHP wood gas 3, CHP straw 4, Boilers 5. For electricity generation wind 
power and solar power is prioritized before CHP plants. 

• There are no balancing measures or storages applied. Generation of CHP 
plants is depending on heat demand and they are not allowed to produce 
more heat than needed. The generation from wind and solar power is not 
limited; the balance between demand and production is achieved through 
electricity export and import. 

1.3 Energy system modeling in LEAP  
LEAP software was used for the whole Estonian energy system modeling and 
for prediction of emissions and primary energy consumption. The articles 
[IV, V, VIII] present the assumptions for the study which was performed in 
relation to strategic environmental assessment of the Estonian Development Plan 
of Energy Sector until 2020. In the article [IV] the Estonian electricity 
production scenarios and CO2 and SO2 emissions from electricity generation 
were analyzed. The emissions from the whole Estonian energy system are 
assessed in the article [VIII]. The study also included the influence of heat 
production scenarios, but as their share in the total emissions is low [41], these 
are not separately analyzed. In the article [I, II] LEAP was used to compare the 
emissions of central and distributed energy scenarios and their capability to meet 
the national targets were evaluated.  

LEAP is a software tool for energy policy analysis and climate change 
mitigation assessment developed at the Stockholm Environment Institute. The 
software is used in over 190 countries worldwide. It is a scenario-based energy-
environment modeling tool, which can be used to create models  of  different  
energy  systems  where  each requires  its  own  unique  data  structures.  LEAP 
supports  a  wide  range  of  different  modeling methodologies: on the demand 
side these range from bottom-up,  end-use  accounting  techniques  to  top-down 
macroeconomic modeling. LEAP also includes a range of specialized 
methodologies including least cost optimization and stock-turnover modeling.  
On  the  supply side,  LEAP  provides  a  range  of  accounting  and simulation  
methodologies  for  modeling  electricity generation  and  capacity  expansion 
planning [42].  

LEAP allows simulating the whole energy system – final energy 
consumption by sectors, primary energy resources, resource production, 
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electricity and heat generation by different technologies; it calculates the energy 
balance and emissions. Electricity generation is modeled using the data about the 
production capacities, efficiencies, cogeneration capacities and maximum 
availability. The prognoses of future development are also important inputs, 
which include building of new and closing down of power units, changes in the 
efficiencies, availability etc. 

Compared to energyPRO, LEAP does not include simulation on hourly basis. 
The electricity generation operation is based on user-defined system load curve 
and dispatch rules. Model takes into account the electricity demand, network 
losses, own consumption of power plants, electricity import and export and 
calculates the annual electricity production by production unit taking into 
account the dispatch rules (base, medium and peak load covering). 

 
1.3.1 Electricity generation scenarios in LEAP 
In addition to simulations, which results are presented in articles, additional 
LEAP model was created. This model includes statistical data until the year 
2010 and nine electricity generation and consumption scenarios. The updated 
LEAP model includes following assumptions:  
1. The planning period is from 2000-2040, where 2000-2010 is based on 

historical data and from 2011 the data is either predicted by LEAP based on 
historical numbers or is user-defined as changes in the production capacities, 
building of new plants, changes in the oil shale mining and shale oil 
production (produced from oil shale) etc. 

2. The final energy consumption in different sectors will grow according to 
gross domestic product (GDP) prognosis taking into account the elasticity 
coefficient, which is calculated based on historical data. The long term GDP 
prognosis is +3,5%/year. 

3. The electricity consumption growth and export quantities are based on three 
scenarios: low (-L), medium (-M) and high (-H), which are described below. 

4. Three electricity generation strategic choices were included: oil shale (OS), 
nuclear (NU) and renewable (RE). All scenarios were constructed taken into 
account currently available production capacities, their closing down and the 
new plants under construction as stated in the report [23]. Overview of 
production capacities common for all scenarios, is presented in Figure 1. 
From the year 2025 the production capacity of existing power plants is 
1 500 MW, of which 950 MW is available on peak load hours (wind power 
and gas turbines are excluded). 

5. The evaluation is given on total emissions, which means also emissions from 
other sectors besides electricity production. The variable part of emissions of 
different scenarios will be from electricity and heat production, emissions 
from other sectors will remain the same. 

6. The emission coefficients are taken from LEAP’s database. 
7. Electricity import is assumed to be at the same level. Three scenarios in 

combination with demand growth are used for electricity export. 
8. District heating consumption will decrease 0,1% per year.  
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 Figure 1. Available electricity production capacities common for all scenarios 

Electricity demand during the last 10 years has been increasing in average 
3,2% per year. Annual growth of 2,5% until 2020 and 1,3% until 2040 [23] was 
considered as the moderate consumption growth prognosis.  

Due to increasing energy efficiency of electric appliances, replacing of 
incandescent lamps and energy efficiency improvements in the industry, the 
electricity consumption could also grow slower. Therefore consumption growth 
of +1,5% until 2020 and thereafter +0,8% was assumed in low growth scenario.  

On the other hand the plans of wider use of electric vehicles and heat pumps, 
like several European countries are planning to do for balancing the wind power 
generation, will increase the electricity demand. In 2010 private persons 
consumed 10,4 PJ (238 thousand tons) of vehicle fuel [2]. It was calculated that 
if electric vehicles would be used instead, these cars would consume 600 GWh 
of electricity. In 2010 households consumed 20,5 PJ of fuels for heating 
purposes. The use of heat pumps instead could increase the electricity 
consumption by 1 400 GWh. In total, the use of electric vehicles and heat pumps 
could increase the electricity consumption by 2 000 GWh. If this transition takes 
place during a 10-year period, this would mean an annual consumption growth 
of +2,7%. When adding also the fuel consumption in commercial and public 
sector and also partly the transport and industrial sector, the electricity 
consumption could increase even up to 3 500 GWh. For the rapid electricity 
consumption growth it was assumed +3,5% until 2020 and +1,8% until 2040. 

Electricity export has had a significant influence on energy balance and 
emissions during the last years. Therefore the three above-mentioned electricity 
consumption growth scenarios were combined with export scenarios – low 
consumption growth includes an annual export of 1 500 GWh, medium 
3 000 GWh and high 5 000 GWh.  
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2. RESULTS 

2.1 Definition and potential of distributed generation in Estonia 
There are different objectives how the distributed generation plants could be 
operated. In the electricity market conditions the producers are maximizing their 
profit. In the perspective of electricity network operators the aim could be to 
maximize the supply reliability and energy security. In the national perspective 
environmental emission reduction could be relevant. More detailed description 
of the objectives is given in article [I].  

In this thesis the basis for forming the definition is that distributed generation 
should meet the targets of energy saving, increased use of renewables and 
reduction of GHG emissions. Distributed generation in Estonia is defined as 
production units generating electricity close to the point of consumption. The 
connection point of producer is not relevant as long as the size is suitable to 
cover the local demand. In case of fuel combustion technologies, the production 
should take place at high efficiency cogeneration regime. Preferably the 
renewable energy sources should be used. 

In Estonia distributed generation currently comprises production units with a 
capacity up to 25 MW of electricity. This includes all high efficiency CHP 
plants, wind turbines, hydro power plants and solar photovoltaic panels. 
Overview of estimated number of production units, electrical capacities and their 
electricity generation in 2011 is presented in Table 2. The capacity of distributed 
generation has grown from 108 MW [II] in 2008 to 279 MW in 2011 and their 
production forms currently about 12% of the gross electricity consumption.  

 
Table 2. Distributed generation in Estonia in 2011 

  
Number 
of units 

Electrical 
capacity 
(MW) 

Electricity 
generation 

(GWh) 
Biogas 3 4 16 
Hydro ~40 5 31 
Natural Gas 8 20 77 
Peat 

3 66 
71 

Wood 439 
Wind 85 184 365 
Total ~140 279 998 

 
Distributed electricity is generated mainly from wood and wind power, but 

includes also fossil fuels like natural gas and peat. About 200 GWh of the 
electricity generation comes from producers connected to the distribution 
network [23]. In addition in 2010 power producers with a total capacity of 
33 MW produced 107 GWh of electricity and 567 GWh of heat for self 
consumption and this was generated from natural gas, wood, shale oil gas, oil 
shale and wind [2]. The statistical data does not include off-grid micro-producers 
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like small wind turbines and photovoltaic panels. Their total capacity is less than 
200 kW and they are producing electricity for households, lighthouses and 
weather stations. Also some industrial companies have installed distributed 
generation, for example ABB Estonia has a 25 kW of PV panels [44]. Therefore, 
the share of distributed generation is actually even little higher when taking into 
account the electricity produced for self consumption and in off-grid solutions. 

 
2.1.1 Potential of distributed generation in Estonia 

It is estimated that by the year 2020 distributed generation in Estonia could 
reach 900 MW of electricity and 1 100 MW of heat and it could cover 40% of 
electricity and 65% of heat gross consumption. This capacity includes 400 MW 
of wind power, 490 MW CHP plants on wood, peat, natural gas, biogas and 
household waste and 10 MW hydro power. Most of these producers would 
receive subsidies for their electricity generation, which are paid by the end-
consumer as renewable energy fee. In the year 2012 it is 9,7 €/MWh and due to 
distributed generation development the fee is raised to 20 €/MWh [I].  

The distributed generation potential based on location of consumers and 
resources is presented in Table 3. The evaluation was made based on renewable 
energy resources and electricity and heat demand per county. Assumptions for 
these calculations were described in chapter 1.1.5. More detailed information 
regarding electricity generation can also be found in Appendix A, Tables 9-12.  

 
    Table 3. Electricity generation of renewable energy based scenarios in GWh 

Fuel Alternative 1 Alternative 2 Alternative 3 Alternative 4 
Biogas 988 699 988 988 
Hydro 200 200 200 200 
Solar 900 551 578 500 
Straw 1 035 221 635 697 
Wind 6 500 1 776 1 669 3 500 
Wood 2 599 1 458 2 497 2 615 

Total 12 222 4 904 6 567 8 500 
 
Alternative 1 shows that in case the operation of distributed plants is not 

limited and all potential resources are used up, the total electricity generation is 
12 222 GWh. This is higher than the gross electricity consumption (8 500 GWh). 
The graphical overview of potential electricity generation and consumption per 
county is visualized in Figure 2. In case the operation of plants is restricted to 
local electricity and heat demand and only local fuels are used (Alternative 2), 
the electricity generation is only 58% of the gross consumption. This is due to 
lack of local resources, the reasons of which are analyzed below. If wood 
resources can be used in other counties (Alternative 3), the share in gross 
electricity consumption increases to 77%. If wind power plants are allowed to 
produce more than locally needed (Alternative 4), it is possible to cover the 
whole electricity demand with renewable energy based generation.  
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Figure 2. Overview of location of renewable resources and electricity demand in Estonia 

From the Figure 2 and Tables 9-12 in Appendix A it is seen, that: 
1) Approximately half of the total electricity and heat consumption is situated 

in Harju county. 
2) Pärnu, Hiiu, Saare, Harju and Lääne counties have the most resources.  
3) Hiiu county has the biggest surplus of energy having 30 times more 

resources than it is locally needed. 
4) Harju and Tartu counties are the only counties with local generation deficit, 

as there are not sufficient renewable energy sources in these counties. 
5) Harju county can produce only 30% of the electricity it requires and can 

generate only 25% heat with CHP plants. In case of Alternative 3 and 4, 
where wood from other counties is transported there, it is possible to supply 
CHP plants with needed biomass. But there is still 35% of electricity 
demand not covered.   

6) Tartu county can satisfy 60% of its local demand. Tartu has enough 
resources for CHP plants, but in lack of other generation, as its hydro, wind 
and solar resources are rather limited.  

7) Ida-Viru county has not enough resources for CHP plants, but its hydro and 
wind resources can compensate this deficit.  

8) Hiiu, Lääne and Saare counties have outstanding resources, but low 
electricity consumption. This is due to large wind power resources, but also 
plenty of wood. 



 

 28

9) Comparison with currently available production capacities show, that the 
capacity of existing wind parks in Lääne county is 110 MW [48], which 
already produce more electricity than it is locally needed. 

10) The existing CHP plants in Harju, Tartu and Pärnu counties are already 
using about 80% of the wood resource available for electricity generation in 
these counties. 

11) Solar power, as the most expensive electricity generation units should be 
promoted mainly in bigger towns – in Harju and Tartu counties. In Lääne, 
Hiiu, Saare, Pärnu, Ida-Viru and Lääne-Viru there is no need for solar 
power, as there is enough wind power and cogeneration available. 

12) Based on principles of distributed generation, to produce electricity close to 
the consumer, the extensive wind power development in Hiiu, Saare and 
Lääne counties should be avoided and instead the wind parks should be 
located in Harju county.  

 
Calculated electrical capacities, primary energy consumption, and electricity 

and heat generation of alternative, which satisfies the current electricity demand 
(Alternative 4) is seen on the Table 4. 

