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Introduction

The purpose of this report
the analysis of different
scenarios for the future of
Estonian energy system
and more in general to de-
fine a post 2030 Baltic elec-
tricity market study.

Context of the Study

As the EU strives to become the first carbon neutral
continent by 2050, the Baltic Sea region could become
a large source renewable generation, including from
offshore wind. While the wind resource is favorable,
most of the Baltic Sea is far from the large load centers
in Central Europe, meaning that to maximize the off-
shore wind potential sitting in the Baltic Sea, the trans-
mission system will also need heavy investment. In this
context the Baltic Sea Countries’' TSOs aim to co-oper-
ate to develop a marine energy network and market.
This study should provide insight into the economic
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performance parameters, impact and perspective of
various generation, storage, and transmission projects
inthe region’s energy system, with an end goal of map-
ping a viable and economically optimal pathway to en-
able a decarbonized electricity system, with adequate
security of supply of electricity.

Energy Modelling using Balmorel

The primary tool used to conduct this work is the en-
ergy system model called Balmorel. The optimal dis-
patchisdetermined based oninputs as hourly demand,
existing generation and transmission capacities, fuel,
and generation costs.

The geographical scope of the model, for the current
study, willinclude 18 European Countries: Estonia, Lat-
vig, Lithuania, Finland, Sweden, Norway, Denmark, Po-
land, Germany, the Netherlands, Belgium, Luxemburg
France, Italy, Switzerland, Austria, Czech Republic, and
Great Britain. The information regarding demand and
generation are provided by region whether the trans-
mission capacity is given between the latter.

e



Balmorel results for this study include:

e Yearlyand hourly electricity generation.

e Fuels and other operations and maintenance
costs (O&MW).

e (apital costs.

e Total costs.

e Investment costs.

e Emissions.

e Congestion rent.

e Hydrogen demand and generation.
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Scenarios Under
INnvestigation

The European Balmorel energy system model is utilized
to generate a Reference Scenario (Current Best Esti-
mate), a benchmark useful to analyse and understand
which investment pathways are most economically vi-
able and which are the no-regret decisions that can be
made today. In this study, three core pathways are de-
fined, and these will be the starting point of other 14
different scenarios. The study compares a total of 45
scenarios, where each of the scenarios is compared
with the relative reference pathway. The three sce-
nario pathways are considered as three starting
points; hence, the model will optimize the investment
in the Estonian heating system accordingly. Therefore,
the capacity in the Estonian heat sector can vary be-
tween pathways, adjusting the optimal heating mixac-
cordingly to the power system. On the other hand, the
different power generation capacities in the Estonian
energy system are not considered affecting the other
European Countries, hence remain unvaried in the
three pathways.
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Current Best Estimate

The specifics of this pathway scenario are outlined in
the following, the Current Best Estimate (CBE) pathway
is considered the base of the entire study.

Rapid Development

The Rapid Development (RD) pathway considers the
addition of wind capacity in the Estonian energy sys-
tem. More specifically @ more rapid development of
onshore wind and the addition of offshore wind capac-
ity reaching 3000 MW in 2050.

Rapid Development + Storage

The Rapid Development + Storage pathway start from
the same development of the RD pathway but foresees
the addition of flexibility measures in the Estonian en-
ergy system.

(S



current Best Estimate
Reference Scenario

Overview

Current Best Estimate scenario acts as the reference
scenario used to compare back to all the other scenar-
ios. The main inputs to the European Balmorel model
are listed in the following. The energy system resulting
from the inputs is also described.

“_.this scenario represents
the most expected path for
the Baltic energy system to
meet future electricity de-
mand, which is going to be
compared with the other
scenarios.”

The Current Best Estimate scenario will be based on
TYNDP's modelling results along with other technology

8 | post2030 Baltic electricity market

assumptions. TYNDP (Ten Years Network Development
Plan) is a plan designed by ENTSOG and ENTSOE that
provides an overview of the European energy infra-
structure and its future developments, and it maps the
integrated gas network according to a range of devel-
opment scenarios.

The Global Ambition (GA) scenario is one of the three
scenarios outlined in the TYNDP to reflect the increas-
ing uncertainties towards 2050. Global Ambition (GA)il-
lustrates a pathway to achieve carbon neutrality by
2050 and atleast 55 % emission reduction in 2030. The
main drivers in this scenario are the development of a
wide range of renewable and low-carbon technologies
(many being centralized) and the use of global energy
trade as a tool to accelerate decarbonization.



The GA scenario’s output data is used as reference da-
taset. Several policies are defined to follow the capac-
ity expansion and to achieve the TYNDP's GA capacity
expansion results. In other words, this scenario repre-
sents ENTSOE vision most likely path for European,
Baltic, and more specifically for the Estonian energy
system, to meet future electricity demand respecting
the climate goals.

The main inputs to any large-scale energy system
model are energy demand, energy supply (generation
technologies and fuel prices), and energy transmission
(high-voltage transmission capacity). The Current Best
Estimate scenario is simulated for 2030, 2035, 2040
and 2050 with hourly time resolution and relaxed unit
commitment (to reduce the run times). The original
TYNDP's geographical division is maintained in the
analysis with the regional bidding zones representing
the existing market.

Key Inputs

The electricity demand in the TYNDP's methodology is
split into four main different categories: Classic, Elec-
tric Vehicles, Residential and Tertiary. In the analysis
conducted with the Balmorel model Classic, Residential
and Tertiary sectors demands are unified in the Classic
demand the electricity demand to district heating (DH)
demand depends on the electricity price and the heat
sector capacities, therefore, the latter will vary among
pathways. The yearly demand is then adjusted adding
to the Balmorel profile a demand for EVs that is consid-
ered fixed (not depending by the electricity price) and
an electricity demand for hydrogen generation (P2X
demand). Figure 1 depicts the yearly total demand for
Estonia in the CBE pathway case. The Classic demand
sees an almost constant increase in the period consid-
ered, around 1.6 Twh every ten years, however the
most consistent increase regards the EVs charging ex-
pected toreach almost3Twhin 2050. The P2X demand
is also fixed, however the share of hydrogen gener-
ated, and therefore the electricity demand to generate
it depends on the electricity price.

The information regarding generation capacity (expect
Estonia, Latvia, Lithuania, and Finland which are based
on National Trends till 2035), electricity and heat de-
mand, transmission capacity, demand response and
CO2 prices are retrieved from the ENSTO-e and
TYNDP'22 global ambition data. The hourly profiles of
non-dispatchable energy sources (wind and solar), hy-
dro and hourly demand are attained from ENTSO-e
data and the climate year considered for the analysis is
1995.Theyear 1995 is a representative year to test the
adequacy of the electricity system being the historical
climatic year of highest residual demand based on Dis-
tributed Energy RES capacity and demand profile.
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Figure 1:Total electricity demand in Estonia (Gwh).

Flexibility is also considered in the model with six dif-
ferent Demand Side Response (DSR) bands, based once
again, on TYNDP's data. The six bands are characterized
by specific activation price and no limitation of dura-
tion, the values considered for the bands are reported
in Table 1. The demand side response is modelled as a
certain amount of demand that can be “unserved” with
the payment of the activation price.

Table 1: DSR bands considered based on TYNDP.

Activation price

(EUR21/MWh)
DSR Band 1 250
DSRBand 2 500
DSR Band 3 900
DSR Band 4 1500
DSR Band 5 3500
DSR Band 6 4800

The years simulated are 2030, 2035, 2040, and 2050.
The model is not allowed to invest in electricity

e



generation capacity and/or transmission line expan-
sion; however, in the pathways the Estonian heat sec-
toris optimized in response of the power sector capac-
ities. The development of generation and transmission
capacity follow the TYNDPs perspective on all the Eu-
ropean Countries apart from Estonia. The model opti-
mizes the hourly dispatch to meet the electricity de-
mand in said years, defining which technology will
generate and the amount of electricity transferred
among regions.

TYNDP's capacity expansion results provide regional
capacity by fuel and technology type. The fuels in-
cluded in the analysis are coal, natural gas, biogas, nu-
clear, shale, onshore and offshore wind, solar, hydro,
waste, biomass, and other fuels. The latter are allo-
cated to specific fuel category based on the compari-
son of the Balmorel model and TYNDP runs. Figure 2
shows the electricity generation capacities for Estonia
and for the Baltic Countries retrieved from TYDNPs
projection.

The increasing generation capacity, considering the
context of the ongoing energy transition, is required to
meet the raising total electricity demand of the energy
system. Furthermore, the price per MW of technolo-
gies such as wind (onshore and offshore), solar PV, and
battery storage decreases towards 2050 to a much
higher degree compared to other technologies. The
limited lifetime of the existing plants, in many cases
ending before 2050, has also an influence on the
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EShale 660 466 274 274
Gas 300 250 250 250

variation of the generation capacity mix. The growthin
demand, the falling costs of new generation technolo-
gies and the ageing of existing generation system,
along with the European climate neutrality goal, can be
seen as the main factors influencing the alteration in
the generation mix towards 2050.

