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Abstract- Closing of old oil-shale based power plants and fast development of wind power has raised several
issues regarding possible future electricity production capacities in Estonia and their environmental
performance. In February 2009 Estonian government adopted a new Development Plan of Energy Sector until
2020. This study was performed in conjunction to the strategic environmental assessment of the plan
highlighting especially the C{and SQ emissions of electricity production scenarios. The analysis is carried
out using the Long range Energy Alternatives Planning System (LEAP) software, which is suitable for

elaborating the scenarios and their impact on power balance and to the environment.
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1 Introduction

Estonian energy system is unique for its oil shaleas been reducing considerably, as in 1970's and
baed electricity production, which has been ai980’s it formed 60% of the generation and has in
important energy source for many years. For morecent years been approximately 20% of produced
than 40 years, the two worlds’ largest oil-shale firedlectricity. Currently electricity is exported mainly to

power plants situated in the north-east Estonia halkatvia and Finland,

been producing over 90% of Estonia’s electricity.

but by closing down of Ignalina
nuclear power plant in Lithuania in the end of 2009,

As it is visible from Figure 1, the electricity the export is expected to grow even more. [1]

production has been reducing from 19 TWh in 1980he electricity consumption has been growing since
to 8,5 TWh in 2000 and thereafter has been increasihg90’s and is currently about 7 TWh with an increase

reaching 12 TWh in 2007. The export of electricityf 4% in a year.
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Fig. 1. Production, consumption and export of electricity in TWh
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Natural Table 1. Comparison of old and new oil shale
o Peat combustion technologies. [3, 4]
N 0,2% Renewables
Shal(i ail 1,2% PFBC CFBC
Oil shale  02% Unit capacity,
Lo% MW 180 215
Building year 1963-1973| 2003, 2005
Net efficiency, % 30 36
Oil shale SO, mg/Nnt 1900-3000 20
93,6%
COy, t/TJ 102,1 98,8
NO,, mg/Nn? 240-320 90-175
Fly ash, mg/Nm | 2100-2800 30

Fig. 2.Electricity generation in 2007

L ) . . Closing down of PFBC units will mean that
As it is presented on Figure 2 electricity generation §go0 MW of generation capacity will be out of
2007 was 12,2 TWh, of which 93,6% was producéharation, which is 67% of the total production
from oil shale, 2,9% from natural gas, 1,9% from Oighacity. [2] Therefore Estonia will face a great
shale gas and 1,2% from renewable sources. [1]  , oqyction capacity shortage unless there would be

: . . new power plants built. New production units are
Oil shale is a local fossil fuel, but there are severglarefore needed to be in operation already in 6 years.
environmental issues with regards to its USAYRg the planning and building of power plants takes
Emissions from oil shale power plants are responsillg, arg years, definite decisions regarding new

for most of the Ceand SQ emissions in Estonia. roduction capacities are needed to be made within
The mining quantities of oil shale have bee’ﬁearest future.

increasing from 11,7 mill. t in 2000 to 16,5 mill. t in

2007 of which 80% is used in electricity and heghy, the other hand big changes are seen with regards
production and the rest for producing shale oil (Ofy \ind power. It has currently only a small share in
product, which can be used alternatively instead @isionian electricity production as the capacity of
conventional oil) [1]. wind turbines is at the moment 108 MW [2]. In the

next years wind power will have a growing role in the

The total capacity of power producers is currentlyja tricity generation as it has the biggest contribution
about 2400 MW, of which 2000 MW is the capacity, meet the target to produce 5,1% of electricity in

of before mentioned two biggest oil shale fired powe§y1g from renewable energy sources [5].

plants. These old pressurized fluidized bed

combustion (PFBC) power units were built in 1963tyq (4ta| capacity of planned wind power projects in
1973. Two new power units with a capacity Ofgionia reaches already 4000 MW, which is more
430 MW, started operating in 2003 and 2005, whiGan two times higher than the peak consumption of
are using circulating fluidized bed combustionne \whole country. Most probably all these projects
(CFBC) technology. The comparison of unit capamtXNi” not be implemented, but at least 200 MW by

efficiency and their emissions are presented W10 and 400 MW by 2012 will be in operation. [2]

Table 1. . The wind resources in Estonia are very good, but
From the table 1 it is seen that the new CFBC pOWg{are  are  different technical limitations on  its

units have bigger unit capacity and higher eﬁiCienCXlt_ilization, like lack of regulating reserves to
but remarkable changes are seen with regards to theifhensate the fluctuations in wind power production

emissions compared to the old PFBC units. Especial . As there are no fast start-up production capacities

the SQ emissions, which are over 100 times lowef,"ggionia, some balancing measures are necessary if
These PFBC units will be closed after the year 201, capacity of wind power exceeds 200 MW.