 
Table 4. Calculated electricity and heat generation based on renewable 
sources and cogeneration 

Fuel 
Resource 

(PJ) 

Electricity 
generation 

(GWh) 

Electrical 
capacity 
(MW) 

Heat 
generation 

(GWh) 
Biogas 8,9 988 124 1 186 
Straw 10,9 697 107 2 021 
Wood Gas 9,0 872 134 1 046 
Wood Steam 20,9 1 743 268 3 747 

Total CHP 49,7 4 300 633 8 000 
Wind 12,6 3 500 1 667 0 
Solar 1,8 500 500 0 
Hydro 0,7 200 30 0 
Boilers 8,0 0 0 2 000 

Total 72,8 8 500 2 830 10 000 
 
According to calculations described in Chapter 1.1.4, 633 MW of CHP plants 

and 2 197 MW wind, solar and hydro power plants could provide the electricity 
currently required in Estonia. In this case CHP production would form 80% of 
heat and 50% of electricity generation. Full potential of wood, biogas and straw 
resources is used to provide this electricity and heat. Based on the assumptions 
on resources about 80% of the heat in boilers should be produced from fossil 
fuels as there are not enough of renewable fuels. Also, quite a significant amount 
of wind and solar power is needed, as their generation together with hydro 
power will cover 50% of the electricity demand. 
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2.2 Balancing the energy system with high share of wind power and 
cogeneration. 
The results in article [III] showed that a 3 MW gas engine CHP plant is able to 
balance the production of a wind park which is about the same size as the CHP 
or to balance a 20% forecasting fault of 18,4 MW wind park. But already in this 
case the CHP production is reduced by 30% of the normal annual production. 
Building of heat storage will improve the CHP operation as it will allow 
producing more electricity than the heat demand would allow at the moment. 
The biggest effects are achieved with smallest storage sizes and the investment 
payback time is 4 years. The heat storage is most useful from April to October, 
as there is no excess heat in the winter, because the heat demand is high, CHP is 
running on full load and boiler is used to cover the peak heat consumption. But 
for the CHP technology with other heat to power ratio and with a different 
adjustability of power generation, the results could be different.   

In the article [VI] the balancing capability of two CHP plants instead of one 
were investigated. In this case there would be a 1,5 MW CHP unit in addition to 
3 MW CHP. Compared to article [III] the electricity consumption is 10 GWh 
higher, which means that the results of the two articles are not fully comparable. 
In the article [VI] it was concluded that CHP units alone can cover the heat and 
electricity demand quite well even though the plant is operating according to the 
heat demand. This means that most of the wind power is not consumed locally. 
When the operation of CHP units is dependent on wind power generation, then 
the plant has to reduce its production by half and second CHP unit is used rarely. 
The availability of heat storage will increase the CHP production by 10%. The 
simulation of different operational strategies and availability of storages proved 
that the lowest electricity export and import is from the alternative, in which the 
operation of CHP plants is related to wind power production and there is a 
bigger heat storage available. As in this case the electricity generation is 40% 
lower than in the normal operation, the incomes from electricity sale or 
downward regulation must compensate the reduction of electricity generation. 

In Estonian central power plants the excess heat is mostly not used for district 
heating as there are not sufficient heat consumers nearby. Based on energy 
efficiency principles it is not reasonable to waste the surplus heat and therefore 
electricity generation in CHP plants should be favored. According to the same 
principle, also the CHP plants should not use waste heat chillers. In the article 
[VII] it is shown that in case of biogas plant, waste heat chillers can be allowed 
as the landfill gas production is almost constant throughout the year and there is 
usually no gas storage. The environmental issues regarding biogas require that 
the gas generated in landfills, wastewater treatment plants and bigger farms has 
to be collected. If the gas is emitted to the air, it will contribute to global 
warming as methane, the main component of biogas is one of the greenhouse 
gases. The impact of methane emissions on global warming is 21 times higher 
than the CO2 emissions which are emitted when burning the biogas. If the 
collected gas is simply burned in a flare, the energy is wasted, but using it in the 
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CHP plant reduces the environmental effect even more through reducing the 
electricity production of fossil power plants. As their generation is constant 
throughout the year, it will not require balancing like the fluctuating wind 
power.  

The availability of biogas storage was discussed in the article [VII] as a 
possibility to reduce the need for natural gas which is sometimes used in peak 
load boiler if there is not enough biogas available. The heat storage could be 
useful in spring and autumn, when the heat demand is only slightly higher than 
the heat production from CHP plant.  
 
2.2.1 Simulation of renewable and cogeneration based electricity and heat 
generation 
The electricity generation capacities presented in Table 4 were used as inputs in 
energyPRO and their simulation was made on the basis of hourly data for the 
year 2011. The summary of simulated electricity and heat generation and 
primary energy consumption in energyPRO is given in Table 5. 
 

Table 5. Simulated electricity and heat generation based on renewable 
sources and cogeneration 

Fuel 
Resource 

(PJ) 

Electricity 
generation 

(GWh) 

Electrical 
capacity 
(MW) 

Heat 
generation 

(GWh) 
Biogas 8,9 985 124 1 242 

Straw 7,9 500 107 1 479 

Wood Gas 12,3 1 170 134 1 465 

Wood Steam 19,7 1 645 268 3 289 

Total CHP 48,9 4 300 633 7 475 

Wind 12,6 3 500 1 667 0 

Solar 1,8 500 500 0 

Hydro6 0,7 200 30 0 

Boilers 10,0 0 0 2 525 

Total 74,0 8 500 2 830 10 000 
 
The simulation showed that in case of the same production capacities as 

presented in Table 4, CHP plants would produce 75% of heat and 50% of 
electricity. Although it is possible to produce the same amount of electricity by 
CHP plants, the share of fuels is a little different. The generation from wood 
gasification plants is higher and from straw lower. It is also seen that compared 
to calculated primary energy consumption, the simulated consumption is 1,2 PJ 
higher. This is due to reason that CHP plants operate also on partial load, where 
efficiency is lower. 

                                                      
6 Hydro power production was not simulated in energyPRO therefore the same data as in 
Table 4 is used. 
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An important outcome of the hourly simulation is that energyPRO also shows 
the monthly and annual electricity import and export quantities. The annual 
electricity generation equals the gross electricity consumption, but actually 16% 
(1 350 GWh) of electricity generation appears in the time when the consumption 
is not so high and therefore this electricity is exported. Similarly, 16% of 
electricity consumption cannot be covered with local generation and this 
electricity is imported. The graphs about hourly electricity and heat generation 
during selected months are given in Appendix A, Figures 10-14. The monthly 
electricity consumption, production, export and import quantities are presented 
in Figure 3.  
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Figure 3. Monthly electricity consumption, production, export and import of simulation 
results in energyPRO 

From Figure 3 it is seen that the largest part of export occurs in March, 
October, November and December and high import during the summer months 
and in January, February. Hourly electricity generation in selected months is 
seen in Appendix A, Figures 12, 13 and 14. 

The hourly electricity generation and consumption is seen in the Figure 4.  
For the comparison a similar graph without electricity consumption is presented 
in Appendix A, Figure 11. As seen from the Figure 4, the maximum electricity 
generation is 2 100 MW, whereas the maximum demand is 1 600 MW. During 
the analyses it was observed that the maximum required export capacity is 
1 200 MW and import capacity 900 MW. But usually there is a need for 
500-600 MW of balancing capacities.  

In an electricity system containing of only CHP plants, wind and solar power, 
there can sometimes be several days with very low wind power generation 
(Appendix A, Figure 12), and therefore substantial part of electricity 
consumption relies on electricity import. There are also situations where during 
a one day there could be a need to import 500 MW and few hours later the 
export of 500 MW is required.  
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Figure 4. Annual electricity consumption and simulated electricity generation 

In December (Appendix A, Figure 14) about half of wind power production 
is exported, as the wind conditions are very favorable. Solar power is useful for 
covering the peak demand from April to September. In summer its daily peak 
production ranges between 50-500 MW (Appendix A, Figure 13), but in winter 
its production is very small, usually 10-20 MW and reaching only in very few 
days 50-100 MW. 

In summer the heat demand is low and therefore CHP plants can cover about 
30% of the electricity consumption (Appendix A, Figure 13). The minimum 
electricity demand in June is 550 MW, which all could be covered with CHP 
plants. But Figure 10 in Appendix A shows, that the simulated heat demand in 
summer is only 300 MW. The electricity generation can be increased if CHP 
plants could provide cooling, which tri-generation CHP plants are able to do. In 
the tri-generation plant the cooling is produced from the waste water using an 
absorption chiller. 

2.3 Influence of electricity production scenarios on national targets 
Different electricity generation scenarios and their emissions have been analyzed 
in several articles. The results of the article [IV] showed that all electricity 
production scenarios of development plan have a decreasing CO2 and SO2 
emissions starting from the year 2016, when the old oil shale units were assumed 
to be closed down. This will have a significant impact especially on SO2 
emissions as the SO2 emissions of new oil shale power units are over 100 times 
lower. But it is still important to limit the oil shale mining and extensive oil 
shale power production, as the oil shale scenarios have the highest CO2 
emissions. The predicted CO2 emissions from electricity generation in 2030 
could be between 3,5 and 9,5 million tons depending on which scenario will be 
realized. SO2 emissions could be from 2 to 55 thousand tons. The best scenarios 
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regarding the pollution level are nuclear and wind power. In the nuclear scenario 
a large electricity import is expected during a ten year period as by 2016 the old 
oil shale power units were assumed to be closed down, but the nuclear power 
plant could start operating in 2025. The CO2 emissions of wind power scenario 
are a little bit higher than of nuclear power, because of natural gas used for 
balancing the wind power.   

In the article [IV] the emissions from electricity generation were assessed, 
whereas the article [V] examines the total emissions of Estonia. The total CO2 
emissions in 2030 could be between 15 and 23 million tons and SO2 emissions 
from 10 to 60 thousand tons. From the study it was concluded that none of the 
scenarios meets the target of the development plan to reduce the CO2 emissions 
two times. It was also stated that the CO2 emissions have a growing trend, which 
is mainly resulting from the use of oil products in the transport sector. SO2 
emissions of the most scenarios are after 2016 in the same, low level, as the 
difference in oil shale based generation will not affect the results in a significant 
way.  

Comparison was also made between distributed and central electricity 
generation scenario. In the article [II] it was concluded that the development of 
distributed generation will reduce the CO2 emissions of electricity and heat 
generation three times. Distributed generation will have an important role to 
meet the national targets. Whereas the central generation scenario proved that 
not all national goals are fulfilled. In case of development of central power 
generation the use of cogeneration is hindered and therefore the target of CHP 
generation share in electricity gross consumption will be not be met. Also, the 
CO2 emission of central generation scenario is higher than the target.  
 
2.3.1 Comparison of oil shale, nuclear and renewable energy scenarios 

In this section the results from the updated LEAP model are presented, which 
are based on assumptions in Chapter 1.3.1. Comparison of electricity generation 
capacities in 2010 and 9 scenarios in 2040 is given in Figure 5. Other production 
capacities in Figure 5 are biogas, hydro, peat, solar and waste. For the renewable 
energy scenario it is assumed that the new oil shale power units are co-firing 
50% oil shale and wood. Therefore the oil shale production capacity of this 
scenario is lower than in nuclear scenario. The total production capacities of the 
renewable energy (RE) scenarios are higher than for oil shale (OS) and nuclear 
(NU) scenarios, as this includes wind and solar power, which have low 
availability and cannot be considered available during the peak load hours.  

As seen from Appendix A, Figure 15, the electricity demand of different 
consumption growth and electricity export scenarios is rather different. In case 
of low growth scenario the electricity demand (including consumption, network 
losses, own consumption and export) in 2040 is 13 200 TWh and peak power 
requirement 2 500 MW. But in high growth scenario consumption is 
22 000 GWh and peak load 4 200 MW, which is over 1,5 times higher than of 
the low growth scenario. This means that very different amount of investments 
into electricity production capacities are needed.  
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Figure 5. Comparison of electricity generation capacities in 2010 and 2040 

The total Estonian CO2 emissions in Figure 6 shows that the emissions from 
renewable and nuclear scenario in 2040 are between 12 and 14 million tons, of 
which 3,5 to 4,5 million tons is from electricity and heat production. The 
emissions are in low level regardless of whether consumption is growing rapidly 
or slowly, as most of the renewable and nuclear electricity generation scenarios 
are CO2 free. The emissions from oil shale scenarios are from 21 to 29 million 
tons and are greatly depending on the demand growth. Thus different electricity 
consumption growth and export scenarios impact the emissions of oil shale 
scenario significantly.  

 
Figure 6. Total CO2 emissions of different electricity generation scenarios in million tons 
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SO2 emissions presented in Appendix A, Figure 16 are decreasing due to 
closing down and renovating the old oil shale based power units, which form a 
majority of current emissions. It is also seen from the Figures 6 and 16 that the 
reduction of emissions takes place later than predicted in the articles [IV, V]. 
This is due to EU Directive 2010|75|EU, which allows to operate the old oil 
shale power units without filters with limited (17 500) working hours during the 
period 2016-2023. It has also now become clear that sulfur-capturing filters will 
be installed to 4 power units. This will also increase SO2 emissions compared to 
the initial assumption where these production units were assumed to be closed 
down in 2016.  