These factors are considered reflected in the TYNDPs
scenario. Furthermore, the Baltic Countries have a cer-
tain amount of generation capacity utilized as reserve
capacity. According to the data provided, the reserve
capacities in the three Countries are the one listed in
Table 2. In Appendix it is possible to see the total in-
stalled capacity on a Country level, divided by the four
years considered and the generating fuel.

Table 2: Defined reserves for Baltic Countries.

Country Reserve Capacity
(Mwv)
Estonia 250
Lithuania 400
Latvia 50

Baltic Countries
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(=8
8 6 000
4000 | [ N
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0 2030 2035 2040 2050
Solar 2144 2277 2445 2881
Onshore wind 2832 3032 4233 4961
Offshore wind 2120 2796 3472 4112
B Hydro 1720 1720 1720 1720
B Waste 67 66 66 41
Biogas 94 55 55 55
MW Biomass 360 471 541 566
Other 187 187 187 187
mShale 660 466 274 274
Gas 1899 1849 1849 482

Figure 2:Generation capacity development in the Current Best Estimate scenario, for Estonia (left) and Baltic Countries (right).
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Another key input influencing the future electricity
generation is the CO2 price or CO2 tax on emissions. In
Table 3 shows the CO2 prices used in the model for
each of the yearanalysed. The CO2 prices utilized in the
simulation of the model are retrieved once again from
the TYNDP 2022 projections.

Table 3: CO2 prices in the simulated years.

CO2 price
(EUR21/ton)
2030 78
2035 100.5
2040 123
2050 168

Natural gas use is not limited to a maximum use, but
the use of synthetic fuels is included in the models’ as-
sumptions. Bio-methane, synthetic-methane, and hy-
drogen use in power generation are seen as require-
ments and constrained to a minimum fuel use to
generate electricity. This assumption follows once
again the ENTSO-E and TYNDPs perspective. The opti-
mization decides the share of these fuels although the
minimum total requirement, as sum of these fuels,
must be met. The fuel prices of the synthetic fuels
cited, follow also the TYNDP projections, the latter can
be seenin Figure 3 .As depicted, the fuel costs are char-
acterized by a common decrease towards 2050, the
price projections do not consider the current gas crisis
and assumes better natural gas availability in the years
simulated, therefore also the natural gas price is con-
sidered decreasing towards 2050.
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Figure 3: TYNDP's fuel prices projections.
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Key Results

Figure 4 shows the optimal electricity generation by
fuel in the years considered for Estonia and for all the
Baltic Countries. The decade from 2030 to 2050 shows
a clear increase of generation from wind and solar PV.
For the Baltic Countries the development and increase
in generation regards mainly wind onshore and off-
shore. In Estonia the electricity generation from on-
shore wind more than doubles from 2030 to 2050, in
Latvia and Lithuania the increase in generation of on-
shore and offshore wind is similar and goes from
around S TWhin 2030 to around 16 TWh in 2050. If the
onshore generation in the Baltics also considers the
contribution of Estonian plants, the offshore develop-
mentregards only Latvia and Lithuania since in the CBE
pathway no offshore capacity development is pre-
dicted in Estonia. Fossil fuels generation sees an over-
all decrease in all the Baltics. The electricity generation
from gas is constantly decreasing towards 2050 no
electricity generated from gas in Estonia from 2035,
due to the use of the 250 MW of gas capacity as re-
serve. The gas generation in the Baltics decreases of
more than ten times during the same period. Similar
trend is seen also for the electricity generated from
shale in Estonia with decreasing generation until 2040.
In 2050 the increasing electricity demand requires the
increment of generation from shale, compared to
2040, and around 120 GWh of electricity are still gen-
erated from shale.
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Figure 5 shows the CO2 emission from power genera-
tion in Estonia towards 2050, the emissions from heat
generation are not included in the chart. As a result of
the decreasing generation from fossil fuels it is possi-
ble to see how the overall CO2 emissions in Estonia de-
crease till 2040, it appears that the increasing electric-
ity demand between 2040 and 2050 results in higher
generation from shale, with consequent higher CO2
emissions. The emissions from natural gas are O al-
ready in 2035, due to the 250 MW natural gas power
capacity used as strategic reserve and, hence, not gen-
erating electricity in the regular functioning of the Es-
tonian energy system.
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Figure 5: CO2 emissions in the Baltic Countries.
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Figure 4: Yearly electricity generation by fuel in the Baltic Countries (left) and all the Countries (right).
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The increased generation from renewables has an in-
fluence on the electricity prices in Estonia and in the
Baltics. Overall, the TYNDP capacity development pro-
jections see anincrease of renewable capacityinall Eu-
ropean Countries, with related higher share of renew-
able electricity generated. This trend influences the
average vearly electricity prices towards 2050. Table 5
shows the evolution of the average electricity price in
the European Countries, and more specifically in the
modelled bidding zones. The average prices register a
notable decrease in all the Countries in the model.
Overall, itis possible to see a less differentiated price in
2050 compared to 2030 in the whole Europe. This re-
sultcan beinterpreted with less hours of congestion in
theinterconnectors betweenregions. The Estonian av-
erage electricity price decreases substantially towards
2050, however the expected raise of electricity de-
mand keeps the contraction of the price to a lower
value compared to other Countries.

The decreasing average electricity prices in all the re-
gions considered in the model is a result of the increas-
ing penetration of variable renewables (VRE). VRE pen-
etration expresses the ratio between variable
renewable electrical power output, and the total elec-
trical load served. For what concern the Estonian case
the value of wind and solar penetration are reported in
Table 4.

If, on one hand, the penetration of wind continuously
increases towards 2050, on the other hand the pene-
tration of solar remains almost constant towards
2050. The electricity generated from solar source re-
main around one third of the total, showing a propor-
tional increase in electricity generated from solar and
total electricity generation in Estonia.

Table 4: Estonia VRE penetration.

wind
penetration

Solar
penetration

2030 29% 31%
2035 47% 34%
2040 49% 33%
2050 52% 32%
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Table 5: Average electricity prices (€/Mwh)in the modelled re-
gions.

Region 2030 2035 2040 2050
AT | 74 59 46 34
BE | 77 59 43 34
CH | 79 72 54 41
cz |8 67 50 38
DE IIIII 71 51 40

DKE 54 48 41 29

DKW 55 41 28 20
EE 67 63 50 50
Fl 42 47 37 27
FR 57 38 32 27
GB | 83 62 44 35
IT 72 63 57 29
LT 62 57 44 35
LV 65 59 44 43
LX IIIII 62 51 40
NL | 76 56 39 29

NON 32 36 38 36

NOM 34 37 37 37

NOS 60 60 38 37
PL 8 67 48 35

SEN1 29 37 35 29

SEN2 25 35 36 29

SEM | 25 34 33 26

SES 39 41 41 30



The value factor, intended as the ratio of market value
of the technology (average revenue per MWwh in a cer-
tain year), and the average wholesale electricity mar-
ket price, is a good indicator to express the renewables
technology potential. The value factor canin fact be an
indicator of the potential of further development of
non-dispatchable renewables, being the latter availa-
blein certain hours of the years, a high development of
these technology can manifest the phenomenon of the
so-called “self-cannibalization effect”. This effect oc-
curs when the penetration of renewables in the hours
when the latter are generating is high enough to drive
the electricity price to low values compared to the rest
of the years (when there is no availability of sun or
wind).

Table 6 shows the Estonian value factor of Onshore
wind and Solar towards 2050. The decreasing value
factor of wind related with the high wind penetration
suggest a potential for storages, that decrease the dif-
ference in electricity price between hours with high
and low renewable electricity generation. Further-
more, the high value factor of solar suggest untapped
potential for the technology and the limited number of
hours in which solar generation is the driver of the
electricity price in 2030, in 2050 the value factor of so-
lar is decreasing showing once again the potential for
storages.
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Table 6: Value factor for VRE Estonia.

Onshore Wind

2030 0.83 1.03
2035 0.81 0.99
2040 0.78 1.00
2050 0.76 0.82

Figure 6 depicts the variation of the price duration
curve in Estonia for the simulated years. The first visi-
ble outcome is the progressive diminishing of the aver-
age electricity price towards 2050, furthermore, it is
possible to see how the curves tend to reduce their
slope with increasing hours with same price approach-
ing the last simulated year. This is evident if comparing
the price duration curve in 2030 and the one in 2050.