as their sulphur dioxide emissions don’'t comply WiﬂAccording to the plans the balancing would be

the EU directive requirements. Alternatively it isperformed through exporting the electricity to

considered to invest into sulp_hur capture tecmomgiﬁ%ighbouring countries and building a 120 MW gas

to keep some of old PFBC units operating [2]. turbine by 2013 and a second submarine cable to
Finland. [2]
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The study was performed in conjunction to th&or creating the Estonian energy system model,
strategic  environmental assessment of tisiatistical data for the years 2000-2006 was inserted,
Development Plan of Energy Sector until 2020. Thighich is available in Estonia’s statistical database [1]
development plan replaces the National Long-Terand annual results. Final energy consumption data (all
Development Plan for Fuel and Energy Sector unfrimary fuels, (_alectrlcny and heat) by dlfferent_ sectors
2015 that is now divided into specific developmerfindustry, agriculture, transport, commercial and

plans like development plan for electricity sector, fopouseholds) were used. The production units for
heating sector, for the use of oil shale, for promotingl€Cicity, heat, oil shale mining and shale ol

the use of biomass and bio-energy, enerdycduction were created in LEAP and their

conservation program and action plan of renewa roduction was optimized to represent the real

The devel t ol ; wor di ftuation. This means that a reference model was
energy. 1he development plan ot énergy sector 'regﬁilt, where the production from generating units

. ; %ould be at the same level as the actual numbers in
imports and exports of energy resources, includingynog-2006. Thereafter the development of final

eIeptripity, hee'lt and liquid fuels. It states the strateg'g;nergy consumption in 2007 — 2030 was predicted
objectives until the year 2020 and aggregates the aigisd for the each scenario changes in the production
and limitations of specific development plans in thigapacities (closing of plants and building of new
sector. [7] ones) were made.
The Strategic Environmental Assessment of the
Development Plan of Energy Sector until 2020 wabhe main assumptions of the work:
carried out by Stockholmi Environment Institute’sl. The planning period is from 2000-2030, where
Tallinn centre. The aim of strategic environmental 2000-2006 is based on historical data and from
assessment is to define and evaluate the consequence007 the data is either predicted by LEAP based
of the plan, their correspondence to national and on historical numbers or is user-defined as
international environmental targets and to propose changes in the production capacities, building of
suggestions for avoiding and mitigating the new plants, etc.
environmental damage [8]. The strategiQ. The electricity consumption is growing based on
environmental assessment analyses the emissionsgross domestic product (GDP) and elasticity
from electricity and heat sector as well as the use of coefficient 0,3. This means that electricity
bio fuels in the transport sector. In this paper only the consumption increases annually between 0,9 to
emissions of different scenarios in the electricity 1,5%.
sector are analyzed. 3. The evaluation is given only on emissions from
electricity sector.

4. The emission coefficients are taken from LEAP-s
2 LEAP mod€d database.
The aim of the study is to evaluate £&nd SQ 5. As the development plans do not concern any
emissions in case of different electricity production changes in the production capacities of
scenarios in the period 2000-2030. The analysis is cogeneration based on natural gas, wood, peat,
carried out using the LEAP model and a model of biogas and also hydropower, therefore it is
Estonian energy sector is created. assumed that electricity production from these
LEAP is a scenario-based energy-environment Production units will remain at the same level as
modelling tool, which is suitable for analysing energy it is been in years 2000 to 2006.
consumption, production and emissions in all sectofs Electricity export is assumed to be at the same
of economy [9]. It can be used to account for both level as itis been in years 2000 to 2006.
energy sector and non-energy sector greenhouse @asDistribution and transmission losses are assumed
emissions. It can be used to create models of different t0 be in the same level as in 2006.
energy systems, where each requires its own unique
data structures. LEAP supports a wide range d&he electricity production scenarios were constructed
different modelling methodologies: on the demanBased on scenarios from Estonia’s Long-term
side these range from bottom-up, end-use accountiflgctricity Sector Development Plan until 2018 [11]
techniques to top-down macroeconomic modelling@nd National Oil Shale Development Plan for 2008-
On the supply side, LEAP provides a range o015 [12]. Additionally one scenario was added by
accounting and simulation methodologies foputhors of strategic environmental assessment of the
modelling electricity generation and capacit@€velopment plan.
expansion planning. [10]
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Fig. 3. Production capacities in 2030 of all scenarios

The overview of electricity production capacities inThis case is derived from discussions in media where
2030 are presented in the Figure 3. Below each of tiids proposed that in case the old oil shale power
scenarios 3 is described separately. plants will be closed; there will be large amounts of
Scenario 0 is the base model, where it is assumed tAttshale available for shale oil production, which
the current situation will be continuing - there will becould then be used in gas turbine.

no power plants built or closed. There will be o _ . _ .