In case of renewable energy scenarios it was still assumed, that the old oil 
shale power units will not be used from 2016. This will have a significant 
emission reduction compared to oil shale and nuclear scenarios, which use the 
old power units with limited working hours until 2023. Figures 6 and 16 show 
that due to closing down of oil old shale power units the CO2 and SO2 emissions 
of renewable energy scenarios will be two times lower than in other scenarios.  

 
Figure 7. The total primary energy consumption of different electricity generation 
scenarios in PJ 

The primary energy consumption has grown from 200 PJ in 2000 to 240 PJ in 
2010. Figure 7 shows that by the year 2040 primary energy consumption will 
reach 240 to 380 PJ. Nuclear power scenario has the highest primary energy 
consumption. The use of renewable energy and cogeneration for electricity and 
heat production can reduce the total primary energy consumption by 30-35% 
compared to nuclear scenario.  

The primary energy consumption by fuel type of RE-M (renewable, medium 
growth) scenario is seen in Appendix A, Figure 17. It is seen from the figure that 
it is possible to cover 35-45% of the primary energy consumption by renewable 
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energy. For the low electricity demand growth scenario it is possible to reach 
even a share of 55%.  

In the year 2010, 160 PJ (44 490 TWh) of primary energy was used for 
electricity and heat production in Estonia [2]. Overview of consumed fuels, 
produced useful energy and losses is given in Figure 8. Currently only 44% of 
consumed primary energy reaches the consumer (if considering also electricity 
export as consumption), which means that 56% of energy is lost during the 
electricity and heat production and distribution processes. The biggest losses 
appear during the electricity generation process, which has therefore the highest 
potential for energy saving.  

 
Figure 8. Energy balance of electricity and heat generation in 2010 in GWh 

Comparison can be made with primary energy consumption of renewable 
energy based electricity generation. Simulation results presented in 5 show that 
only 74 PJ of energy is used to produce electricity and heat in CHP plants and 
from wind, solar and hydro power. Thus it is possible to reduce the current 
energy consumption by 86 PJ when using renewable energy and cogeneration 
for electricity and heat production and limiting the electricity export. 

In 2010 electricity and heat generation formed 71% of the total CO2 
emissions [3]. With the renewable energy based electricity and heat generation 
the emissions can be reduced by 83% compared to 1990 level. Share of 
electricity and heat production in the primary energy consumption was 68% [2]. 
Simulations and calculations have shown that primary energy consumption can 
be reduced by 35% by using cogeneration and renewable energy for electricity 
and heat production. The share of renewable energy in the primary energy 
consumption in 2010 was 14% [2] and this can be increased to 55%. Renewable 
energy formed 10,8% [2] of the electricity gross consumption and this should be 
then increased to 100% to meet the above-mentioned targets. In 2010 CHP 
plants produced 35% [2] of the heat and this should be then increased to 80%. 
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3. DISCUSSION 
In the Chapter 2.1 it was shown that theoretically it is possible to cover 50% of 
the current electricity and 80% of heat demand by CHP plants. The question 
arises if it is realistic to reach such a high share of CHP generation. The heat 
demand is currently approximately 10 000 GWh, which has a slightly decreasing 
trend. But the additional potential of local CHP plants in industry and 
commercial sector have not been taken into account in these calculations. Also, 
household consumers could have micro-CHP plants in the future. Based on 
statistical data on fuel consumption in these sectors, their heat consumption 
could be an additional 5 500-6 000 GWh. Thus there is a great potential for CHP 
plants in buildings in which heat is currently produced with a boiler or furnace.  

The share of cogeneration in electricity production depends on CHP 
technology, which determines the heat to power ratio. The smaller the heat to 
power ratio, the more electricity is produced and the higher the CHP share in 
electricity consumption is. The results presented in Table 5 are based on an 
assumption that approximately half of electricity generation in CHP plants is 
produced with gas engines, which have a heat to power ratio of almost 1. An 
additional benefit of gas engines is their excellent balancing capability. But their 
usage is limited as they use gaseous or liquid fuels. Typical fuel for this type of 
CHP-s could be natural gas or biogas. In Estonia the main renewable energy 
resource is wood, which can be used in a steam turbine CHP with a heat to 
power ratio from 2 to 5. This means that less electricity is produced per 1 MWh 
of heat. The development of gasification technologies has provided the 
possibility to also use biomass in gas engines, but as a drawback the gasification 
is related to losses. 

The second point of discussion is the preciseness of electricity and heat 
consumption estimation per county, which is seen in appendix A, Tables 7 
and 8. As the consumption is not given in so detailed form in statistical 
databases or annual reports, the consumption has been divided between counties 
according to assumptions in Chapter 1.1.5. The only available data for the 
comparison of electricity consumption is for the year 1999 [45]. The change in 
percents compared to this data is presented in Figure 9. Lääne county is not 
represented in this figure, because the study [45] did not include data for this 
county. In average the electricity consumption has risen 1,5 times during the last 
12 years. Figure 9 show that consumption has increased the most in Harju and 
Tartu counties. The comparison with statistical data indicates the same 
tendencies, as according to statistics people have moved from neighboring 
counties to these two counties and also the GDP has grown faster there.  

Also comparison of electricity and heat consumption can be performed with 
research works made for Võru and Põlva counties. The electricity consumption 
in Võru county in 2009 was 145 GWh and heat consumption approximately 
230 GWh [46]. In the current thesis the consumption was calculated in the year 
2011 to be 140 GWh of electricity and 212 GWh of heat. The electricity 
consumption in Põlva county in 2005 was 89 GWh and heat production in boiler 
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houses 178 GWh [47] and calculated numbers for the year 2011 are 109 GWh 

and 168 GWh. Compared to year 2005 the electricity consumption in Estonia 
has increased 14% and heat consumption decreased 5%, so based on these two 
examples it can be concluded that the preciseness of calculations is quite good. 
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Figure 9. The calculated electricity consumption per county compared to the year 1999 

In the articles [III, VI] the capability of gas engine CHP plant to balance 
wind power production was analyzed. For this purpose CHP plants have to 
reduce its production and this will affect the profitability investment. The 
purpose of using local CHP plants for balancing is to avoid investments into 
transmission capacities. But the effect of balancing wind power production with 
locally available CHP plants in Estonia is rather low. The best wind resources in 
Estonia are situated in the coastline and islands of western Estonia, where the 
transmission capacity is not sufficient. Calculations based on data in 
Appendix A, Table 7 show that the electricity consumption in Lääne, Hiiu and 
Saare counties is low and the maximum potential for local CHP plants is about 
30 MW of electricity. But the installed capacity of already available wind power 
in this area is almost 120 MW [48]. Therefore even if the full potential of CHP is 
applied in these counties, their balancing effect is limited. Palu has also shown 
that regulating activities of CHP will result in increased fuel consumption and 
extra costs for starting and stopping the plant, increased maintenance costs, 
reduced lifetime and higher air emissions [18].  

There are also several other possibilities for balancing the fluctuating 
electricity generation. In the open electricity market electricity export and import 
can be used to balance the fluctuating production. In Scandinavia the hydro 
power plants are used to balance the wind power production. But the 
transmission capacities to neighboring countries are limited. In Estonia the 
planned 500 MW pumped hydro plant could provide the same task. Smart grid is 
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also highly related to the development of distributed generation. Demand side 
management can be used by changing the demand through switching off and on 
the consumers’ appliances. Also electricity storages such as batteries, super 
capacitors, compressed air storages, production of hydrogen and its usage in the 
fuel cells, etc can be used. 

The articles [III, VI, VII] showed that the flexibility of CHP production can 
be improved through heat storage, heat blow-off and biogas storage. But the heat 
storage is useful mostly in spring and autumn. In addition the heat storage could 
have electric water heater or a heat pump, which produces hot water during the 
time of low electricity price. In Estonia the winter is much colder than in 
Denmark, where heat storages are typically used. Therefore higher heat storage 
losses in winter can reduce the profitability of the storage. Østergaard has 
compared the impact of heat, biogas and electricity storages with energyPRO 
and energyPLAN models, which showed that electricity storages give 
significantly better integration of wind power, but it is associated with 
significant costs [49]. Scandinavian countries are also planning electrification of 
transport and heating sector by large scale use of electric vehicles and heat 
pumps, which would allow storage and balance the wind power production. 
Therefore other options for balancing should be also investigated further. 

In the articles [IV,V,VIII] CO2 and SO2 emissions were predicted until the 
year 2030, for which study was carried out in 2008. The prognoses in the LEAP 
model were based on statistical data of the years 2000 to 2006. Currently there is 
full statistical data available until the year 2010, which allows comparing the 
prognoses made for the years 2007-2010 to actual numbers.  

 Table 6. Comparison of prognoses in LEAP and actual statistical data 
  2007 2008 2009 2010 
Electricity generation (GWh) 
Prognosis in LEAP 9 520 9 539 9 611 9 843 
Actual 12 189 10 581 8 779 12 964 

CO2 emissions (mill.t) 
Prognosis in LEAP 16,2 16,3 16,4 16,5 
Actual 18,9 17,4 14,2 18,2 
New calculation in LEAP 19,8 17,5 14,3 18,8 

SO2 emissions (th.t) 
Prognosis in LEAP 69,1 68,3 68,0 68,2 
Actual 88,0 69,4 54,8 82,1 
New calculation in LEAP 92,4 72,7 52,6 79,9 

As seen from the Table 6, the actual electricity generation in 2007, 2008 and 
2010 has been considerably higher than the prognoses. Reason for that is higher 
electricity export as 22-34% of the total electricity production was exported. The 
modeling was based on assumption that the electricity export will stay on the 
same level as in 2000-2006, which was about 1 500 GWh. But actually during 
the years 2007-2010 the export was up to 4 350 GWh. This had also an effect on 
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the emissions, especially on SO2 emissions. During the comparison it was also 
discovered that for the years 2000-2006 the emissions in the statistical database 
of Estonia have been revised afterwards due to of change in the emission 
calculation methodology. The actual CO2 emissions were about 10% lower than 
before and the SO2 emissions 2% higher. That was also the main reason for 
updating the LEAP model. In Table 5 new results from LEAP model are 
presented in the row “new calculation in LEAP”. It can be concluded that the 
prognosis with model for Estonian energy system in LEAP are precise, but the 
results depend on external conditions. The predictions are based on assumptions 
and steady growth or reduction prognosis. In reality the electricity consumption 
and export are dependent on political and economical decisions, which are rather 
difficult to predict. Therefore in chapter 2.3 new prognoses in LEAP were made 
based on different consumption growth and export scenarios.   

Comparison of Estonian CO2 emission prognosis with results from other 
authors is also a subject for discussion. Based on comparison of different energy 
planning models Dementjeva found LEAP to be suitable for elaborating the 
energy sector scenarios [8]. But results are not comparable as the LEAP model 
was simplified. MARKAL model has been used by Liik et al [5], Landsberg [6] 
and Agabus [7], but its scenarios are related more to economic growth, emission 
limitations or taxes on emissions, not to certain production capacities like in 
LEAP. The MARKAL model optimizes the energy system according to least 
costs and decides which energy carriers are used for demand, which power 
plants are built and calculates the emissions of the energy system. In the year 
1999 Liik et al has predicted that the CO2 emissions in 2030 could be between 
10 and 18 million tons [5]. Agabus et al forecasted the emission for the same 
year to be from 14 to 23 million tons [50]. The prognosis made with LEAP in 
article [V] showed that the total CO2 emissions in 2030 are between 15 and 23 
million tons. Chapter 2.3.1 presented the emissions of different electricity 
consumption and export scenarios, which could be from 9 to 24 million tons. It 
does not mean that the preciseness of predictions in LEAP is low, rather that the 
different future prognosis of inputs and several electricity generation options 
influence the outcomes in a significant way.  

The aim of this thesis was to investigate the possibilities of distributed 
generation to meet the targets of energy and climate policies. Taking into 
account the aim of energy savings, emission reductions and increased use of 
renewable energy, the results prove that scenario with CHP plants, wind, solar 
and hydro power is the only scenario that meets all the policy objectives.  
Burning fossil fuel in a condensing power plant will not reduce CO2 emissions, 
will not increase the use of renewable energy and will not give significant 
improvements in energy efficiency. Nuclear power production reduces the 
emissions, but share of renewables and energy efficiency will not be improved. 
Co-firing of biomass with fossil fuel will reduce the emissions and increase the 
use of renewable energy, but energy efficiency target will be not met. Use of 
renewable energy and cogeneration has a great potential for meeting the targets 
of energy and climate policies. 
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CONCLUSIONS AND FUTURE WORK 
Distributed generation means electricity production close to the consumer with a 
production unit suitable for covering the local demand. In Estonia the distributed 
generation consists of wind, solar and hydro power and CHP plants using wood, 
peat, natural gas and biogas. It also includes electricity produced for self 
consumption and in places without grid connection. The capacity of distributed 
generation is currently a little below 300 MW and their generation is about 12% 
of the electricity gross consumption. Approximately 1/5 of this generation is 
connected to the distribution grid, the rest to the transmission network. From the 
assessment of current Estonian distributed generation capacities it can be 
concluded that distributed generation is not the same as renewable energy 
generation, although largely they coincide. When producing electricity close to 
the consumer, local energy sources should be used and this can also include 
fossil fuels.  