T

191

381

571

761

951
1141
1331
1521
1901
2091
2281
2471
2661
2851
3041
3231
3421
3611
3801
3991

1711

e 2030 2035

4181
4371

4561
4751
4941
5131
5321
5511
5701
6271
6461
6651
6841
7031
7221
7411
7601
7791
7981
8171
8361
8551

2040

Figure 6: Estonian price duration curve in 2030, 2035, 2040 and 2050.
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Table 7 reports the number of hours with electricity
price above 100 €/Mwh and below 10 €/MWh. This ta-
ble helps to have more specific insights regarding the
electricity prices, not easily detectable from the
curves. Overall, it is possible to see how the number of
hours with high electricity price tend to decrease to-
wards 2040, however this number increases substan-
tially in 2050. This can be justified by the high increase
of electricity demand in Estonia from 2040 to 2050,
where the generation of renewables occurs justin cer-
tain hours of the year driving the average electricity
price to low value in certain hours. Furthermore, in
2050 also the number of hours with low electricity
price raises substantially due to the mentioned in-
crease of generation from renewable sources. As al-
ready indicated by the s slope of the price duration in
2050, these outcomes suggest a potential high value
of storages for the Estonian energy system.

Table 7: Electricity price data in Estonia.

Hours below

Hours above

100 €/MWh 10 €/MWh
2030 931 290
2035 755 228
2040 246 598
2050 719 682

Figure 7 shows the total yearly electricity net flow be-
tween the Baltics and the neighboring Countries for
the years 2030 and 2050. The figure must be inter-
preted with a net export if the column is above the x-
axis and a net import if the column is below.
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The CBE pathways results indicate that Estonia is a net
importer of electricity from Finland in 2030 and will
substantially increase the imports from Latvia in 2050.
This raise of export from Latvia to Estonia can be ex-
plained by the rapid upturn of electricity generation
from offshore wind in Latvia that will export part of the
low-price generated electricity to Estonia. Lithuania
from exporter of electricity to Poland will import elec-
tricity in 2050 and increase the exports to Latvia. This
trend is also reflected in the average electricity price
for the three Baltic Countries with Lithuania having the
lower average electricity price in 2030 and 2050.

Examining the interconnection use between Baltic and
neighboring Countries. The following tables show the
flow, in both directions, between the Baltic and the in-
terconnected Countries. Furthermore, in the tablesitis
also shown the utilization rate and the number of con-
gested hours in each interconnector, intended as the
ratio between the total flow and the total yearly avail-
able capacity.

H Estonia
Finland
Latvia

Lithuania

Estonia Latvia Lithuari@

Poland

2050 Sweden

Figure 7: Net flow between Baltic, Finland, and Sweden — 2030 and 2050 (Twh).
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The hydrogen demand from the TYNDP, sum of direct,
indirect and hydrogen demand for power generation is
introduced in the Balmorel model. The demand of hy-
drogenisdefined as regional level foreach Country. For
each Country, hence, a specific area is modelled, and
the national development of hydrogen demand follow
once again the ENTSO-E projections. This demand is
covered by a certain share of produced hydrogen while
the remaining is covered by imports.

The production through electrolysis occurs if the elec-
tricity marginal price is below a certain threshold that
corresponds to the cost of importing hydrogen from
extra-European Countries (values from TYNDP 22).
These costs are reported in Table 12. This modelling ap-
proach follows the reasoning of the TYNDPs for which
extra-European Countries will be able to guarantee
high production of hydrogen at low costs.

Table 11 shows the hydrogen demand and the share of
produced and imported hydrogen for Estonia. The
price cap in 2030 results in a reduction of the local hy-
drogen generation of 51% compared to the ENTSO-e
data. The increasing electricity demand and the de-
creasing hydrogen costs are the two-factor influenc-
ing the hydrogen generation in Estonia. The cost of hy-
drogen generated also considers the CAPEX and OPEX
related to the investment in electrolysers, for this rea-
son the model does not see optimal the investmentin
electrolyser capacity after 2030. Due to the limited
lifetime of the electrolysers the capacity installed in
2030 cannot generate hydrogen in 2050. No invest-
ment is considered beneficial in 2050 and the entire
hydrogen demand is covered by imports.

Table 12: Levelised cost of Hydrogen (€/kg H2).

2030 2.05
2035 1.99
2040 1.93
2050 1.50
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Table 11: Hydrogen production in the Baltic countries and

effect of price cap.

H2 demand H2 H2
(Gwh) produced imported
2030 480 54% 46%
2035 933 30% 70%
2040 2.136 13% 87%
2050 1.918 0% 100%



Scenario Pathways

Overview

The Rapid Development pathway and the Rapid Devel-
opment + Storage pathway will function as the two
main scenarios to be compared with the reference
(Current Best Estimate). These two pathway scenarios
differ from the reference by including a more rapid
growth of RES towards 2050 and for the introduction
of storages and higher flexibility measures into the Es-
tonian energy system in the case of the RDS pathway.
Furthermore, the model is allowed to invest in the Es-
tonian heatsector, so that the capacity in the latter can
differ from the CBE pathway if economically optimal.

Rapid Development Pathway

Rapid Development (RD) Pathway differs from the CBE
pathway for the capacity development of wind source
technologies in Estonia. More specifically, the develop-
ment of onshore wind sees a more rapid expansion,
reaching the capacity seen in 2050 (1076 MW) in CBE
already in 2040. After 2040 the onshore wind capacity
remains constant until 2050. Furthermore, the Rapid
Development pathway considers 1000 MW of offshore
wind by 2030 growing to 3000 MW in 2050.

18| post 2030 Baltic electricity market

Rapid Development +
Pathway

The Rapid Development + Storage pathway follows the
same trend in wind technologies (onshore and off-
shore) development as the RD Pathway and on top of
this assumes the adoption of additional storage and
flexibility measures. More precisely, it anticipates
higher Demand Side Management or Demand Side Re-
sponse (DSR) capacity, up to 250 MW, the installation
of battery storage capacity (up to 2000 MW in 2050)
and the construction of the Paldiski pumped-hydro
storage plant, 500 MW capacity, operating from 2030.

Storage

The purpose of examining these pathways is to com-
pare the effect of a more rapid increase of capacity and
generation from RES (wind) with the reference case. All
the other assumptions regarding the Estonian, Baltics
and other European Countries remain unvaried, where,
once again the goal is to reflect the TYNDPs perspec-
tive of future development of the European energy
system.



Key Inputs

As mentioned in the chapter introduction the inputs
changingin the pathways regard the electricity gener-
ation and storage capacity in Estonia. Figure 9 displays
the installed power capacity in Estonia in the years
simulated. The capacity development in the other Bal-
tic Countriesis not considered to be affected by the ca-
pacity development of Estonia and remain therefore
the same for the three pathways.

In the RD and RDS pathways the variable RES (wind and
solar) reach a share of the total power capacity in Es-
tonia of nearly 90% in 2050. To give an overall perspec-
tive of distinction between the pathways, the figure
also accounts for the capacity of electric batteries and
pumped hydro storages, even if these are not generat-
ing technologies per se.
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Gas 300 300 300 250 250 250 250 @250 250 @250 250 @ 250

Figure 9: Power capacity development in Estonia for the three pathways considered.
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Key Results

Figure 11 compares the outcomes of the two alterna-
tive pathways with the CBE reference in terms of elec-
tricity generation by fuel in Estonia. A notable differ-
ence is the total electricity generated in Estonia in
2030. The CBE pathway the Estonian energy system
generates around 4 TwWh, while in the RD and RDS path-
ways generates almost 9 Twh. This increase is due to
the higher installed capacity of onshore wind technol-
ogies and investment in offshore wind, resulting in al-
most 4.5 Twh of electricity generated offshore. Mean-
while, natural gas does not generate from 2035,
because as for the CBE pathway also in RD and RDS the
250 MW of capacity are used as strategic reserve.
Shale generation is reduced in the pathways compared
to the CBE, with a slightly higher generation in the RDS
pathway in comparison with the RD. This trend contin-
ues to 2050, with offshore electricity generation ex-
ceeding 10 TWh in the RD and RDS pathways. Further-
more, comparing the two pathways, the RDS pathway,
thanks to its storage capacity, generates slightly more
electricity than the RD pathway in all years analysed,
decreasing the dependency on imports.

Another interesting output to be compared between
the two pathways and the CBE is the resulting CO2
emissions in Estonia. Figure 10 shows the resulting
kTons of CO2 emitted by electricity generation in Esto-
nia. In 2030 it is possible already to see a decrease in

emission from natural gas and shale, from RD and RDS
in comparison with CBE. The RDS pathway results in
higher emissions compared to the RD pathway due to
the higher total generation and more specifically from
shale being the only emitting fuel used for power gen-
eration. Already in 2040, the resulting emissions from
the RD and RDS pathway appear comparable still with
lower emissions compared to the CBE pathway.
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Figure 10: CO2 emissions in Estonia in the three pathways.
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mBiomass 1199 1020 1128 946 813 926 766 609 756 737 576 744
mshale 286 171 208 87 46 65 14 7 12 38 16 20
Gas 116 84 105 0

Figure 11: Electricity generation by fuel in Estonia for the three pathways considered.
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The increased generation from renewable sources in
Estonia is expected to also have a high influence on the
average electricity price in Estonia and in the neighbor-
ing Countries. Table 13 reports the average electricity
price in the Baltics for the three pathways. The average
price in the Baltics decreases already in 2030 in both
the pathways showing how the increased renewable
capacity in Estonia influences all the Baltic Countries
and Finnish electricity price.