2150 MW of power plants in operation using oil shal&cenario C is a mix of oil shale, wind, gas turbine and
(including shale oil, oil shale gas, also CHp)lgucIear power, where 400 MW of new oil shale units

200 MW of CHP-s (including natural gas, wood, peaWI” bg built in addltl_on to existing 400 MW. The
biogas) and 50 MW wind power. capacity of wind turbmes reaches 400 MW in 2012
For the all other scenarios it is assumed that the ¢#id & 400 MW gas turbine starts operating in 2013.
PFBC units will be closed in 2015. Two CFBC unit£iS0 400 MW of nuclear power will be available in
with a total capacity of 400 MW, 200 MW CHP-s and025. , _ o _ _
50 MW of wind power will remain in operation. In Scena_rlo C2isa qulflcatlon of Scenario C, wlth the
addition the mining capacity is limited. The NationaPnly difference that instead of 400 MW new oil shale
Oil Shale Development Plan for 2008-2015 sets t##lits there will be a 400 MW coal based production
annual mining quantities to 20 mill. t and reducing #¢nit built.
to 15 mill. t after 2015 [12]. i . . i o
Scenario D is an oil shale scenario, where it is
Scenario A is a nuclear power scenario, where agsumed that in addition to existing CFBC units there
1200 MW nuclear power plant will be available inwill be new capacities built for 800 MW. The
2025. New wind parks are built and by 2010 the wing@Pacity of wind turbines reaches 400 MW in 2012
power capacity reaches 250 MW. To balance trhd a 400 MW gas turbine starts operating in 2013.

fluctuating production of wind power, a 100 MW glasScena_rio E is_a development_ of oil sha_le power plants
turbine will start operating in 2013. and wind turbines together with balancing gas turbine.

Scenario B foresees a maior ind powel 1S foreseen that in add_it_ion to _existing CFBC units
developl)ment reaching 1200 MV\JI in VZIOB gnév there will be new capacities built for 500 MW. The
1200 MW gas turbine (using natural gas) is built of@Pacity of wind turbines reaches 500 MW by 2012
the same year to balance the production. and a 700 MW gas turbine starts operating in 2013.

As a one sub-scenario B2, a case was studied, when lectrici : f .
shale oil is used in gas turbine instead of natural gad€ €lectricity generation of Scenarios O, A, B, C, D
and E are presented in Figures 4 to 9.
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Fig. 4. Electricity generation in TWh of Scenario 0
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Fig. 5. Electricity generation in TWh of Scenario A
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Fig. 6. Electricity generation in TWh of Scenario B
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Fig. 7. Electricity generation in TWh of Scenario C
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Fig. 8. Electricity generation in TWh of Scenario D
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Fig. 9. Electricity generation in TWh of Scenario E
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Fig. 10. CQ emissions from electricity sector of all scenarios in million tonnes

3 Comparison of emissions Figure 10 is also showing that the scenario with the
3.1 Comparison of CO, emissions lowest emissions is A. The emissions of Scenario A
The comparison of COemissions from electricity (nuclear power) are remarkably.lowe.r than from other
sector of above described scenarios is visualized &€S: @ no new oil shale units either wind power
Figure 10. plants are constructed, and als_o_ due to reason that
From Figure 10 can be seen, that the, @®issions Nucléar power plants are not emitting any,CO
from the electricity generation have been increasiﬁgcanhalso be opserved 'frgm Figure .10,hthat In spite
from 9,6 mill. t to 11,6 mill. t in 2003 and the startingt at t _e.Sﬁenarlo B (win p(_)l}NEr) s the Igreenest
point for all scenarios in 2006 is 10,8 mill. t. Thecenario; the Coemissions will be not as low as
emissions are decreasing after 2003 when the negenario A. This is d%’e S|gn|f|pant Increase in ”‘?‘t“ra'
CFCB production units have been replacing the O%S usa_ge_for balancing t_he wind power _productlon:
ones, which have 3% lower [13] G@&missions. But € emissions of scenarios BZ. (wind with shqle oil),
after 2006, the predicted emissions have a sligﬁt gﬂ'xef') almd C2 (mixed with coal) are in the
increasing trend, as the production from conventiong]€¢!um IeVel.