Based on the potential of renewable resources in Estonia it is possible to 
produce all electricity and most of the heat with distributed generation plants. 
But the evaluation for each county showed that less than 60% of electricity 
demand can be covered when only local renewable resources in a county are 
used. The renewable energy sources are not equally distributed over the country 
and neither is the consumption. Half of the electricity and heat consumption is 
located in Harju county, but renewable energy sources are there rather small 
compared to the demand. The calculations showed also that there is no need for 
extensive wind power development if the aim is to produce electricity from 
locally available resources. If the whole electricity consumption will be covered 
with renewables, then the fluctuating production will have to cover half of the 
consumption as the potential for CHP plants and biomass is limited.  

The use of cogeneration should be promoted as their generation coincides 
significantly better with electricity demand than of wind power. Wood would be 
the main fuel for CHP plants, but its use in steam turbine is related to low 
electrical efficiency compared to gas engines. Straw could be an alternative fuel 
in areas where the wood resources are insufficient. Biogas use should be favored 
because of additional environmental benefits. Use of gas engines provides also 
good balancing capability and high electricity generation per one unit of heat. 
Hydro resources in Estonia are very limited compared to wind and solar power 
resources. Solar panels could be installed on rooftops of industrial and 
commercial buildings in bigger towns, as in other areas there are plenty of other 
resources available.  

If whole electricity would be generated with CHP plants, wind and solar 
power, then the Estonian electricity system would currently require up to 
1 200 MW of balancing capacities either as connections to neighboring countries 
or as balancing units. It is possible to use CHP plants for balancing purposes, so 
that in times with high wind power production CHP plants stop producing and 
heat is then produced by boilers. 3 MW CHP plant could balance the wind 
power production in about the same size or a 20% forecasting error of an 
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18 MW wind park. This kind of operation will reduce working hours of CHP 
plant, which will affect the profitability of investment.  

For estimating the potential generation of distributed generation simulation 
models like energyPRO are very useful. The simple calculations do not take into 
account the alteration of demand and availability of production units on hourly 
basis. Also the fuel consumption cannot be calculated based on electrical 
efficiency, as the efficiency of CHP plants is changing depending on actual load. 
In case of wind and solar power generation it should be taken into account, that 
they are not producing electricity when it is needed. 

The electricity generation, CO2 and SO2 emissions and primary energy 
consumption of different electricity production scenarios were predicted with 
LEAP software. In addition to scenarios presented in the development plan of 
electricity sector additional renewable energy scenarios were added. The 
scenarios were assessed also in case of different consumption growth and 
electricity export strategies, which have a significant impact on the results of oil 
shale scenario. The prognoses of LEAP model were assessed to be quite 
accurate, but the result depends on assumptions, which are rather difficult to 
predict.  

Use of cogeneration and renewable energy for electricity and heat generation 
will contribute to meet the energy and climate targets. Currently electricity and 
heat generation forms about 70% of the Estonian CO2 emissions and primary 
energy consumption. With the use of cogeneration and renewable energy the 
CO2 emissions can be reduced by 80% compared to 1990 level. In primary 
energy consumption energy saving of 35% can be achieved. The share of 
renewable energy in primary energy consumption is increased from 15 to 35%.  

Comparison of different electricity generation scenarios proved, that use of 
renewable energy and cogeneration is the only way to meet all goals of policies 
– to reduce emissions, improve energy efficiency and increase use of renewable 
energy. When planning the development of electricity and heat generation, the 
available production units should be taken into account and the transition should 
take place gradually. Also other sectors of economy could contribute for meeting 
the targets.  

The development of distributed generation depends on European energy and 
climate policies and national support schemes. Also the electricity market price 
and investment costs of production technologies are important factors for future 
growth. As distributed generation involves considerably larger number of 
producers, also the importance of education and guidelines is high.  

The future work should continue with economical assessment of distributed 
generation. Although the analysis in this thesis was related to Estonia, the 
findings of the work and used calculations and models can be used also in other 
countries. LEAP model should be made for the Baltic countries and also for 
Baltic and Scandinavian region. In energyPRO the different balancing options 
should be simulated, for example use of electric vehicles and heat pumps for 
balancing the wind power generation. Also literature about distributed 
generation in Estonian language is needed.  
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ABSTRACT 
The main purpose of this thesis is to analyze the potential of distributed 

electricity generation and its possibilities for meeting the targets of energy and 
climate policies. 

The strategic objectives of the European Union are to improve energy 
efficiency, reduce greenhouse gas emissions and increase use of renewable 
energy. By the year 2050 the goal is to reduce the greenhouse gases by 80% 
compared to 1990 level. Although Estonia has achieved 50% greenhouse gas 
savings, the emissions have remained to the 1992 year level and primary energy 
consumption has a growing trend. Despite that the share of renewables in 
primary energy and electricity gross consumption have increased in recent years, 
the issues of emission and primary energy consumption have to be addressed. 
One way to do this is through use of distributed generation. 

In this thesis the definition of distributed generation was investigated and the 
definition for Estonia was formed. Distributed generation is production of 
electricity close to the consumer and it involves mainly renewable, but also 
fossil fuels. The main objective is to provide energy savings, emission reduction 
and increased use of renewable energy. In 2011 the capacity of distributed 
generators in Estonia was little less than 300 MW and they account for 12% of 
electricity gross consumption. Theoretically it would be possible to produce all 
required electricity using renewable energy sources, but in this case the weather-
dependent wind and solar power would form half of electricity generation. 

The evaluation was made on resources and electricity and heat consumption 
for each county, which showed that the resources and consumption are not 
equally distributed over Estonia. Half of the consumption is in Harju county, but 
the renewable energy resources there are limited. By using only local renewable 
energy resources it is possible to produce only 60% of needed electricity.  

Large-scale deployment of solar and wind power causes problems in 
achieving the balance between consumption and production, which must be 
guaranteed at all times. Balancing issues were studied with energyPRO software, 
where based on 2011 year data the hourly simulation of electricity and heat 
consumption and production of CHP plants, wind and solar power was made. 
The results showed that up to 1 200 MW of balancing is needed either through 
electrical connection to neighboring countries or as balancing units. energyPRO 
software was also used to investigate the balancing of wind power production 
with gas engine CHP plant. It was found that 3 MW CHP plant is capable of 
balancing wind power plant about the same size or 20% forecasting error of 
wind turbine with an 6 times higher output. However, this results in reduced 
profitability of CHP plant. 

The CO2, SO2 emissions and primary energy consumption of different 
electricity generation scenarios were predicted using energy planning model 
LEAP. Comparison of oil shale, nuclear and renewable energy scenarios showed 
that the scenarios with CHP plants, wind, solar and hydro power are the only 
scenarios that meet all the energy and climate policy objectives. 
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KOKKUVÕTE 
Antud doktoritöö peamiseks eesmärgiks on analüüsida elektrienergia 
hajatootmise potentsiaali ning selle võimalusi energia- ja kliimapoliitika 
eesmärkide täitmiseks.  

Euroopa Liidu strateegilisteks eesmärkideks on kasutada energiat säästlikult, 
vähendada kasvuhoonegaase ning suurendada taastuvenergia osakaalu 
energiatarbimises. 2050.aastaks on eesmärgiks vähendada kasvuhoonegaase 
80% võrra võrreldes 1990.a tasemega. Eesti on küll saavutanud 50%-lise 
kasvuhoonegaaside kokkuhoiu, kuid emissioonid on jäänud 1992.a tasemele 
ning primaarenergia tarbimisel on kasvav trend. Kuigi taastuvenergia osakaal 
primaar-energia lõpptarbimises ja elektri kogutarbimises on viimastel aastatel 
kasvanud, tuleb leida lahendus ka emissioonide ja primaarenergia tarbimise 
vähenemiseks. Üks võimalus selleks on läbi hajutatud elektritootmise. 

Töös uuriti hajatootmise definitiooni ning defineeriti hajatootmine Eestis. 
Hajatootmine tähendab elektri tootmist tarbija lähedal ning see hõlmab endas 
peamiselt taastuvaid, kuid ka fossiilseid kütuseid. Peamine eesmärk on tagada 
energiasääst, emissioonide vähenemine ja taastuvenergia kasutuse kasv. 2011.a 
oli hajatootmisvõimsusi Eestis veidi vähem kui 300 MW ning nende toodang 
moodustab 12% elektri kogutarbimisest. Teoreetiliselt oleks võimalik kogu 
vajaminev elekter toota ka taastuvatest energiaallikatest, kuid sellisel juhul 
moodustaks tuule- ja päikeseenergia poole elektri toodangust.  

Vaadeldid ka taastuvenergia ressursse ning elektri ja soojuse tarbimist 
maakondade kaupa, millest selgus, et ressursid ja tarbimine ei ole üle Eesti 
ühtlaselt jaotatud. Pool tarbimisest asub Harju maakonnas, kuid taastuvenergia 
ressursid on seal piiratud. Vaid maakonna kohalikke taastuvenergia ressursse 
kasutades oleks võimalik toota 60% vajaminevast elektrist.  

Tuule- ja päikeseenergia laialdane kasutuselevõtt tekitab aga probleeme 
tarbimise ja tootmise tasakaalu saavutamisel, mis peab olema tagatud igal 
ajahetkel. Tasakaalustamise küsimusi uuriti energyPRO tarkvara abil, kus 2011.a 
andmete näitel modelleeriti elektri ja soojuse tarbimist ning koostootmis-
jaamade, elektrituulikute ja päikesepaneelide toodangut tunni kaupa. Tulemused 
näitasid, et oleks vaja kuni 1 200 MW tasakaalustavaid võimsusi, seda kas läbi 
elektriühenduste naaberriikidega või eraldi tootmisvõimsustena. energyPRO abil 
uuriti võimalust tasakaalustada elektrituulikute toodangut gaasimootoriga 
koostootmisjaama abil. Leiti, et 3 MW koostootmisjaam suudaks oma toodangut 
vastavalt suurendades või vähendades tasakaalustada umbes sama suure 
elektrituuliku toodangut või 6 korda suurema tuuliku 20%-list ennustusviga. 
Kuid selle tulemusena väheneb koostootmisjaama toodang ning see mõjutab 
investeeringu tasuvust.  

Erinevate elektri tootmise stsenaariumide CO2, SO2 emissioone ja primaar-
energia tarbimist prognoositi energiasüsteemi arengu planeerimise mudeli LEAP 
abil. Võrreldes erinevaid põlevkivi, tuuma- ja taastuvenergia stsenaariume leiti, 
et koostootmisjaamade, elektrituulikute, päikesepaneelide ja hüdroenergiaga  
stsenaariumid on ainsad, mis täidab kõiki energia- ja kliimapoliitika eesmärke.   
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APPENDIX A – Appended Tables and Figures 
 
Table 7. Electricity gross consumption by county in GWh 

County Households
Other 
sectors 

Total 
consumption 

Distribution 
losses 

Gross 
consumption 

Harju 808 3254 4063 573 4635 
Hiiu 15 24 40 6 45 
Ida-Viru 256 418 675 95 770 
Jõgeva 56 64 119 17 136 
Järva 55 85 140 20 159 
Lääne 42 67 109 15 124 
Lääne-Viru 102 179 281 40 321 
Põlva 47 62 109 15 124 
Pärnu 135 254 389 55 444 
Rapla 56 77 133 19 151 
Saare 53 96 148 21 169 
Tartu 230 549 779 110 889 
Valga 52 68 120 17 137 
Viljandi 85 122 207 29 236 
Võru 57 82 140 20 159 
Total 2 050 5 400 7450 1 050 8 500 

 
Table 8. Heat gross consumption by county in GWh 

County Households 
Other 
sectors 

Total 
Consumption

Distribution 
losses 

Gross 
consumption 

Harju 1 656 2 893 4 549 505 5 054 
Hiiu 31 22 53 6 59 
Ida-Viru 525 372 897 100 997 
Jõgeva 115 57 171 19 190 
Järva 113 75 188 21 209 
Lääne 86 59 145 16 161 
Lääne-Viru 210 159 368 41 409 
Põlva 96 55 151 17 168 
Pärnu 277 226 503 56 558 
Rapla 115 68 183 20 203 
Saare 108 85 193 21 215 
Tartu 472 488 960 107 1 066 
Valga 106 60 167 19 185 
Viljandi 173 108 282 31 313 
Võru 118 73 191 21 212 
Total 4 200 4 800 9 000 1 000 10 000 
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Table 9. Alternative 1 - electricity generation from local renewable resources in 
GWh 
  Wood Straw Biogas Wind Solar Hydro Total 
Harju 208 54 149 561 355 29 1 356* 

Hiiu 60 6 22 333 7 0  428 
Ida-Viru 192 22 56 500 113 124   1 007 
Jõgeva 175 104 66 46 25 3   418 
Järva 138 93 50 43 24 1   352 
Lääne 133 59 41 870 18 1 1 122 
Lääne-Viru 207 137 100 1 001 45 7 1 497 