More specifically, the effect in Estonia is a decrease re-
spectively of 13 and 14 €/Mwh for RD and RDS path-
way on the average electricity price in 2030, the de-
crease reaches 19 €/Mwh for the RD and the RDS
pathway in 2050. These results show the high influ-
ence of the of the increased wind capacity on the Esto-
nian energy system. Furthermore, the storages have
an effect of decreasing the average electricity price not
just in Estonia but also in other neighboring Countries.
The effect of these new technologies on the variability
of the electricity price is also examined.

Table 13: Electricity price in the Baltic Countries in the three
pathways.

Region 2030 2035 2040 2050
EE

cBE A 50
RD 54 48 35 31
RDS 53 a7 34 31
Fl

CBE 42 a7 37 27
RD 39 43 35 27
RDS 38 42 35 27
LT

CBE 62 57 a4 35
RD 58 53 a1 33
RDS 58 53 a1 32
LV

CBE 65 59 44 43
RD 56 51 36 31
RDS 56 50 36 31
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Table 14 accounts for the number of hours for the year
2030 and 2050 below 10 €/Mwh (low price) and above
100 €/Mwh (high price) in the three pathways evalu-
ated. The first noticeable result is the high increase of
number of low-price hours and the substantial de-
crease of high price hours comparing the reference
pathway CBE with RD and RDS pathway. This predicta-
ble outcome is a result of increased generation from
onshore and offshore wind that drives the hourly elec-
tricity price down decreasing the imports and the gen-
eration from expensive thermal power sources. Com-
paring the results of the RD and RDS pathway it is
evident that already by 2030, the battery and pumped
hydro storage capacity influence the number of hours
with low and high prices. Considering the number of
hours at a high price, in 2030 this goes from 612 to 400
decreasing of more than 30%, in 2050 the effect of the
expansion of renewables capacity decreases signifi-
cantly the hours at high price with 400 hours in the RD
pathway and 238 hours in the RDS pathway. The num-
ber of hours at low prices are instead similarin the two
with higher numberin the RD in 2030. The effect of the
storage is expected to flatten the price duration de-
creasing the variability of the price throughout the
year but not necessarily increasing the number of
hours with low price.

Table 14: Electricity price data for the pathways in 2030 and
2050.

N. of

MBILIE CBE RD RDS CBE RD RDS

>100 931 634 447 719 219 169

<10 290 720 719 682
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To better understand the effect of the higher renewa-
ble and storage capacities in Estonia on the electricity
price, the price duration curves of the three pathways
are compared for the year 2030 and 2050. Figure 12
shows the price duration curves in 2030 (on the top)
and in 2050 (on the bottom). A first clear result is the
lower electricity price in the RD and RDS pathways
compared to the CBE in almost all the hours of the year
both in 2030 and in 2050. Furthermore, comparing the
RD and the RDS price curve it is evident in both the
years how storage decreases electricity prices in high
price hours, furthermore in the 2030 curve is possible
to see higher electricity prices of the RDS pathway
compared to the RD in lower price hours. The effect of
storage also decreases the peak price in the year. In
2030 the peak price in Estonia is respectively 275, 252
and 243 €/Mwh for CBE, RD and RDS pathway. In 2050
the peak prices registered are 330, 176 and 151
€/MWh for the same pathways.
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€/Mwh
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Error! Reference source not found. shows the netelec-
tricity transferred Between the Baltics and the neigh-
boring Countries in 2030 and 2050. Already in 2030
comparing the three pathways is possible to see how
Estonia considerably reduces the import from Finland
in RD and RDS pathway and becomes net exporter to
Latvia. Comparing RD and RDS is possible to detect the
cause of the increased electricity generationin the RDS
compared to RD. This increase in generation appears to
be related to the slight increase in export to Latvia and
the reduction of imports from Finland. The system,
hence, modifies the yearly generation and dispatch of
electricity considering optimal the augmentation of
export and the reduction of imports. In 2050, Estonia
reduces sensibly the imports from Finland and consist-
ently decreases the import from Latvia. The differ-
ences between RD and RDS are not easily detectable
from the graph and the transfer from and to each of
the Baltic Countries are more specifically analyzed in
the following.
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Figure 13: Net flow of the Baltic Countries in 2030 and 2050.

The increased generation capacity in Estonia influ-
ences also in Latvia which in RD and RDS pathways and
increases the imports from Estonia and export to Lith-
uania. The flow, the utilization rate and the congestion
hours of each Latvian interconnector is shown in the
following for 2030 and 2050.In RD and RDS pathways,
Lithuania imports from Latvia exceeds the export as
effect of the increased import of the Latvia from
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Estonia. Furthermore, the effect of the higher RES ca-
pacities in Estonia on Lithuaniais a reduction of the im-
ports from Sweden and an augmentation of the export
to Poland in 2030. In 2050 comparing the outcome of
the Lithuanianimports from Latvia increase even more
evidently and in comparison, with the CBE pathway
where it was importing electricity from Poland be-
comes a net exporter Estonia.
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Table 18: Hydrogen demand, imports, and generation for the
three pathways.

H2 imported

The hydrogen generated in Estonia is increased in the
pathways due to higher generation of electricity at low
price that decreases the need for import of hydrogen.
The fixed hydrogen import cost makes the generation
of the latter economically profitable just in hours with
low electricity price, in the other hours the model con-
siders optimal to import hydrogen to satisfy the de-
mand that it is considered constant at each hour. The
high costs related to the investment in hydrogen stor-
age is also a reason why even with high penetration of
renewables, the hydrogen demand is not totally satis-
fied by generated hydrogen. The effect of storage is
limited, and it doesn’t appear to significantly affect the
hydrogen generation. Table 18 shows the demand,
generation and import of hydrogen in the pathways in
the years simulated. In the two pathways the share of
hydrogen generated is significant and exceed 80% in
2040.

H2 generated H2 imported
(Gwh) (%] (%)

H2 demand H2 generated
(Gwh) (Gwh)
2030
CBE 480 238
RD 480 353
RDS 480 348
2035
CBE 933 264
RD 933 708
RDS 933 706
2040
CBE 2.136 263
RD 2136 1.768
RDS 2.136 1.767
2050
CBE 1.918 0
RD 1918 1.426
RDS 1.918 1.426
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242 50% 50%
127 73% 27%
132 72% 28%
669 28% 72%
225 76% 24%
227 76% 24%
1.873 12% 88%
368 83% 17%
368 83% 17%
1.918 0% 100%
492 74% 26%
492 74% 26%






Scenarios Analysis

Overview

The analyses conducted predicts the effect of fourteen
possible scenarios that will be a combination of tech-
nology solutions comprising additional generation ca-
pacity in Estonia and/or additional transmission capac-
ity between the Baltics and neighbouring Countries.

Power capacity

The modification in the scenarios of the power capac-
ity in the Estonian energy system refer to an additional
dispatchable generation capacity (gas turbine) of 250
MW, or the addition of an offshore wind parkin the Bal-
tic Sea in radial or meshed configuration. More specifi-
cally, in case of a meshed configuration (interconnec-
tion with both Estonia and Latvia) the power capacity
of offshore wind park is 700 M, in case instead of ra-
dial connection, hence with the park connected just to
Estonia the wind park capacity is 1000 MW. The power
capacities of the scenarios must be considered addi-
tional to the capacity of each of the pathway. In Figure

Transmission capacity

The added transmission in the different scenarios re-
gards the increased transmission capacity between
Estonia, where with increased transmission is in-
tended higher transmission availability in both direc-
tions, hence increasing the potential import and ex-
port. Scenario 12 includes also then establishment of
a new transmission line between Latvia and Sweden
(+700 MW from 2035). These investment in transmis-
sion lines regard the connection between Estonia and
Finland where a third HUDC interconnector is added
(+700 MW from 2030), Estonia and Latvia where a
fourth interconnector HVUDC is added (+700 MW from
2030) and the connection with the offshore wind park,
in the scenarios including the new power capacity,
with increased transmission capacity equal to the
power capacity of the offshore wind park.



Scenarios description

The characteristics of the fourteen scenarios are
inthe following descripted with the addition to the
Estonian energy system.

Scenario 1 (5C1): addition of 250 Mw of additional
gas turbine capacity.

Scenario 2 (SC2): addition of 700 MW inter-con-
nector between Estonia and Finland.

Scenario 3 (SC3): addition of 700 MW inter-con-
nector between Estonia and Latvia.

Scenario 4 (SC4): addition of 700 MW capacity of
offshore wind connected to Estonia (700 MW con-
nection) and Latvia (700 MW connection) bidirec-
tionally (with total additional connection Estonia-
Latvia 700 MW).