ower plants is growing due to electricit . . .
Eonsump?ion growth g g yThe level of CQ emissions will have a growing

It is also clear from Figure 10 that all scenarios wilfPortance in Estonia, as already now it is necessary
have a lower emission level than the basdO" the power producers to buy some amounts of CO
scenario 0.This means that closing down of old gjlowances from the market. The national
shale power units will have a positive effect on,C evelopment plan foresees that also in the future
errissions Estonia should have production capacity sufficient to
The highest emissions of scenario 0 are caused ply the domestic consumption. _Also It is hlg_hly
greater oil shale production capacities. Scenarios obqb[e that Estonia W'l.l continue - exporting
(oil shale) and E (oil shale with wind and gas turbin ectricity, as other'two Baltl_c countries are .facmg
have also high COemissions, which is verifying that hortage of productlo_n capacity. Thert_efore It is very
highest emissions have the scenarios with high Wﬁg_”a”t to ma(l;e r.|ght deuspns v::th regard; to
shale based production capacities This is due to a f ¢y'ding New pro uction capac!tles when taking into
that most of CQ@ emissions are originating from oj| consideration different emission levels from all

shde. Therefore, in this matter the extensive shale gif€Naros: This f|s a topical qqut'on arl130 in _ot_her
production should be avoided. countries [14] of European Union, as the emission

allowances will be even more reduced in the future.

ISSN: 1790-5060 17 Issue 1, Volume 5, January 2010



WSEAS TRANSACTIONS on POWER SYSTEMS R. Kuhi-Thalfeldt, A. Kuhi-Thalfeldt, J. Valtin

50
85

20 V=0
1 [F ==p
75 —_— |7 s
70 V= B2
651 vV —c
V —cz
60 D
55 weaeved ¥ —E
sol et ettt
451
40 |

359
30
25
20
151
10

5.

0 T T T T T T T T T T T T T T
2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020 2022 2024 2026 2028 2030

Fig. 11. SQ emissions from electricity sector of all scenafinthousand tonnes

3.2 Comparison of SO, emissions closed in 2015. Whereas the new CFBC units emit
The comparison of SCemissions of eight electricity over 100 times less $S@8] and therefore the level of
produdion scenarios is presented on Figure 11. emissions will be so low, that the difference in oil

shale based generation will not affect the results in a
From Figure 11 it is evident, that emissions of, SGsignificant way.
hawe been decreasing from 93 th. t in 2003 to 62 th. t
in 2006, as about one third of electricity is nowrhe SQ emissions are proving that sub-scenarios B2
produced using more efficient CFBC productiomnd C2 have higher emissions as their main models.
units, which have remarkable low S@missions. In the Scenario B2, where shale oil is used in gas
From 2007 there is again a slight increase iturbine instead of natural gas, also the,@®issions
emissions as the production from oil shale powavill be higher than in B Scenario, but remarkable
plants is growing. difference is seen in relation to S@&missions. If in
But from 2016 emissions of most of the scenarios atlee Scenario B the SQemissions in 2030 are 2 th. t,
in the same, low level, which is the point when old othen in Scenario B2 they are 55 th.t. Therefore,
shale units are closed. Only in Scenarios B2 (usithgoking in point of view of S@emissions, the use of
shale oil in the gas turbine instead of natural gas) asldde oil in gas turbine instead of natural gas should
C2 (building a 400 MW coal power plant instead olbe avoided.
oil shale power plant) the emissions are higher than
for the rest of scenarios. As for other sub-scenario C2 (400 MW coal instead
From the Figure 11 can be also seen, that the scenarfooil shale), the emissions will be higher than of
with highest S@emissions is base-scenario 0. This iScenario C. Therefore in sense of environmental
dueto being the only scenario with so high share dmpact, it is advisable to invest into 400 MW oil shale
oil shale in the electricity production. generation units and not to use coal. As the emissions
are dependent on combustion technology used, which
What is interesting is that the scenarios with th@ this case was selected from LEAP-s database, the
lowest SQ emissions (A, B, C, D, E) are in the samselection of different combustion technology for coal
pollutant level after the year 2015 in spite of fact, thagower plant could result in a different outcome.
the capacity of oil shale power units are different,
which is between 400-1200 MW. The reason for this
is that most of the SOemissions are caused by
buming oil shale in the old PFBC units, which will be
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3.2 Import of electricity with import. This is caused by situation where the old
During the analyzing process it was noticed, that il shale power units are closed and no power units
some scenarios the available production units canr@e built until the year 2025, when nuclear power
meet the whole electricity demand and thereforglant is starting its operation.