Põlva 146 62 45 38 21 7    319 
Pärnu 303 62 59 949 59 21 1 453 
Rapla 182 44 53 52 25 0    356 
Saare 171 34 73 1 887 23 0 2 188 
Tartu 154 151 104 67 101 0      577* 
Valga 138 50 41 36 23 1    289 

Viljandi 238 115 62 77 37 3    532 
Võru 155 41 66 40 25 2    329 

Total 2 599 1 035 988 6 500 900 200  12 222 
 

Table 10. Alternative 2 - electricity generation from local renewable resources 
in GWh needed to meet the local demand  
  Wood Straw Biogas Wind Solar Hydro Total 
Harju 208 54 149 561 355 29 1 356* 
Hiiu 18 0 10 17 0 0   45 
Ida-Viru 192 22 56 376 0 124 770 
Jõgeva 57 0 33 43 0 3 136 
Järva 66 0 25 41 26 1 159 
Lääne 52 0 21 51 0 1 124 
Lääne-Viru 100 0 100 114 0 7 321 
Põlva 53 0 22 38 4 7 124 
Pärnu 200 0 30 193 0 21 444 
Rapla 65 0 27 52 8 0 151 
Saare 64 0 36 69 0 0 169 
Tartu 154 145 104 67 101 0     572* 
Valga 62 0 21 36 18 1 137 
Viljandi 106 0 31 77 19 3 236 
Võru 64 0 33 40 20 2 159 
Total 1 458 221 699 1 776 551 200 4 904 

* - the electricity demand is not covered because of not enough of local 
resources. 
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Table 11. Alternative 3 - electricity generation from renewable fuels in GWh 
needed to meet the local demand if wood is also transported to neighboring 
counties 
  Wood Straw Biogas Wind Solar Hydro Total 
Harju 1 872 54 149 561 355 29 3 021* 
Hiiu 3 6 22 15 0 0 45 
Ida-Viru 330 22 56 238 0 124 770 
Jõgeva 0 26 66 43 0 3 136 
Järva 0 41 50 43 24 1 159 
Lääne 0 28 41 54 0 1 124 

Lääne-Viru 51 34 100 129 0 7 321 
Põlva 0 28 45 38 7 7 124 
Pärnu 94 62 59 208 0 21 444 
Rapla 0 33 53 52 13 0 151 
Saare 0 29 73 67 0 0 169 
Tartu 146 151 104 67 101 0 569* 

Valga 2 34 41 36 23 1 137 
Viljandi 0 60 62 77 34 3 236 
Võru 0 31 66 40 20 2 159 

Total 2 497 635 988 1 669 578 200 6 567 
 

Table 12. Alternative 4 - electricity generation from renewable fuels in GWh if 
wind power is produced only in coastal areas  
  Wood Straw Biogas Wind Solar Hydro Total 
Harju 1 872 54 149 561 355 29 3 021* 
Hiiu 3 6 22 200 0 0 230 
Ida-Viru 330 22 56 500 0 124 1 032 
Jõgeva 15 52 66 0 0 3 136 
Järva 20 70 50 0 0 1 141 

Lääne 0 27 41 500 0 1 569 

Lääne-Viru 51 34 100 600 0 7 792 
Põlva 21 28 45 0 0 7 100 
Pärnu 94 62 59 600 0 21 836 
Rapla 15 34 53 0 0 0 102 
Saare 0 29 73 539 0 0 641 

Tartu 146 151 104 0 101 0 502* 

Valga 25 33 41 0 13 1 113 
Viljandi 24 67 62 0 18 3 174 
Võru 0 31 66 0 13 2 111 

Total 2 615 697 988 3 500 500 200 8 500 
* - the electricity demand is not covered because of not enough of local 
resources. 
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Figure 10. Simulated annual heat production of CHP plants and boilers 

 

 
Figure 11. Simulated annual electricity production of CHP plants, wind and solar power 
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Figure 12. Simulated electricity generation and consumption in February 

 

 
Figure 13. Simulated electricity generation and consumption in June 
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Figure 14. Simulated electricity generation and consumption in December 

 

 
Figure 15. Electricity demand and peak power requirements of different electricity 
consumption growth and export scenarios 
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Figure 16. The total SO2 emissions of different electricity generation scenarios in 
thousand tons 
 

 
Figure 17. Primary energy consumption of renewable electricity generation scenario 
with a medium demand growth in PJ. 
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Paper I 
 
Kuhi-Thalfeldt, R., Valtin, J. The potential and optimal operation of distributed 
power generation in Estonia. Oil Shale, Vol. 28, No. 1S, 2011, Estonia, 
pp. 240-252.  



 



���������	�
���	�����
�	�������	�����
���
�
� ������
�������������������������
���������� � �
����!"#�$��$�%&���'(�)*+��"��,"��-./�01-/2-345�426�10-3745�10/84-312�19�63:-83;<-/6�01=/8�>/2/84-312�32�/:-1234�?@�ABCDEFCGHIJHKFLM�N@�OGHFDP��KQRSTUVQWU�XY�JZQ[UT\[SZ�]X̂QT�JW_\WQQT\W_�FSZZ\WW�BW\̀QTa\Ub�XY�FQ[cWXZX_b�d�Jc\USeSUQ�?fM�ghijk�FSZZ\WWM�JaUXW\S��� lmnopqrp�stsunvquqnw�xspsvrnqop�vsyzqvsm�ps{�qp|smn}spnm�~zs�no�tq}qnrnqopm��ov�s}qmmqopm��~snsvqovrnqop�o��ot~��o{sv��trpnm�rp~�xvo{qpx�stsunvquqnw�uop�mz}�nqop����qm�uozt~��s�n�s�nzvpqpx��oqpn��ov�~qmnvq�zns~�xspsvrnqop������qp�lmnopqr�����{ozt~�rtto{�mr|qpx�spsvxw�rp~�vs~zuqpx�s}qmmqopm�~zs�no�}ovs�s��quqspn��zst�zmrxs���tmo�n�s�mz��tw�vstqr�qtqnw�rp~�spsvxw�msuzvqnw�{ozt~��s�qpuvsrms~�n�vozx��r|rqtr�qtqnw�o��tourt��o{sv�xspsvrnqop���p�n�qm��r�sv�n�s�~s�qpqnqop�rp~��onspnqrt�o�����qp�lmnopqr�qm�smnq}rns~�rp~�n�s�o�nq}rt�o�svrnqop�uvqnsvqr�rvs�s�r}qps~����s��ommq�ts�s��sun�o�����~s|sto�}spn�op�stsunvquqnw��vqus�rp~�s}qmmqopm�qm�rmmsmms~�zmqpx��l���mo�n{rvs���3������������FcQ�JaUXW\SW�QWQT_b�aQ[UXT�\a�XWQ�XY�UcQ�VXaU����E\WUQWa\̀Q�aQ[UXTa�\W�J�TXRQSW�[X�WUT\Qa@�Ga�UcQ�������XUSa�SWf�Z\V\Ua�YXT�QV\aa\XWa�STQ��Q[XVE\W_�VXTQ�SWf�VXTQ�U\_cUQWM�UcQTQ�\a�S�WQQf�YXT�RTXf�[U\XW�[SRS[\U\Qa�̂\Uc�ZX̂�QV\aa\XWa@�FcQ�XZf�X\Z�acSZQ��SaQf�RTXf�[U\XW��W\Ua�̂\ZZ��Q�[ZXaQf�SYUQT�UcQ�bQST��igd�Sa�UcQ\T�a�ZY�T�f\X�\fQ�QV\aa\XWa�fX�WXU�[XVRZb�̂\Uc�UcQ�JB�f\TQ[U\̀Q�TQ��\TQVQWUa@�Fc\a�VQSWa�UcSU�a\_W\Y\[SWU�\ẀQaUVQWUa�STQ�TQ��\TQf�YXT���\Zf\W_�XY�WQ̂�RTXf�[U\XW�[SRS[\U\QaM�̂c\[c�̂\ZZ�RTX�S�Zb�TQa�ZU�\W�c\_cQT�QZQ[UT\[\Ub�RT\[Qa@�GZaX�QWQT_b�aS̀\W_�\aa�Q�\a�\VRXTUSWU�S\V\W_�UcSU�QZQ[UT\[\Ub�SWf�cQSU�acX�Zf��Q�RTXf�[Qf��a\W_�UQ[cWXZX_b�XY�c\_cQT�QYY\[\QW[b�SWf�UcQTQE�b�aS̀\W_�RT\VSTb�QWQT_b@�DW���QaU�YXT�WQ̂�RTXf�[U\XW�[SRS[\U\Qa�K��[X�Zf�RTX̀\fQ�aQ̀QTSZ�Sf̀SWUS_Qa�[XVRSTQf�UX�[ZSaa\[SZM�[QWUTSZ�RX̂QT�RTXf�[U\XW@��DW�Uc\a�RSRQT�UcQ�fQY\W\U\XW�XY�K��\a�SWSZb Qf�SWf�\Ua�VS\W�YQSU�TQa�STQ��TX�_cU��R@�Ga�K��\a�fQY\WQf�f\YYQTQWUZb�fQRQWf\W_�XW�aRQ[\Y\[a�XY�S�[X�WUTbM�\U�\a�WQ[QaaSTb�UX�\WUTXf�[Q�UcQ�fQY\W\U\XW�XY�K��\W�JaUXW\S@�DW�XTfQT�UX�SaaQaa�UcQ�\VRXTUSW[Q�XY�K��\W�JaUXW\SM�UcQ�[�TTQWU�RTXf�[U\XW�[SRS[\U\Qa�STQ�Q̀SZ�SUQf�SWf�f\̀\fQf�UX�[QWUTSZ�SWf�fQ[QWUTSZ\ Qf�RTXf�[QTa@�¡cQW��������������������������������������������������L��XTTQaRXWf\W_�S�UcXT¢�QEVS\Z�vsstq�£z�qn�rt�st~n¤nnz�ss�
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��������	�
�����������
�����

�

������������������� ��!�"�!!#��$� !�%!�&�! '��% �(���&�% �)��&�����&���*����!�������&����*+�!�)���� ��&�����+&���!�+����+)#&���",�-./,�0�����$����)����1�23��+���( �� ���+��*"� �����������+)#���$ �)���*���������*����1�� )�4�11 " �����+��*"� ���*� ��&��*"������������1�"�)���+�� ����1��������������+�56789&���������*����1�+�����%!��1*�!�,�23��!!����*� �)�!�"�!!#��$� !�%!��1*�!��! '��% �)��&�!���1 !!�)�������% �(���&��� "�� (�+�$������� ���������"��1+�(� (��+����1*�!��5���+)#���"*+ �#9,�:!������������+'�!�������+��+��*"��&�����+�;*�! �#������*��!#�+�! �% ! �#��+�� (�+�$��,�<����� � ���23�"�*!����+$��������*%�� �*���1�+� �$���(����� ���+���( �� �������� ��+ %*� ���"���" �#�-=/,�>?@AB?CDAEF�GEHEBIA?JH�?H�K@AJH?I�L M����!�"�+ " �#��+ "������� �$���(�����*���+���1�+�+�����%!���!�"�+ " �#��+��*"�+�������(�!!�678��!�������$���+�$ �������������� �!����*+��"��1�+� �$����+�����+���$���������!���#�+������+��!������������%* !������� �����+'������678��!����,�:!����������� �)��1��!�"�+ " �#�(�+'��������+�$ �����+��*"�+�������� % ! �#������!!���� +��!�"�+ " �#��������(�+'������� ����� � ������+�"� $�����*%� �#,�0������+��"����+*"� ���� (�������*��(��������+�� ����+��)+������$����)���"�(��+������% )�����+��!����������!!,�<��N���� ��23�"�*!��%����1 ��������+��*"� ���*� ���)���+�� �)��!�"�+ " �#�"!������������� ����1�"���*(�� ��,�0���"����"� ����� ����1��+��*"�+� ������+�!�$�������!��)��������� O�� ���* ��%!�����"�$�+�����!�"�!���(���,�<������"�����1�"�)���+�� ��������+��*"� ������*!����'���!�"������11 " ����"�)���+�� ���+�) (�,�:!!�����+��+��*"�+���+����(������"���+�!��+��*"�+�,��<���+��+��������������� (��+���"���1�23� ��N���� �� �� ����"����+#������1 ��������' ����1��M �� �)��+��*"�+���+��"���+�!������� "����"���+�! O����+��*"�+�,�P$�+$ ����1��������� %!��"!��� 1 "�� ��� ���+�������� ��0�%!��.,�:""�+� �)���������+���( �� ��������+'����+���+�N!�+ �)�-Q/&���������!� ����!!���"���" �#��1��!!�����+��+��*"�+�� ��N���� �� ��"*++���!#��%�*��.QRR�ST&��1��� "���$�+�..RR�ST��+��"���+�!�����+��!����,�0���)���+�� ���"���" �#��1�23� ��.RRU� ��.V=�ST����� ��"��� �����1��(�!!�678��!����&��#�+������+������ �������+�5T89��!����,�0���� ��+ %*����678��!������+����WXYZ[�\]�K̂E_AB?_?À�aBJFD_A?JH�_IaI_?À�?H�K@AJH?I�?H�AbE�̀EIB�cdde��� <����!!���"���" �#&�ST�P !����!������+��!����� .�Rfg�h��*+�!�)�������+��!����� ���Vif�jJAÎ�_EHABÎ�aBJFD_EB@� c�cck�2 ��+ %*����678��!����� ����lg�7#�+������+��!����� �����Q�T �������+��!����� ���V=V�jJAÎ�F?@AB?CDAEF�GEHEBIA?JH� ���cmn�jJAÎ�?H@AÎ̂EF�_IaI_?À� c�kno�



����������	
��
�����	�
�����
�	�������	���	�����������������
�	���	�������	
�

�

�������� �!""#$�%&'($��'(�)'*� '��")�+�" '��'��'�,�&*-�./&�&*&0()�0'*�0'%'0�(1�",�(/&�+�  &�(�23�%)"#�0&)�����45�67$�!/�0/����(/&�"�(%�(�",�89:�%*'�(����� �!""#�'�#�%&'(-�;<'**&�(�%)"#�0&)��')&�%)"+'+*1��<'**�/1#)"�'�#�!��#�(�)+��&��!�(/�'�0'%'0�(1�+&*"!�=>�?7-��@AB�CDEBFEGHI�DJ�KGLEMGNOEBK�PBFBMHEGDF�GF�QLEDFGH�./&�0'%'0�(1�",�23����R�("��'�/'��#"�+*&#�#�)�� �(/&�*'�(�1&')$�'�����4>>S��&!�89:T��'�#�!��#�(�)+��&���(')(&#�"%&)'(�� -�./&��<%")('�0&�",�23����&U%&0(&#�("� )"!�'*�"����(/&��&')&�(�,�(�)&�'��<")&�%*'�(��!�**�+&�+��*(�'�#��"<&�')&�'*)&'#1���#&)�0"��()�0(�"�-�2�)�� �(/&�)&�&')0/�(/&�%"���+*&�#&V&*"%<&�(�",�23���(�*�(/&�1&')�4>4>�!'��&�(�<'(&#�('?�� ���("�'00"��(�(/&�%"(&�(�'*�",�0" &�&)'(�"��'�#�'V'�*'+�*�(1�",�*"0'*�,�&*�-�W'(&*1���(&)&�(�,")�+��*#�� �!��#�%')?��'�#�89:�%*'�(��/'�� )"!���"(�0&'+*1-�X(����&U%&0(&#�(/'(��""��'**�(/&�+�  &�(�("!���'�#�&�&) 1���(&���V&���#��()�&��!�**�/'V&�(/&�)�"!��89:�%*'�($�!/�0/�!�**�'**�+&�23��"�)0&�-�Y*�"�7:�!�**�/'V&�'���<%")('�(�)"*&����R�("��'��%"!&)� &�&)'(�"�-�X��(/&��&U(�1&')��<'�1���#��()�'*�0"���<&)��0"�*#��&(��%�(/&�)�"!��89:�%*'�(-�7�(/�"%&��� �",�&*&0()�0�(1�<')?&(�(/&�&*&0()�0�(1�%)�0&�,")���#��()�'*�0"���<&)��/'��)��&��0"���#&)'+*1-�Y*�"�(/&�&U%&�#�(�)&��"��/&'(�� �'�#�/"(�!'(&)�')&���0)&'�&#-�./&�)&Z��)&#�/&'(����0�))&�(*1�",(&��%)"#�0&#����� �&*&0()�0�(1�")�,)"<�,"���*�,�&*��*�?&��/'*&�"�*$�!/�0/����+&0"<�� �<")&�'�#�<")&�&U%&���V&-�./���+1�0"��()�0(�� �'�89:�%*'�(�(/&�0"���<&)��0"�*#�+&�&,�(�,)"<�)&#�0&#�&U%&�#�(�)&��"��&*&0()�0�(1�'��!&**�'��/&'(-�./&�%"(&�(�'*�",�23���(�*�(/&�1&')�4>4>����&�(�<'(&#�("�+&�S>>�67�",�&*&0()�0�(1�'�#�=>[>�67�",�/&'($�!/�0/�����%&0�,�&#����.'+*&�\-�6"�(�",�23�&*&0()�0�(1����4>4>�!"�*#�+&�%)"#�0&#�,)"<�!""#$��'(�)'*� '��'�#�!��#-�./&� )"!(/����(/&�%)"#�0(�"��0'%'0�(�&��)&��*(��,)"<�7:�'�#�89:�%*'�(��)����� �"��!""#$��'(�)'*� '�$�+�" '��")�/"��&/"*#�!'�(&-�./&�+�  &�(�%"(&�(�'*�",�23����+'�&#�"��+��*#�� �89:�%*'�(�����(&'#�",�+"�*&)�-�./&�0'%'0�(1�",�(/&�&�%*'�(��0"�*#�)&'0/�\>>�67�",�&*&0()�0�(1�'�#�[>>�67�",�/&'(-���]̂_̀a�bc�@AB�HdHGIHNIB�HFK�CDEBFEGHI�eHCHeGEf�DJ�KGLEMGNOEBK�PBFBMHEGDF�GF�QLEDFGH� ���4>>S� ���4>4>�:)"#�0(�"��0'%'0�(1$�67� R*&0()�0�(1� 9&'(� R*&0()�0�(1� 9&'(�7��#� ==g� >� h>>� >�7""#�'�#�%&'(� [i� =gi� 445� [i5�j'(�)'*� '�� 4>� 44� =S[� 45i�91#)"� 5� >� =>� >�k�" '�� \� \� h5� h5�9"��&/"*#�!'�(&� >� >� 4h� g4�@DEHI� lmn� lon� poo� moqo�



��������	�
�����������
�����

�

���������������� ���!���!��"�#$�%&&�'���()�!#���*)()*��#�+)�,-��(#*.!)(��������������./)*�� ���� )�(��(#*.!��#�����!#��./)*����� )���/)��()�0�1"�� )�")�(�2&2&�� )�!���!��"�#$��������������3��#����������(#+�+�"�+)�/#()�� ���� ������� )()� �4)�+))��!#��)!��#���5())/)�����)���)*�$#(��+#.��67&�'��8%90�1.��#��"�%&&�'��#$�������!#.��)*�,-���������!)(�����!���!��"�� )��(#*.!)*�)�)!�(�!��"�!���#��+)�!#��./)*��#!���"0�:���#$$� #()������������()�!#�;��*)()*�!)��(����(#*.!��#�0�< )��4����+����"�#$�=&&�'��#$�,-�)�)!�(�!��"�5)�)(���#��!���!���)�������!�)�(�"� �4)����)$$)!��#��� )�)�4�(#�/)�����)/����#�����*�#��)�)!�(�!��"��(�!)0�< )�����"�������!�((�)*�#.��.���5�� )�>3:���#$���()?�� �! �������!)��(�#;+��)*�)�)(5";)�4�(#�/)���/#*)���5��##�?�*)4)�#�)*�+"�@�#!A #�/�3�4�(#�/)���B�����.�)�8790�< )�/#*)��$#(�3��#���C��)�)(5"��"��)/�����!()��)*����>3:�?���*���#�)�)!�(�!��"�5)�)(���#���!)��(�#���)()�*)��5�)*�D!)��(�����*�*���(�+.�)*��!)��(�#E�+��)*�#���()*�!�)*�)�)!�(�!��"��(#*.!��#��!���!���)��.������ )�")�(�2&2&0��F#(�!()����5�� )�3��#�����)�)(5"��"��)/�/#*)�?���������!���*����$#(�� )�")�(��2&&&G2&&H��������)(�)*����>3:�0�< )��(#*.!��#��.�����$#(�)�)!�(�!��"���*� )����)()�!()��)*���*�� )�(��(#*.!��#������#���/�I)*��#�()�()�)���� )�()������.���#�0�>#�*�!.(4)�$#(�)�)!�(�!��"���*� )���!#��./���#������*)��5�)*0�:�()$)()�!)�/#*)������+.���?�� )()�� )��(#*.!��#��$(#/�5)�)(����5�.������������ )���/)��)4)������ )��!�.����./+)(�����2&&&G2&&H0�< )()�$�)(�� )�*)4)�#�/)���#$�)�)(5"�!#��./���#�����2&&=G2&J&������()*�!�)*���*�$#(�+#� ��!)��(�#��! ��5)������ )��(#*.!��#��!���!���)��D!�#���5�#$����������*�+.��*��5�#$��)��#�)�E��)()�/�*)0�< )��(#*.!��#��!���!���)��#$�,-��)()����)(�)*�+��)*�#��*�����()�)��)*����<�+�)�J0�< )��#$���()�� )()�$�)(���/.���)��� )�5)�)(���#��#$�� )�)��(#*.!��#��.�����+��)*�#��*)$��)*��4����+����"�$�!�#(�?��"�)�#$��(#*.!��#��D+��)��#�*?�/)*�./��#�*�#(��)�A��#�*��(#*.!)(E���*�#� )(�*�����! �(.�)�0�< )�*)��(�+�)�#.�!#/)����A)�)�)!�(�!��"���*� )���5)�)(���#��$(#/�*�$$)()����(#*.!��#��.����?�KL2���*�@L2�)/����#���)�!0�!���+)�#+�)(4)*����>3:�C�5(�� �!�������)�������./)(�!���()�.���0�B��� ������)(��#/)�#$�� )�$��*��5���()��()�)��)*?�*)����)*���$#(/���#��()5�(*��5�� )��#$���()?�/#*)���5����./���#�����*��#���+�)�#.�!#/)��!���+)�$#.�*����� )��(��!�)�8M90�:��,-����3��#����!#/�(��)��)�)!�(�!��"�5)�)(���#��$(#/�()�)��+�)�)�)(5"?�� )()$#()�� )�����#����)/����#���)4)��������+)�()*.!)*0�< )�#4)(4�)��#$�,-�)�)!�(�!��"�5)�)(���#����*���4)*�KL2�)/����#�������()�)��)*����F�50�N0�1��)*�#������"I)�����>3:��������)4�*)���� ���� )�*)4)�#�/)���#$�,-������()*.!)��#��+�"�� )�KL2�)/����#���$(#/�)�)!�(�!��"���*� )����)!�#(0�:��� )�KO����������()�()���!��5�!#�4)���#�����#�)(��(#*.!��#������)������ )����(#*.!��#��$(#/�+#��)(�?��)����(�/�("�)�)(5"����.�)*��#��(#*.!)���/)��/#.���#$�)�)!�(�!��"���*� )�����*��)���)/����#����()�)/���)*0�< .��,-������ �4)�����/�#(�����(#�)�$.�$�����5�� )�����#������(5)��#$�()*.!��5�KL2�)/����#���$(#/�)�)(5"��)!�#(�+"�7�/����#���#��0�:��!.(()���"�� )�)�)(5"��)!�#(�)/����#����()�N706�/����#���#���869?�� )�*)4)�#�/)���#$�,-��#.�*�()*.!)�� )�)/����#���+"�#�)�� �(*0���



����������	
��
�����	�
�����
�	�������	���	�����������������
�	���	�������	
�

�

�����
������������������������������ ����� �����!�����!�����

����� ���"� ���#� ���$� ���%� ����� ����� ����� ��� � ���!� ����� ���"� ���#� ���$� ���%� �����&'()*+,),*-�.+/01)*,/23�4
56��� ��� !�"#$% 789(0�(:,;;,/2;3�:,''<*/2
;����� =>?@A�BCDEF�GHFI>?�=HJD�KA>@�=FFD�L>@ME>N�I>?�O>PAD�QRS��TUVW�XW�&'()*+,),*-�Y(2(+8*,/2�/Z�[4�820�;89(0�\]��(:,;;,/2;<���̂2�/+0(+�*/�(98'18*(�*6(�+/'(�/Z�[4�,2�&;*/2,82�('()*+,),*-�820�6(8*�Y(2(+8*,/2�,*�,;�(;;(2*,8'�*/�(_8:,2(�*6(�[4�;68+(�,2�*6(�*/*8'�.+/01)*,/2<�6̀,;�)82�a(�)8++,(0�/1*�b,*6�c&de�:/0('3�8;�*6(+(�,;�2/�;*8*,;*,)8'�08*8�898,'8a'(�8a/1*�[4�,2�&;*/2,8<�̂2�f,Y<���*6(�;68+(�/Z�[43�\ge�820�+(2(bh8a'(�(2(+Y-�,2�Y+/;;�('()*+,),*-�)/2;1:.*,/2�i)/2;1:.*,/2�j�2(*b/+k�'/;;(;l�820�*6(�;68+(�/Z�[4�,2�Y+/;;�6(8*�)/2;1:.*,/2�8+(�9,;,a'(<�̀6(�Z,Y1+(�+(.+(;(2*;�Y(2(+8*,/2�/2'-�Z+/:�[4�.+/01)(+;<�̂2�800,*,/2�*6(+(�)/1'0�a(�)(2*+8'�./b(+�.'82*;�.+/01),2Y�8*�)/Y(2(+8*,/2�+(Y,:(�/+�1;,2Y�+(2(b8a'(;<��� �

�������� ��!��
���"��#��

���� � ���" � ���# � ���$ � ���% � ���� � ���� � ���� � ��� � ���! � ���� � ���" � ���# � ���$ � ���% � ���� �768+(�,2�*6(�Y+/;;�)/2;1:
.*,/23�m� [4�,2�6(8*�)/2;<�[4�,2�('<)/2;<�[4�\ge�,2�('<)/2;<�n(2<�,2�('<)/2;<� �TUVW�oW�̀6(�,:./+*82)(�/Z�0,;*+,a1*(0�Y(2(+8*,/2�/2�*6(�Y+/;;�)/2;1:.*,/2<�



��������	�
�����������
�����

�

����������������  !�"#�$�%&'(�)%��*�+��,%'��- .�%/�����0�%++��1�(��)()�����&�-2.�%/����������(%�+'3$�)%�4����� � ����+��+����+�(%'1&�,��(%���+$%�&)�01��5 .���&�62.4�7���0%�1�%/�8+�%�)���9%�0:���3�81�(��)()���;�(�%��"�<�1%$:3����=1���'��)1�� ->�)+������-2.�%/������1�(��)()���0�%++�(%�+'3$�)%��)��� -2�,��$�%&'(�&�/�%3�����*�,1������0��+%'�(�+4�?1+%�)��� � �(%0������)%��+�%'1&�/%�3�� .�%/�����0�%++��1�(��)()���(%�+'3$�)%��@AB4�C'�����1�����+��+����+������,%'��6.���&�- .D���+$�(�)<�1��@>B4�7����//�(��%/�"#�)+������)��� � �����*�,1������0��+%'�(�+�*%'1&�/%�3��2.���&�(%0������)%��E2.�%/�����0�%++��1�(��)()���(%�+'3$�)%�4�7�)+�3���+������"#�)+�%���)3$%�������F�('�%��/%��3���)�0�����0%�1+�%/��1�(��)()���+�(�%��&�<�1%$3���4�?1+%�)��)+�+����)��G)04��������3%+��%/����������*)11�,��$�%&'(�&�)��+3�11�&)+��),'��&�CH=�$1���+4�7����/%���$�%&'(�)%��/�%3�,%)1����%'+�+�*)11�,����&'(�&�+)0�)/)(���1���+�('�����1���,%'��%�����)�&�%/������)+�$�%&'(�&�'+)�0�(%0������)%�4�I+'�11������(�$)��1�(%+�+�$���JK���&��1+%�����$�%&'(�)%��$�)(��%/�"#�������1��)<�1���)0��(%3$���&��%�(�����1�$%*���$1���+4�7����/%���8+�%�)���0%<���:3������+�)���%&'(�&�+',+)&)�+��%�0'������������&�<�1%$3����%/�����*�,1���1�(��)()���$�%&'(�)%�4�7���+',+)&��&�$��&+�%��/'�1���&�$�%&'(�)%����(��%1:%0�4�=�%&'(��+�0������)�0��1�(��)()���/�%3�����*�,1������0��+%'�(�+�*)11���(�)<����+',+)&��25�LMNK��O>5�+MJK�P�@!B4�����&&)�)%������$�%&'(��+�0���)�(%3�+�/�%3�+�1���%������1�(��)()���3��J��4�G%������K=�$1���+�������)+���1)3)����0��&)�0��������'�1�$�%&'(�)%�D���(�����������+',+)&��)+�$�)&�%�1��'��)1��������)%��1�K=�$�%&'(�)%�����(��+�6  �#K�4�7�����/����*)�&��'�,)���%*���+�0���)�(%3�+�%�1��/�%3��1�(��)()���+�1���%�����3��J��4�CH=�$1���+�'+)�0�*�+���%��$�����+�/'�1���(�)<����+',+)&��E��LMNK��O2 �+MJK�P�@!B4�7���+�3��+',+)&��)+��1+%�$�)&��%�+3�11�CH=�$1���+�*)�������1�(��)(�1�(�$�()���'$��%�- �NK�'+)�0�/%++)1�/'�1+�1)J�����'��1�0�+4��7���+',+)&��$�)&��%�"#�)+�(���0�&�/�%3�������&:(%�+'3��+��+���/���/%������*�,1������0�4�7����/%���)��)+�(1�������������&�<�1%$3����%/�"#�*)11��//�(�������1�(��)()���$�)(�4�7�)+�/���)+�(�1('1���&�,����������+3)++)%�����*%�J�%$����%�D���&�)��� - �)��)+�>�LMNK��O-�465�+MJK�P�@- B4����G)04�E�������
 �56>
- -�-5-6->
� 

�  2 �  6 �  A �  > �  ! � - � -- � -� � -E � -5 � -2 � -6 � -A � -> � -! � � Q���*�,1������0��/���OLM
NK �

�RSTU�VU�Q���*�,1������0��/���OLMNK�P4�Q���*�,1������0��/��D�LN
K��



����������	
��
�����	�
�����
�	�������	���	�����������������
�	���	�������	
�

�

��������� !"������#$�%���&'�'()��*��(&+(�&'�+ "+," -�.�)�"$�%�)/�01�2�).,+3-&)�4�5(&'�&'�)�"$� �2 �-�)%�-(��-)- "�%��� '� "')�')/��+��-� "�2�).,+��'���+�&6��',!'&.&�'4�7 "+," -&)�'�&��89:;�'()��.�-( -� 6 &" !&"&-$�)%�<==�>?�01��&""�� &'��-(���"�+-�&+&-$�2�&+��&��@=@=�!$�AB�CD>?(�E@F�'DG?(H4�I,-� '� ++)�.&�#�-)�9"�+-�&+&-$�> �G�-�:+-�-(��',!'&.&�'� ���2 &.�)�"$�&��-(��%&�'-�-��"6��$� �'�)%�)2�� -&)�*�-(������� !"������#$�%����&""�!�� +-, ""$���.,+�.� %-��� �.'4�JKLMNOP�QKRSOLMQT��5(���� ���.&%%����-�)!U�+-&6�'�()��-(��01�2" �-'�+),".�!��)2�� -�.4�5(�$�+ ��!��,'�.�-)�+)6��� �2 �-�)�� ""�)%�+)�',/��V'�2)����.�/ �.4�01�+),".�!��)2�� -�.� '� �'- �.!$� 22"& �+��-)�',22"$��"�+-�&+&-$�.,�&�#�#�&.�),- #�'�)�� '�2� G�") .�2�)6&.���%)��&�.,'-�& "�+)�',/��'4�W��-(��)2����"�+-�&+&-$�/ �G�-�+)�.&-&)�'�-(�$�+),".�!��2�).,+&�#�)�"$��(���-(��/ �G�-�2�&+��&'�(&#(4��W-�&'� '',/�.�-( -�01�&'�+)���+-�.�-)� �+��- &��2 �-�)%�-(������#$�'$'-�/*��(&+(�( '� �#�&.�+)���+-&)��-)�-(��+��-� "�2�).,+-&)����-�)�G4�W��-(&'�2 �-�)%�.&'-�&!,-&)����-�)�G�-(����&'� �.�/ �.�%)���"�+-�&+&-$� �.�(� -4�5(��)!U�+-&6�'�)%�01�&��-(&'���-�)�G� ��� '�%)"")�'X�Y� 5)�/ Z&/&[��-(��2�)%&-�)%��"�+-�&+&-$� �.�(� -�2�).,+��'\�Y� 5)�/ Z&/&[��-(��',22"$���"& !&"&-$� �.�����#$�'�+,�&-$\�Y� 5)�/&�&/&[��-(����6&�)�/��- "��/&''&)�'4��5(��%&�'-�+�&-��& �&'� ���+)�)/&+ "*� �')�+ ""�.�+" ''&+ "� 22�) +(�-)�����#$�2" ��&�#4�]', ""$�-(��)2-&/ "�.&'2 -+(�2�)!"�/�&'�.�-��/&� -&)��)%�2)����,�&-�") .'�')�-( -�-(��+)#���� -&)��'$'-�/�2�).,+-&)��+)'-�&'�/&�&/&[�.�̂AA_4�W��-(��.���#," -�.�/ �G�-�-(����&'�,', ""$� �!&#�2,!"&+�2)����+)/2 �$��()�)��'� ""�2�).,+-&)��,�&-'�)%� �+),�-�$4�W��-(&'�����#$�'$'-�/�-(��2�).,+-&)��!�-�����.&%%����-�2)����,�&-'�+ ��!��)2-&/&[�.� ++)�.&�#�-)�")��'-�2�).,+-&)��+)'-'4��:-�-(��2��'��-�. $�-(���"�+-�&+&-$�2�&+��&'�%)�/�.�&��)2����"�+-�&+&-$�/ �G�-�+)�.&-&)�'4�5(��/ �G�-�2�&+��&'�'�-�,2� '�',22"$� �.�.�/ �.��̀,&"&!�&,/�-(�),#(�/ -+(&�#�-(��)%%��'�%�)/�/ �$�#���� -)�'�-)�!&.'�%�)/�+)�',/��'4�:""�2�).,+��'� ����)��&�.�2��.��-�/ �G�-�2 �-&+&2 �-'� �.�-(�&��2�).,+-&)��+ ��)-�!��)2-&/&[�.� ++)�.&�#�-)�")��'-�+)'-'4�9 +(�&�.&6&., "�2�).,+���&'��)�� &/&�#�-)�/ Z&/&[��&-'�2�)%&-4��5(��#) "�&'�-)�/ Z&/&[��-(��2�)%&-�)%� ""�2�).,+��'�&��-(��2 �-&+," ��2 �-�)%�-(������#$�'$'-�/X�� � A/ Z� ab bc cdde � � � ����EAH��W-�&'� '',/�.�-( -� ""�&�.&6&., "�2�).,+��'� ���/ Z&/&[&�#�-(�&��2�)%&-'4�01�2�).,+��'� ���'2�+&%&+�/ �G�-�2 �-&+&2 �-'*� '�&�� ..&-&)��-)�/ �G�-�2�&+�*�-(��2�).,+���,'&�#������ !"������#$�)���%%&+&��-�+)#���� -&)���&""���+�&6�� ..&-&)� "�&�+)/�'�%�)/�',!'&.&�'4�5(���%)��*�-(�� &/�)%�01�



��������	�
�����������
�����

�

���������������� ��!"#�!�$�� %�����&� ��&��'�� ���� (������� ��)� "*�)+��) ��"����) � %�������� ��)���� �,���-�������")���'�� ���� (�!"�*� ������.�/%���'�� ���� (������� ��)����&� ��&��)��01�������������")�-���������) ���"��&�''�2�3� �45�6�789:;<=�>�?@=�A�B=C�>�D=�E�789:;<�=�F�G�=�F�D=,� � ?HC��2%�����89:;<=�I�)� ��"�"�� (�" � %�� �!�� ,�� @=� I��'�� ���� (�!"�*� �������" � %�� �!�� ,�� B=� I� � "'������� ��)���� ��" � %�� �!�� ,�� G=� I���-�������&���"������&��������� ��)� (���")��&��'���&�)���-(�� � �+�J��)!�) ,��� D=� I� �!��������,�2%����"-�J��!�) ��)���J"��"-'���"�����)� ") ,�� � ����"''(��)��%���.�K)���� "�)��"���,��&� %��01����������+�)��" ����)'(�&�����'&L��)��!� ��),�)���'�� ���� (������'�� �� %��!"�*� �")���)'(���-���(���������J��.�/%�)� %�������� ��)����&� ��")�-���"'��'" ���"��&�''�2�3���45�M�789:;<�=�F�G=�F�D=.� � � �������?NC��K)� %��� (����&�����" ��)��� �!�$" ��)�� ���������-'�� �� "*���) ��"����) � %�� ��%)��"',�����'(���'�"-�'� (�")���)J���)!�) "'���)�� ��)��"����� ��� ��)�.�O����#"!�'�� %��+�)��" ��)��&�2�)�� ��-�)�������)����)�2�)�������.�P'��� %���'�� ���� (�+�)��" ��)��&�QRS������� ��� ��� ��%�" ���!")�.�T� ��&�%�" �� ��"+�����"J"�'"-'��" � %��QRS��'") ,� %�)�� ����"'��������-'�� �����������'�� ���� (�2%�)� %���'�� ���� (����������%�+%�")��)� � ����������2%�)�� ����'�2�UVHW.��P'��� %����)�� ��)��2%�)� %��01�������������2�''�)+� ����������"�����&&���) .�/%�� (���"'���) �"'�������������2�''�)+� �����������'�� ���� (�2%�)�J��� %��!"�*� ����������%�+%��� %")�� �������� ��)���� .���B=�X�@=Y�� � � ���������������?ZC��P�� %��01����������������J��"��� ��)"'���-���(�&��!�� ���'�� ���� (�+�)��" ��),� %��������������2�''�)+� ����''��'�� ���� (�"'����)��"��� %��!"�*� ����������'�2��� %")�� �������� ��)���� .���B=�A�G=�X�@=�Y� � � � ���?[C��O����#"!�'���&� %�����������+�)��" ����'�� ���� (�2� %�2�)�� ��-�)��,�%�������J���"���-���(�[Z�\]̂_%�ÙW.�K&� %�������� ��)���� ��&� %���2�)�� ��-�)�����&����#"!�'��[N�\]̂_%�UVNW,� %��������������2�''�)+� ����''�2%�)�J��� %��!"�*� ��������%�+%��� %")�V�\]̂_%.�K&� %����� ��-� ���QRS����)+�2����%"��"������� ��)���� ��&�aZ�\]̂_%�UVNW�")�������J��� %���"!����-���(,� %�)� %��'�2�� �&"J��"-'��!"�*� ����������Hb�\]̂_%.�K)�c� �)�"��'�� ���� (�%"��-��)� �"�����)���� �!"�*� �" �d���S��'�c� �)�"�"��"���)���V��&�P���'�HbVb.�0���)+� %��&��� ���#�!�) %���&� �"��)+,� %��!"�*� �������%"��-��)��%")+�)+�-� 2��)�V.̀Z� ��Hbbb�\]̂_%,�2� %�"��"�'(�"J��"+���%")+�)+�-� 2��)�Nb� ��[b�\]̂_%�UVZW.�/%���!�")�� %" �!"�*� �������2�''�-�����&� "-'��&���01�����������")�� %�(�"����) ���� ����������)+�!�� ��&� %�� �!�.�
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Paper III 
 
Kuhi-Thalfeldt, R., Valtin, J. Combined heat and power plants balancing wind 
power. Oil Shale, Vol. 26, No. 3 Special, 2009, Estonia, pp. 294-308.  