Scenario 5 (SC5): addition of 700 MW inter-con-
nector between Estonia and Finland, addition of
700 MW interconnector between Estonia and Lat-
via.

Scenario 6 (SC6); addition of 700 MW intercon-
nector between Estonia and Finland, addition of
700 MW capacity of offshore wind connected to
Estonia (700 MW connection) and Latvia (700 Mw/
connection) bidirectionally (with total additional
connection Estonia-Latvia 700 MW).

Scenario 7 (5C7): addition of 250 Mw of additional
gas turbine capacity, addition of 700 MW inter-
connector between Estonia and Finland.

Scenario 8 (SC8): addition of 250 Mw of additional
gas turbine capacity, addition of 700 MW inter-
connector between Estonia and Latvia.

Scenario 9 (SC9): addition of 250 M of additional
gas turbine capacity, and addition of 700 MW ca-
pacity of offshore wind connected to Estonia (700
MW connection) and Latvia (700 MW connection)
bidirectionally (with total additional connection
Estonia-Latvia 700 MW).

Scenario 10 (SC10): addition of 250 Mw of addi-
tional gas turbine capacity, addition of 700 MW in-
terconnector between Estonia and Finland and
addition of 700 MW interconnector between Es-
tonia and Latvia.

Scenario 11 (SC11): addition of 250 Mw of addi-
tional gas turbine capacity, addition of 700 MW in-
terconnector between Estonia and Finland and
addition of 700 MW capacity of offshore wind
connected to Estonia (700 MW connection) and
Latvia (700 Mw connection) bidirectionally (with
total additional connection Estonia-Latvia 700
MWY).

Scenario 12 (5C12); addition of 250 Mw of addi-
tional gas turbine capacity, addition of 700 MW in-
terconnector between Estonia and Finland, addi-
tion of 700 Mw capacity of offshore wind
connected to Estonia (700 MW connection) and
Latvia (700 MW connection) bidirectionally (with
total additional connection Estonia-Latvia 700
MW), and addition of a new interconnector 700
MW between Latvia and Sweden.

Scenario 13 (SC13): addition of 250 Mw of addi-
tional gas turbine capacity, addition of 700 MW in-
terconnector between Estonia and Finland, addi-
tion of 700 MW interconnector between Estonia
and Latvia and addition of 1000 MW capacity of
offshore wind connected to Estonia (1000 MW
connection).

Scenario 14 (SC14): addition of 1000 MW capacity
of offshore wind connected to Estonia (1000 MW
connection).

Table 19 shows the combination of the power and
transmission solutions included in each scenario,
as already mentioned these are added to the ex-
isting power and transmission capacity of each
pathway. Figure 15 shows the additional genera-
tion capacity of each scenario.



Table 19: Power and transmission capacity included in the scenarios (*connected with 1000 MW transmission to Estonia).

SC4 SC5 SC6 SC7 sC8 SCS SC10  SC11 SC12 SC13 sC4

Dispatchable
generation

EE-Flinter-
connector

EE-LV inter-
connector

Offshore
wind park X X X X X
(700 Mw)

Offshore
wind park X X
1000 MWV*

LV-SE inter-
connector
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Figure 15: Added generation capacity (Mw) by fuel. difference with CBE SCO in 2030.



Key results

The results of the fourteen scenarios of each of
the pathway are compared with SCO scenario. For
each scenario it is analysed and shown the effect
on the Estonian energy system in terms of result-
ing electricity generation, difference in net flow,
increased or decreased use of the interconnectors
and effect on the yearly electricity prices in Esto-
nia, Latvia, Lithuania, and Finland. In the following
theresult of the reference of each pathway are re-
ferred as Scenario O (5CO).

CBE pathway scenarios
electricity generation

Figure 16 shows the electricity generation by fuel
in Estonia for 2030 for each of the scenarios ana-
lysed. As it is possible to see in SC1 the higher nat-
ural gas capacity affects the generation with an
increase in electricity generation from gas and a
decrease of electricity generation from shale. In
SC2 the increased transmission capacity between
Estonia and Finland results in a lower generation
from thermal capacities due to the increase in
electricity imports from Finland. In SC3, on the
other hand, the increased transmission capacity
between Latvia and Estonia affects biomass,
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shale, and gas generation. In SC4, SC6 can be seen
how the integration of the 700 Mw of offshore
wind (meshed configuration) influences the total
Estonian generation, marginally decreasing the
generation from shale biomass and gas. The re-
duced generation from biomass and gas is more
marked in SC6 where the additional interconnec-
tion capacity to Finland plays a role. Comparing
SC1andSC7 itis possible to see how the increased
dispatchable capacity has a lower influence in SC7
due to the increased interconnection capacity
with Finland. In case of connection with Latvia the
higher dispatchable capacity has instead a higher
effect with an overall increase of generation from
biomass, shale, and gas. SCS has similar output of
SC4, whether SC11 and 5C12 have similar effect of
SC6, showing how the increased dispatchable ca-
pacity and the interconnector between Sweden
and Latvia don't significantly influence the Esto-
nian generation mix. In SC13 and SC14 the addi-
tional generation capacity from the offshore wind
park increases substantially the total generation
in Estonia, the presence of interconnection allows
to further decrease the generation from thermal
plants. In 2030 the curtailment of offshore wind is
limited to around 4GWh in scenario 13 and 14, the
two scenarios with radial wind offshore configu-
ration.
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Figure 16: Electricity generation (GWh) by fuel. difference with CBE SCO in 2030.



Figure 17 shows how in 2050 the gas generation
remains low even in the scenarios with additional
gas turbine capacity, the higher generation is seen
in SC1 where 60 GWh of generation are coming
from this source. The low generation from dis-
patchable sources is due to the synthetic fuel re-
quirements, the high costs of gas and the CO2 tax,
and where the gas capacity is available the gener-
ation from shale decreases. The trend described
for 2030 still takes place in 2050. The availability
of additional interconnection results in lower gen-
eration from biomass and shale. In regards of the
curtailment of offshore wind generation, the sce-
narios are compared to understand which addi-
tional technology influences it. It must be stated
that the curtailment reaches a significant amount
(above 10 GWh/year) just from 2040, showing how
the capacity development in the neighboring
Countries makes more profitable to import elec-
tricity or that the capacity development of other
renewables (sun and onshore wind) satisfies the
electricity demand in Estonia. Comparing 5C4 and
SC6 it appears that the higher interconnection.
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between Estonia and Finland increases sensibly
the electricity curtailed. The same trend appears
comparing SC13 and SC14, where the additional
connection between Estonia and Finland in-
creases the curtailed of 30% (596 Gwhin SC13 and
457 GWh in SC14). The additional dispatchable ca-
pacity of gas turbine does not appear to have an
influence on the hours of curtailment.
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Figure 17: Electricity generation by fuel. Difference with CBE SCO in 2050.



CBE pathway scenarios -
electricity price

The effects of the scenarios on the electricity price
are also analyzed. Figure 18 shows the price dura-
tion curves for the CBE scenarios in 2030 and
2050. It is possible to see from the chart how the
curve with lower prices throughout the year ap-
pears to be the one of SC13. the combination of
higher interconnection with Finland and addi-
tional offshore wind capacity (radial configura-
tion), seemns therefore to have the highest impact
on the Estonian electricity price. Table 20 shows

interconnection with Finland are the options im-
pacting the most the electricity price. The higher
interconnection with Latvia (5C3) has higher influ-
ence towards 2050 then in the early years simu-
lated, on the other hand the disposal of dispatch-
able capacity does not impact the electricity price
in 2050. The addition of an interconnector be-
tween Latvia and Sweden (SC12 vs 5C11) influ-
ences the price in 2040 and 2050 increasing the
Estonian electricity price.

Table 20: Average electricity prices in CBE scenarios.

the average electricity price in Estonia for each £/MWh 2030 2035 2040 2050
scenarioin all the years simulated. The highest av-
erage electricity price is found in the SCO; hence, it CBESCO 2= =0 =0
appears that each additional measure would have CBE SC1 62 49 50
an impact reduqng the Estonian elgctnot\/ price. CBE SC2 e e 44 37
As already mentioned, the lowest prices are found -
in SC13 till 2040 in 2050 the lowest price is found CBESC3 62 49 48
inSC6.1n SC6 the scenario foresees ad_ditiongl ofF- CBE SC4 59 58 46 a1
shore wind capacity (in meshed configuration in
this case) and additional interconnector capacity CBESCS =< == o 2
to Finland. The reason behind SC6's lower average CBE SC6 52 51 41 34
electricity price in 2QSO can be fognd b\/ the sup- CBE SC7 55 cs 44 37
plementary connection with Latvia given by the -
meshed offshore wind configuration. Even if the CBEsC8 62 49 45
offshore wind capacity added to the Estonian sys- CBE SC9 59 57 46 40
tem in SC6 is lower than SC13, the 700 M addi-
tional connection to Latvia resultin a lower aver- CBESCTO = S5 =B =2
age Estonian electricity price in 2050. The CBESC11 52 51 41 34
a.ddltlo.nal capaut\/.of offshqre Wlnd in radial con- CBESC12 52 52 42 35
figuration (SC74) still has a high impact. In general,
the addition of offshore wind capacity, also in CBESC13 45 49 40 33
meshed  configuration, and the higher CBESC14 55 56 44 39
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Figure 18: CBE scenarios price duration curves in 2030 (on top) and 2050 on the bottom.