import is needed. This means that emissions froAiso in case of Scenario C (mixed version) and C2
imported electricity will be not represented in thémixed with coal) 20% of electricity comes from
emission numbers. Therefore, a question aris#Bports due to lack of production capacity before the
whether the results would be different if there iguclear plant starts operating. Therefore it should be
needed to cover the whole demand with loca&onsidered to invest into sulphur capture technologies
production units. It conflicts also with the nationato keep old PFBC units operating until 2025 and
development plan, which foresees to have productitihereby reducing the need for import. This of course
capacity sufficient to supply the domestigneans that the GOand SQ emissions for these
consumption. The overview of imported electricity irscenarios would be higher in the period 2015-2024.

TWh is presented on Figure 12.
Also Scenario 0 has growing import requirements

From the Figure 11 it is seen, that in the period froguring the whole planning period, as there is lack of
2000-2006 the import has been below 0,5 TWiiggulating power units in the Estonian power system.
which corresponds to real situation, as only smafidditionally, the limitations of the oil shale mining
amounts of electricity is needed to balance differencgsantities start to limit the production of oil shale
between consumption and production, as th@ower plants as the electricity consumption is
regulating ability of current power producers is nogrowing and no new power plants will be built.
sufficient. After the year 2009 model foresees a
growing need for import for some of the scenariodt is also visible on Figure 11, that the lowest import
especially for Scenarios A, C and C2. requirements have scenarios B (wind power) and B2
(wind power and shale oil). The import of these two
As seen from Figure 12, the highest importeficenarios is exactly at the same level and therefore
electricity quantity has Scenario A, where imporyou can see only a line for Scenario B on the figure.
reaches 7 TWh in 2024. This is the nuclear powdhese scenarios have sufficient production capacities
scenario, where in the period 2015-2024 annualBs well as regulating power units, as gas turbine is
about 53-60% of electricity demand will be coveredised to balance the fluctuating wind power.
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Fig. 11. Import of electricity in TWh of all scenarios
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4 Conclusions The level of CQ emissions will have a growing

Mode for Estonia’s energy system was created ifnportance, as also in the future Estonia should have
LEAP software and eight different electricityProduction capacity sufficient to supply the domestic
generation scenarios were designed based on the 168§sumption as well as some export to neighbouring
term development plans. The £8nd SQemissions countries. As the emission allowances set by
of these scenarios were presented and analyzed in figopean Union will be reduced even more in the

study.

future, therefore it is very important to make right

Based on analyzed GCand SQ emissions it is decisions with regards to building new production
evident, that all scenarios are showing a reduction 6fPacities when taking into consideration different

emissions compared to Scenario O,

whef@nission levels from scenarios presented in this

continuation of current situation is assumed. CIosin‘{}Udy-

down of old oil shale PFBC units will have a
significant impact on pollution reduction. The new

CFBC units have lower emissions; particularly thé\Cknowledgements

SO, emissions are over 100 times lower.

Authors thank the Estonian Science Foundation

(Grant No. 7345) for financial support of this study.

The best scenarios regarding the pollution level are A

and B. Scenario A foresees use of nuclear power aRdferences:

has the lowest emissions, but during a ten year peridd
more than half of the electricity consumption would2]
be imported. This is due a fact that the old oil shale
power units are closed in 2015 and no power units are
built until the year 2025, when nuclear power plari8]
stars operating.
As the emissions from imported electricity will be not
represented in the emission numbers, a question arises
whether the results would be different if there is
needed to cover the whole consumption with local
production units. One possible way is to invest intpl]
sulphur capture technologies to keep some of old
PFBC units operating until 2025.
Scenario B is with large wind power developmen{b]
but its CQ emissions will be hence higher than for
Scenario A. These additional emissions are coming
from gas turbine for balancing wind power. But
unlike the Scenario A, in this scenario electricity
import is kept on a low level, as there is sufficient
production capacity and balancing units available. [6]
Shale oil usage in the gas turbine instead of natural
gas was also investigated in Scenario B2, but due to
higher emissions it would not be environmentally
thoughtful.

[7]

Scenarios with high oil shale share, like 0, D and E
verified that is very important to limit oil shale
mining and extensive oil shale power production, 48]
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