 



���������	�
���	�����
�	��������������	�����
������� ������
�������������������������
���������� � �
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����������������������������������� �����������������������������������������������

���� �¡¢£¤�¥¤¦¤ ¡¡ �§§���¡������̈ ��¥�������©ª�«¤¡¤



�

����������	
�������������
 ����	��������
������
 ���������	��
����	�������	��� ���� �! "#$%&'�%�&(��$)$'*&�+)��)�!,,-��./�01�0/�234/45146�75�809:34�;�4<4=130=01>�94543?1075�05�;@@A�B?/�C;D;�EFGD�7H�BG0=G�IJDKL�B?/�2376:=46�H37M�70<�/G?<4D�;DIL�H37M�5?1:3?<�9?/D�CDIL�H37M�70<�/G?<4�9?/�?56�CD;L�H37M�3454B?N<4�/7:3=4/O�PCQ��R0<�/G?<4�0/�?�<7=?<�H7//0<�H:4<D�N:1�1G434�?34�/4S43?<�45S0375M451?<�0//:4/�B01G�349?36/�17�01/�:/?94O�TM0//075/�H37M�70<�/G?<4�27B43�2<?51/�?34�34/275/0N<4�H73�M7/1�7H�1G4�UR;�?56�VR;�4M0//075/�05�T/1750?O�EG4�M05059�W:?510104/�7H�70<�/G?<4�G?S4�N445�05=34?/059�H37M�CCDA�M0<<O�1�05�;@@@�17�CKDX�M0<<O�1�05�;@@A�7H�BG0=G�Y@L�0/�:/46�05�4<4=130=01>�?56�G4?1�2376:=1075�?56�1G4�34/1�H73�2376:=059�/G?<4�70<�Z70<�2376:=1D�BG0=G�=?5�N4�:/46�?<1435?10S4<>�05/14?6�7H�=75S451075?<�70<[�PCQO���EG4�171?<�=?2?=01>�7H�27B43�2376:=43/�0/�=:33451<>�?N7:1�;\@@�]FD�7H�BG0=G�;@@@�]F�0/�1G4�=?2?=01>�7H�N4H734�M45107546�1B7�N0994/1�70<�/G?<4�H0346�27B43�2<?51/O�EG4/4�7<6�234//:30̂46�H<:060̂46�N46�=7MN:/1075�Z_8̀U[�27B43�:501/�B434�N:0<1�05�CIKJaCIAJO�EB7�54B�27B43�:501/�B01G�?�=?2?=01>�7H�\J@�]FD�/1?3146�7243?1059�05�;@@J�?56�;@@XD�BG0=G�?34�:/059�=03=:<?1059�H<:060̂46�N46�=7MN:/1075�ZU8̀U[�14=G57<79>O�EG4�=7M2?30/75�7H�:501�=?2?=01>D�4HH0=045=>�?56�1G403�4M0//075/�?34�234/45146�05�E?N<4�CO�837M�1G4�1?N<4�C�01�0/�/445�1G?1�1G4�54B�U8̀U�27B43�:501/�G?S4�N09943�:501�=?2?=01>�?56�G09G43�4HH0=045=>D�N:1�34M?3b?N<4�=G?594/�?34�/445�B01G�349?36/�17�1G403�4M0//075/�=7M2?346�17�1G4�7<6�_8̀U�:501/O�T/24=0?<<>�1G4�VR;�4M0//075/D�BG0=G�?34�7S43�C@@�10M4/�<7B43O�EG4/4�_8̀U�:501/�B0<<�N4�=<7/46�?H143�1G4�>4?3�;@CX�?/�1G403�/:<2G:3�607c064�4M0//075/�675d1�=7M2<>�B01G�1G4�Te�6034=10S4�34W:034M451/O�.<1435?10S4<>�01�0/�=75/064346�17�05S4/1�0517�/:<2G:3�=?21:34�14=G57<7904/�17�b442�/7M4�7H�7<6�_8̀U�:501/�7243?1059�P;QO����

fghij�kO�U7M2?30/75�7H�7<6�?56�54B�70<�/G?<4�=7MN:/1075�14=G57<7904/O�PJD�\Q��� _8̀U� U8̀U�e501�=?2?=01>D�]F� CY@� ;CX�:̀0<6059�>4?3� CIKJaCIAJ� ;@@JD�;@@X�l41�4HH0=045=>D�L� J@� JK�VR;D�M9mlMJ� CI@@aJ@@@� ;@�UR;D�1mEn� C@;DC� IYDY�lRcD�M9mlMJ� ;\@aJ;@� I@aCAX�8<>�?/GD�M9mlMJ� ;C@@a;Y@@� J@��U<7/059�67B5�7H�_8̀U�:501/�B0<<�M4?5�1G?1�CK@@�]F�7H�94543?1075�=?2?=01>�B0<<�N4�7:1�7H�7243?1075D�BG0=G�0/�KAL�7H�1G4�171?<�2376:=1075�=?2?=01>O�P;Q�EG434H734�T/1750?�B0<<�H?=4�?�934?1�2376:=1075�=?2?=01>�/G731?94�:5<4//�1G434�B7:<6�N4�54B�27B43�2<?51/�N:0<1O�l4B�2376:=1075�:501/�?34�1G434H734�544646�17�N4�05�7243?1075�?<34?6>�05�K�>4?3/O�./�1G4�2<?55059�?56�N:0<6059�7H�27B43�2<?51/�1?b4/�/4S43?<�>4?3/D�64H05014�64=0/075/�349?36059�54B�2376:=1075�=?2?=0104/�?34�544646�17�N4�M?64�B01G05�54?34/1�H:1:34O��R5�1G4�71G43�G?56�N09�=G?594/�?34�/445�B01G�349?36/�17�B056�27B43O�o1�G?/�=:33451<>�75<>�?�/M?<<�/G?34�05�T/1750?5�4<4=130=01>�2376:=1075�?/�1G4�=?2?=01>�7H�B056�1:3N054/�0/�?1�1G4�M7M451�C@Y�]F�P;QO�o5�1G4�54c1�>4?3/�B056�27B43�B0<<�G?S4�?�937B059�37<4�05�1G4�4<4=130=01>�94543?1075�?/�01�G?/�1G4�N0994/1�=75130N:1075�17�M441�1G4�1?3941�17�2376:=4�XDCL�7H�4<4=130=01>�05�;@C@�H37M�3454B?N<4�45439>�/7:3=4/�PXQO��EG4�171?<�=?2?=01>�7H�2<?5546�B056�27B43�237p4=1/�05�T/1750?�34?=G4/�?<34?6>�\@@@�]FD�BG0=G�0/�M734�1G?5�1B7�10M4/�G09G43�1G?5�1G4�24?b�=75/:M21075�7H�1G4�BG7<4�=7:513>O�]7/1�237N?N<>�?<<�1G4/4�237p4=1/�B0<<�571�N4�0M2<4M45146D�N:1�?1�<4?/1�;@@�]F�N>�;@C@�?56�\@@�]F�N>�;@C;�B0<<�N4�05�7243?1075O�P;Q�EG4�B056�34/7:3=4/�05�T/1750?�?34�S43>�9776D�N:1�1G434�?34�60HH43451�14=G50=?<�<0M01?1075/�75�01/�:10<0̂?1075D�<0b4�<?=b�7H�349:<?1059�34/43S4/�17�=7M245/?14�1G4�H<:=1:?1075/�05�B056�27B43�2376:=1075�PKQO�./�1G434�?34�57�H?/1�/1?31a:2�2376:=1075�=?2?=0104/�05�T/1750?D�/7M4�N?<?5=059�M4?/:34/�?34�54=4//?3>�0H�1G4�=?2?=01>�7H�B056�27B43�4c=446/�;@@�]FO�.==736059�17�1G4�2<?5/�1G4�N?<?5=059�B7:<6�N4�243H73M46�1G37:9G�4c2731059�1G4�4<4=130=01>�17�5409GN7:3059�=7:51304/�?56�N:0<6059�?�C;@�]F�9?/�1:3N054�N>�;@CJ�?56�?�/4=756�/:NM?3054�=?N<4�17�805<?56O�P;Q�

qrstr�uvtwrtxuyzwr�{|�}zqsv�r~rus�r v�������u����������t�������u������������������|

yrrw����������� �� y���������{����������|���������



�

��������	�
������������������������������������������ ������������� ����������� ��� ����������������������������	�������������������������������������������������������������� ���!������������������������"������������	���������������#$�����������
�������������������������������������������%�������������������������������	������&�����������������&������������������������&������������������������'�����������'��!����	&�����	�����������������������������������������
�'�������	������������������������������	�������������������������������������������������&������������&�������������(������������	��������&��������������������	&������������)�����������*�����������������������'�������������������	��������������������������������������������������������������������������������������������+,-����������������������������.�����������������������������������������	������������������
�������������'	�����%�����������������*��������/������������������������������������������������������������������������������������������������)������������������&������������������������������������������������������������������������������������������������������������������������������������������ ������� +0-�� ���� �������������������������������������	�������������������������������	�������������������
������������������'�������������������������������*���������������	����������������������������������������������������	��������������	1�������2���3456�789:;��������������������	����������������<=�������=�����������������������������������������	�������������������������������������!��>�����������	��������������������������� �.������������������������������������	������������������� �.��������������!'���������	!�������������������������&�
�������������'����������	���������	������������&������������������������������������������������	�+?-��*������'���������������������'��������	��������������!����	��������������������������������*������'���������������������������������������	��	�����&�
����������)����������
�����)������������������ �.������������
��������������������������������������������@�����������������������������������'�����!��&����!���������������������)����������!��
��������������������������=�����������	�����&� �.����������������������������������������������������������������������������������	����������������������	��(������������������+#�-�

"���������������������������	��	����������&�������������������������	��������!���A�
����������&�
��������������'�������������/������������������'����+#-��������������������"���������	������������������B��������	������&����������	���������C�'	�����������������B������	&����������&��������&�������������������������C�
�����������������������������������������	&�����&������������������������������������������
������������� �.���������������������
���������1�����������������������������������������������������������������
���'����&�
��������������������������������������
�����'�������������������������������������'����������!���A����������������������������������������	�������������������,�D���>��
������������������������������������������������������������������������B����������������������'�������������
�����C�
���������������������������������������
�%@�#��������������������������������!��>�&�
��������!���A����'����������������������������������,����������������������������'	� �.��'���������������������'�����������!����������������������������������������������&�'�������������
�������&����������������������	������������������
����'�����������������������������BE��C��������������	��������������&>���������������������������	�����������������������������	�'��
�����&?����#&$F��>�����������������������������	���������������������������	��������G���������������������������������%������� �.�!������'�����$��.����������������������������������������	����������������������������������������������������'������������������&�
���&�����&�'����������������	����
�&�������������������������������������	�������������������������������������
�������������������������������������'�������	���������������A���A�����������	��(������������������'�����������������������������'�������	���������������A��,�������'�������������������������������������������'�����������������������������A����������������	��������������������
��������������'����������������������������/�� ���!�������������	��������������������������������#0�+##-��������������=��������������������������������0!��#$�+#�-��.����������	�������������
���������'	���������������������������������������������������������������������

HIJKI�LMKNIKOLPQNI�RS�TQHJM�IUILJVI MW�XYZ[\LZ]̂_̀̂abc�KW�XYZ[\LZ]̂_̀̂abc�dW�e]̂b[S
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