RD pathway scenarios -
electricity generation

Figure 19 shows the electricity generation by fuel
in Estonia for 2030 for each of the scenarios ana-
lysed for the RD pathway. The additional dispatch-
able generation capacity (SC1) has lower impact
compared to the CBE results, this is due to the
higher generation offshore capacity thatlimits the
hours in which the gas turbine is generating elec-
tricity. In SC2 the increased transmission capacity
between Estonia and Finland results in a lower
generation from thermal capacities due to the in-
crease in electricity imports from Finland, and the
curtailed offshore electricity decreases of 1 GWwh.
The increased transmission capacity between Lat-
via and Estonia has almost no effect on Estonian
generation, and the already limited curtailment of
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offshore wind generated is slightly reduced. The
additional offshore capacity reaching a total of
1700 MW in 2030, in case of the meshed configu-
ration and 2 GW in case of radial, increases the
generation from offshore wind and further re-
duced the already limited generation from ther-
mal plant. These results suggest that the higher
availability of wind capacity will be translated in
higher export and/or reduced import. The curtail-
mentis still limited in 2030 and the highest curtail-
ment is reached once again in SC14 with 143 Gwh
of offshore wind generation curtailed, less than
2% of the offshore generation. In case of higherin-
terconnection with Finland (SC13) the curtailment
is instead below 1% of the offshore wind genera-

tion.
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Figure 19: Electricity generation by fuel. Difference with RD SCO in 2030.



Figure 20 shows the results in 2050, in regards of
the curtailment of offshore wind generation, the
scenarios are compared to understand which ad-
ditional technology influences it. The curtailment
reaches a significant amount (above 10 GWh/year)
just from 2040, showing how the capacity devel-
opment in the neighboring Countries could in-
crease their degree of self-sufficiency decreasing
the Estonian exports, increasing the curtailment.
In 2050, comparing SC4 and SC6 the higher inter-
connection with Finland significantly increases
the curtailment of electricity generated from off-
shore wind technologies. The curtailment varies
from around 37100 GWh to more than 3500 GWHh,
showing how in some hours is beneficial importing
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electricity from Finland rather from the offshore
wind park. A similar trend to what was seen in CBE
scenarios, is found comparing SC13 and SC14. The
additional capacity given by SC13 and SC14 added
to the already high offshore capacity of the RD
pathway results in high curtailment in the Esto-
nian energy system. If in fact, the curtailment is
around 15% of the electricity generated by off-
shore wind in RD SCO (1.726 GWh curtailed and
11.675 GWh generated), this measure exceeds the
25% in SC13 and reaches almost 30% in SC14. This
indicates that the high generation from the off-
shore wind plants cannot be totally integrated in
the Estonian energy system and suggests the re-
quirement of storages.
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Figure 20: Electricity generation by fuel. Difference with RD SCO in 2050.



RD pathway scenarios

electricity price

The effects of the scenarios on the electricity price
are also analyzed. Figure 21 shows the price dura-
tion curves for the RD scenarios in 2030 and 2050.
It is possible to see from the chart how once again

between Sweden and Latvia (5C12) increases the
Estonian electricity price showing on average
higher electricity prices in Southern Sweden com-
pared to Latvia.

Table 21: Average electricity prices in RD scenarios.

the price duration, with lower prices throughout £/MWh 2030 2035 2040 2050
the year, appears to be the one of 5C13. From the
T ) RD SCO 48 35 31
2030 curve it is possible to compare the curves of
SC13 and 5C14 where the effect of the additional RD SC1 48 34 31
co.n.nect|'on tp Finland is malle\/ Iow'ermg.the elec- RD SC2 4s 45 33 59
tricity price in hours of relatively high price. From
; ; RD SC3 48 34 31
the 2050 curves comparing once again the curves
of the two scenarios is clearer the effect also in RD SC4 50 44 32 29
low-price hours. The addltlgnal mter;onpecpon RD SC5 48 45 33 59
behaves as "storage” decreasing the price in high- -
price hours and increasing it in low-price hours. RDSCé 44 a1 N
Table 271 shows the average electricity price in Es- RD SC7 45 45 33 29
tonia for ea;h RD scenario in all tvh{e vears simu- RD SC8 - 48 34 31
lated. The highest average electricity prices are
found again in the SCO scenario. One clear out- RDSC9 50 44 32 29
come is that towards 2050 the yearly electricity RDSC10 47 44 33 29
prices of the scenario differentiate less to SCO RDSCT1 ” n - -
showing how the development of wind capacity of
the RD pathway are already highly influencing the RDsC12 a4 43 33 28
electricity prices. In 2040 and 2050 the lower elec- RDSC13 40 40 30 -
tricity price is found in SC6. This outcome high-
- : . . . RDSC14 45 a1 30 28
lights once again the influence of the higher inter-
connection between Estonia and Latvia. As it was
found in the CBE scenarios, the interconnection
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Figure 21: RD scenarios price duration curves in 2030 (on top) and 2050 (on the bottom).



RDS pathway scenarios
electricity generation

Figure 22 shows the electricity generation by fuel
in Estonia for 2030 for each of the RDS scenarios
analysed. The additional dispatchable capacity
(5C1) has the lowest effect compared to the other
pathways, showing how the presence of storage
decreases the need of dispatchable thermal ca-
pacity in the system. In SC2, as occurs for the CBE
and RD case, the increased transmission capacity
between Estonia and Finland results in a lower
generation from thermal capacities due to the in-
crease in electricity imports from Finland. In SC4
and SC9 can be seen how the effect of the integra-
tion of the 700 MW of offshore wind (meshed con-
figuration) in presence of storage capacity in the
Estonian energy system. Differently from the RD
scenarios the addition of dispatchable capacity
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(SC9) do not increases the generation from gas in
comparison to the scenario without the additional
gas turbine capacity (5C4). The main difference be-
tween RD SC9 and RDS SC9 is the not decreased
generation from biomass and shale, it appears
hence that in presence of storages the system
prefers to generate from CHP plants that can also
satisfy the heat demand and store the electricity
generated. It appears that overall, the same trend
analysed for RD scenarios occurs also in the RDS
scenarios with the main difference regarding the
phenomenon cited for SC9 happening for all the
scenarios with additional gas capacity, lower gen-
eration from gas compared to RD scenarios. The
curtailment of offshore wind generation in 2030 is
substantially unvaried compared to the RD sce-
narios.
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Figure 22: Electricity generation by fuel. Difference with RDS SCO in 2030.



Figure 23 shows how in 2050 the curtailment of
offshore wind generation for the RDS scenarios is
less than each respective RD scenario. In 2050,
hence, the role of storages is more noticeable and
the generation from offshoreis increased on aver-
age of almost 200 GWh a year. The increased gen-
eration is especially conspicuous in the scenarios
where additional offshore capacity is available
without the increased interconnection with Fin-
land (SC4 SCS and SC14), where effect of the
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storage is decreasing the curtailment of almost
400 GWwh. Regarding the generation of thermal
units, each additional capacity, in terms of gener-
ation or interconnection capacity decreases the
generation from biomass and shale. The additional
generation dispatchable capacity SC1 does not
appear to have a significant influence on Estonian
generation in 2050, the resulting generation from
the gas turbine is below 20 Gwh.
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Figure 23: Electricity generation by fuel. Difference with RDS SCO in 2050.



RDS pathway scenarios

electricity price
The effects of the scenarios on the electricity price

are also analyzed. Figure 24 shows the price dura-
tion curves for the RDS scenarios in 2030 and

average higher electricity prices in Southern Swe-
den compared to Latvia.

Table 22: Average electricity prices in RDS scenarios.

2050. Itis possible to see from the chart how once €/MWh 2030 2035 2040 2050
again the price duration with lower prices
throughout the year appear to be the one of SC13. RDS 5C0 53 . 34 3
From the 2030 curve it is possible to compare of RDS SC1 53 47 34 31
the curve of SC13 and 5C14 where the effect of RDS SC2 » » a3 -8
the additional connection to Finland mainly lowers
the electricity price in hours of relatively high RDS SC3 - 48 34 31
price. From 2050's figure, comparing once again RDS SC4 52 48 33 58
the curves of the two scenarios the effect also in
low-price hours is clear. The additional intercon- RDS SC5 49 46 35 28
!’lec’qon bghaues as "storgge” de'cre§15|.ng the price RDS SC6 4s 44 32 -
in high-price hours and increasing it in low-price
hours. Table 22 shows the average electricity price RDS SC7 45 = 35 28
in Estonia for each RD scenarioin all the years sim- RDS SC8 - 52 37 31
ulated. The highest average electricity prices are
found again in the SCO scenario. One clear out- RDS5C9 =2 48 33 28
come is that towards 2050 the yearly electricity RDS SC10 49 46 35 28
prices of the scenario differentiate less to SCO RDS SC11 us » . -
showing how the development of wind capacity of
the RD pathway are already highly influencing the RDS SC12 45 a4 Szl 28
average elet;t@utv price. In 204!0 and 2050 the RDS SC13 40 a1 31 -
lower electricity price is found in SC6. This out-
come highlights once again the influence of the RDS5C14 46 44 31 27
higher interconnection between Estonia and Lat-
via. As it was found in the CBE scenarios, the inter-
connection between Sweden and Latvia (SC12)in-
creases the Estonian electricity price showing on
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Figure 24: RDS scenarios price duration curves in 2030 (on top) and 2050 (on the bottom).












Sensitivity Analysis:
Climate Years

Overview

In the following section, the focus will be shifted to a
comprehensive sensitivity analysis centred on climate
years within the Estonian energy system. This analysis
aims to present the impact of climate variations on
electricity generation technologies and, more broadly,
on the resilience of the Estonian and Baltic region en-
ergy infrastructure.

The analysis undertaken in the previous sections has
been rooted in the climate year 1995 and the latter will
be addressed as reference year in the following. Ac-
knowledging the dynamic nature of climate patterns
and their potential influence on energy systems, the
analysis now extends to multiple scenarios specifically,
scenarios O, 1, 2, 4, 13, and 14 in the three pathways
CBE, RD and RDS. It will be placed particular emphasis
on climate years 2009 and 2012.

These specific years have been identified by Elering as
significant for the Estonian energy system, represent-
ing a year with high and low VRE potential. For a thor-
ough examination, each of the cited scenarios will be
scrutinized across the three pathways. The investiga-
tion will span the years 2030, 2035, 2040, and 2050,
providing a comprehensive understanding of the long-
term implications of climate variability.

The influence of the climate year will regard not just
Estonia, but all the modelled Countries, and the PV
wind onshore and wind offshore power generation will
be influenced by the climate year conditions. This ap-
proach aims to assess which is the climate years im-
pact to individual technologies and to the overall resil-
ience of the Estonian energy system.



Figure 25 shows the capacity factor curve for a wind
onshore technology for the years 1995, 2009, 2012.
To maintain an understandable chart just the first the
effects of climate years on the VRE technologies. As it
is possible to see other than the average capacity var-
iation, also the variability is a factor to consider and to
test the robustness of Estonian energy system. The
data utilized for the climate years are real data and
refer to measurements in different areas of Europe.
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Each area has been allocated a specific wind speed
and solarirradiation for the two years considered. As
actual data are employed pertaining to the climate
conditions of different countries, it's important to
note that the data lack homogeneity. A year charac-
terized as "bad" due to low Variable Renewable Energy
(VRE) potential in one country may conversely be
deemed favorable for another region.

Figure 25: Capacity factor curve for Estonian wind onshore technology

CY 2009

In the Estonian context climate year 2009 is character-
ized by a lower VRE potential compared to the refer-
ence year. In the following the results of the different
scenarios in 2009 will be analyzed on an energy system
level. The results of each scenario of the climate year
2009 will be compared to the same scenario in refer-
ence year conditions.

CBE SCO, RD SCO, RDS SCO

The first scenario analyzed is the SCO, this is the refer-
ence scenario and the capacity in Estonia are the
same of the reference scenario and the Pathwaysin
the SCO case.



Electricity generation

The climatic disparities between 2009 and the 1995
scenario exert a notable influence on Variable Renew-
able Energy (VRE) generation. In 2009, lower irradia-
tion levels impact solar energy production, while dis-
tinct wind patterns affect wind power output. These
variations emphasize the significance of considering
climate factors in evaluating and forecasting VRE per-
formance, providing valuable insights for stakehold-
ers in the renewable energy sector. More specifically,

Figure 26 shows the difference between the electric-
ity generation in CBE SCO, RD SCO and RDS SCO with
climate year 2009 and the reference climate year. The
effect of a lower irradiation and wind speed on the
electricity generation is mainly a higher generation
from dispatchable sources (natural gas, shale, and bi-
omass) in all three cases. Furthermore, the total elec-
tricity generated yearly is lower suggesting higher de-
pendency on imports in the case of CY 2009. In the
following the effect on electricity transmission is also
examined.
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Figure 26: Electricity generation of CBE RD and RDS scenario O for reference climate year and 2009.






CBE SC1, RD SC1, RDS SC1

The scenarios CBE SCT1, RD SC1 and RDS SC1 are in the
following analyzed, these scenarios differ from the
pathways for the presence of the additional dispatch-
able capacity, namely the open cycle gas turbine.

= 6000
2 5000
) 4000
E 3000
S 2000
o
g o0 || —
S 2030 2035 2040
]
CBE SC1
Solar 1229 1336 1444
Onshore wind 1138 1616 2095
EBiomass 1198 943 765
WShale 276 84 14
Gas 136 29 11
18 000
16 000
T 14000
S 12000
(] 10000
= 8000
o 6000
= 4000
g 2000
g 2030 2035 2040
< RDS 5C1
Solar 1229 1336 1444
Onshore wind 1855 2334 2573
mOffshore wind 4463 8875 12101
EBiomass 1132 925 754
mShale 211 65 10
Gas 105 8 3
= 18 000
S 16000
] 14 000
T 12000
Re} 10000
o 8000
5 6 000
S 4000
G} 2000
0]
2030 2035 2040
RD SC1
Solar 1229 1336 1444
Onshore wind 1855 2334 2573
mOffshore wind 4462 8873 12109
EBiomass 1019 812 609
mShale 166 45 7
Gas 93 14 4

Electricity generation

Figure 27 shows the difference between the electric-
ity generation in CBE SC1, RD SC1 and RDS SC1 with
climate year 2009 and the reference climate year. The
effect of a lower irradiation and wind speed on the
electricity generation is mainly a higher generation
from dispatchable sources, more specifically it is pos-
sible to see how the gas turbine is generating more in
the case of climate year 2009 in all three scenarios.
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Figure 27: Electricity generation of CBE RD and RDS SC1 far reference climate year and 2009.






CBE SC2, RD SC2, RDS SC2

The scenarios CBE SC2, RD SC2 and RDS SC2 scenarios
differ from the pathways for the presence of the ad-
ditional interconnection capacity between Estonia

and Finland.
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Electricity generation

Figure 26Figure 28 shows the difference between the
electricity generation in CBE, RD and RDS SC2 in cli-
mate year 2009 and the reference climate year. As
mentioned in the previous cases the main difference
lies in the generation of dispatchable sources biomass
shale and gas in 2030.
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Figure 28: Electricity generation of CBE RD and RDS SC2 for climate year 2009.






CBE SC4, RD SC4, RDS sc4 Electricity generation
The scenarios CBE, RD and RDS SC4 differ from the
pathways for the presence of an offshore wind park
of 700 MW in meshed connection with Estonia.

Figure 29 shows the difference between the electricity
generation in CBE, RD and RDS 5C4 with climate year
2009 and the reference climate year.
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Figure 29: Electricity generation of CBE RD and RDS for climate year 2009.






CBESC13,RD SC13,RDS SC13 Electricity generation

The scenarios CBE, RD and RDS 5C13 scenarios differ Figure 30 shows the difference between the electric-
from the pathways for the presence of the additional ity generation in the three scenarios in climate year
capacity of a gas turbine, the addition of 700MW ca- 2009 and in the reference climate year.

pacity interconnector between Estonia and Finland
and for 1000 MW wind park radially connected to Es-

tonia.
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Figure 30: Electricity generation of CBE RD and RDS for climate year 2009.






CBE SC14, RD SC14, RDS SC14 Electricity generation

The scenarios CBE SC14, RD SC14 and RDS 5C14 sce- Figure 31 shows the difference between the electric-
narios differ from the pathways for the presence of ity generation in CBE, RD and RDS SC14 with climate

the additional 7000 MW wind park radially connected year 2009 and the reference climate year.
to Estonia.
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Figure 31: Electricity generation of CBE RD and RDS for climate year 2009.






Cy 2012

The effect of climate year 2012, once again character-
ized by a lower wind and solar potential compared to
the reference year, however the solar potential in the
other Baltic Countries appear to be higher compared to
reference year. In the following the results of the dif-
ferent scenarios in 2012 will be analyzed on an energy
system level.

CBE SCO, RD SCO, RDS SCO

The first scenario analyzed is the SCO, this is the refer-
ence scenario and the capacity in Estonia are the same
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of the reference scenario and the Pathways in the SCO
case.

Electricity generation

Figure 32 shows the difference between the electric-
ity generation. Comparing the output of the climate
year 2012 with the one of 2009 it is possible to see
how the generation from wind and solar is higher,
however this is still lower compared to the reference
climate year. The effect on the generation is compara-
ble to what found for the climate year 2009, namely
higher generation from dispatchable sources (bio-
mass, shale, and gas turbines).
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Figure 32: Electricity generation of CBE RD and RDS for climate year 2012.
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CBE SC1, RD SC1, RDS SC1 Electricity generation

The scenarios CBE SCT, RD SC1 and RDS SC1 arein the Figure 33 shows the difference between the electric-
following analyzed, these scenarios differ from the ity generation in CBE SC1, RD SC1 and RDS SCT with
pathways for the presence of the additional dispatch- climate year 2012 and the reference climate year.
able capacity, namely the open cycle gas turbine.
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Figure 33: Electricity generation of CBE RD and RDS for climate year 2012.






CBE SC2, RD SC2, RDS sC2 Electricity generation

The scenarios CBE SC2, RD SC2 and RDS SC2 scenarios Figure 34 shows the difference between the electric-

differ from the pathways for the presence of the ad- ity generation in CBE RDS SC2 with climate year 2012
ditional interconnection capacity between Estonia and the reference climate year.
and Finland.
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Figure 34: Electricity generation of CBE RD and RDS for climate year 2012.






CBE SC4, RD SC4, RDS sC4 Electricity generation

The scenarios CBE, RD and RDS SC4 differ from the Figure 35 shows the difference between the electric-
pathways for the presence of an offshore wind park ity generation in CBE, RD and RDS SC4.
of 700 MW in meshed connection with Estonia.
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Figure 35: Electricity generation of CBE RD and RDS for climate year 2012.






CBESC13,RD SC13,RDSSC13 Electricity generation

The scenarios CBE, RD and RDS 5C13 scenarios differ Figure 26 shows the difference between the electric-
from the pathways for the presence of the additional ity generation in CBE, RD and RDS SC13 with climate
capacity of a gas turbine, the addition of 700MW ca- year 2012 and the reference climate year.

pacity interconnector between Estonia and Finland
and for 1000 MW wind park radially connected to Es-

tonia.
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Figure 36:Electricity generation of CBE RD and RDS for climate year 2012.






CBE SC14, RD SC14, RDS SC14

The scenarios CBE SCO, RD SCO and RDS SCO scenarios
differ from the pathways for the presence of the ad-

ditional interconnection capacity between Estonia

and Finland.
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Figure 37: Electricity generation of CBE RD and RDS for climate year 2012.

Electricity generation

Figure 37Figure 26 shows the difference between the
electricity generation in CBE RD and RDS SC14.
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Table 8: Generation capacity in 2030 on a Country level (Mw)

Offshore  onshore

Shale Other Nuclear Biomass Biogas wind wind

Austria 0 4.250 0 106 0 586 0 0 8.795 ] 10.271 17.369
Belgium 0 9.708 0 158 0 904 0 0 148 5.345 4910 15.567
Czech 2.907 3.760 0 0 4.055 676 0 0 471 0 5.748 9.289
Den-
mark 0] 2.163 0 197 0] 2.251 56 199 0 15.254 5526 6.224
Estonia 0 300 660 0 0 104 4 32 0 ] 476 1.160
Finland 0 2.146 0 0 4.394 2.182 19 516 3.237 1.512 12.369 1.498
France 0 10.331 0 1.255 61.696 2.411 0 0 23.446 15.222 422170 76.711
Ger-
many 9.031 34.210 0 3.898 0 2.331 3.532 1.684 6.029 36.868 79.793 67.298
Great
Britain 0 24.044 0 71 7.658 4310 1.229 806 2.095 42.553 22.968 27.762
Italy 0 46.817 0 0 0 4714 0 0 15.916 9.000 23.799 70.711
Latvia 0 1.061 0 0 0 91 55 13 1.592 711 413 396
Lithua-
nia 0 538 0 187 0 128 39 45 128 2.120 2.000 1.250
Luxem-
bourg 0 100 0 0 0 956 0 0 1.352 0 320 328
Nether-
lands 0 14.101 0 0 486 3.900 0 0 38 19.000 8.878 47.181
Norway 0 265 0 0 0 0 0 180 33.361 2.643 9.457 333
Poland 8.844 12.057 0 220 0 1.751 0] 1.137 794 8.794 11.723 8.813
Sweden 0 146 0 190 6.835 4.366 0 389 16.447 1.496 20.010 3.781
Switzer-
land 0 600 0 @] 2.930 400 0 0 4210 ] 255 5.487

71| post 2030 Baltic electricity market @



Table 9: Generation capacity in 2035 on a Country level (Mw)

Offshore  onshore

Shale Other Nuclear Biomass Biogas Waste wind wind

Austria 0 2.604 0 106 0 586 0 0 8.991 ] 14.692 28.515
Belgium 0 9.598 0 158 0 904 0 0 150 5.630 6.378 19.738
Czech 1.453 4572 0 0 4625 752 0 0 471 0 7.589 12.062
Den-
mark 0 1.820 0 164 0 1.900 54 161 0 21.174 5.901 7.218
Estonia 0 250 466 0 0 125 2 23 0 ] 1.260
Finland 0 1.484 0 0 4.394 2.551 19 516 3.237 3.260 16.241 3.243
France (0] 9.435 (0] 1.053 61.939 2.499 (0] (0] 23.446 31.684 53.088 118.029
Ger-
many 4515 35.257 0 3.898 0 2.875 3.532 1.685 6.029 48.573 96.157 100.174
Great
Britain 0 25.053 0 71 10.998 5.994 1.229 806 2.193 55.303 27.457 37.250
Italy 0 46.659 0 0 0 4.795 0 0 16.466 10.750 25.345 105.947
Latvia 0 1.061 0 0 0 161 55 14 1.592 1032 413 396
Lithua-
nia 0 538 0 187 0 161 0 51 128 2.120 2.000 1.250
Luxem-
bourg 0 100 0 0 0 109 0 0 1.352 0 335 395
Nether-
lands 0 18.824 0 0 243 2.250 0 0 38 34.500 11.349 55.590
Norway 0 265 0 0 0 0 0 184 33.291 3.006 11.009 333
Poland 4.428 16.011 0 220 2.200 526 0] 1.193 794 11.974 14.678 12.856
Sweden 0 146 0 190 6.283 4.366 0 389 16.447 3.506 20.750 4.700
Switzer-
land 0 580 0 @] 2.060 450 0 0 4210 ] 378 5.869
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Table 10: Generation capacity in 2040 on a Country level (Mw)

Offshore  onshore

Shale Other Nuclear Biomass Biogas Waste wind wind

Austria 0 957 0 106 0 586 0 0 9.187 ] 19.114 39.661
Belgium 0 9.487 0 158 0 904 0 0 151 5915 7.847 23.910
Czech 0 5.384 0 0 5.195 828 0 0 471 0 9.431 14.835
Den-
mark 0 1.442 0 164 0 1.537 54 132 0 27.094 6.277 8.213
Estonia 0 250 274 0 0 124 2 23 0 0 876 1.360
Finland 0 823 0 0 3.504 2.920 19 516 3.237 5.007 26.936 3.243
France 0 8.540 0 0 62.181 2.586 0 0 23.446 48.145 63.967 159.347
Ger-
many 0 36.301 0 3.898 0 3.419 3.532 1.685 6.029 60.278 112.521 133.049
Great
Britain 0 26.061 0 71 14.338 7.679 1.229 806 2.291 68.052 31.947 46.739
Italy 0 46.501 0 0 0 4.875 0 0 17.016 12.500 26.890 141.184
Latvia 0 1.061 0 0 0 231 55 14 1.592 1.352 413 413
Lithua-
nia 0 538 0 187 0 161 0 51 128 2.120 2.944 1.250
Luxem-
bourg 0 100 0 0 0 121 0 0 1.352 0 350 462
Nether-
lands 0 23.546 0 0 0 321 0 0 38 50.000 13.821 63.999
Norway 0 265 0 0 0 0 0 186 33.221 3.368 12.562 333
Poland 70 19.906 0 220 4.400 0 0] 550 794 15.153 17.632 16.900
Sweden 0 146 0 190 5.731 4.366 0 389 16.447 5518 21.491 4476
Switzer-
land 0 560 0 @] 1.190 500 0 0 4210 ] 500 6.250
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Table 11: Generation capacity in 2050 on a Country level (Mw)

Onshore

Shale Other Nuclear Biomass Biogas d wind

Austria 0 957 0 0 0 586 0 0 9.187 ] 22171 50.681
Belgium 0 8.638 0 0 0 904 0 0 151 6.675 5.068 28.689
Czech 0 4.461 0 0 3.278 828 0 0 471 0 12.470 19.744

Den-

mark 0 816 0 0 0 677 54 70 0 36.621 7.418 12.451
Estonia 0 250 274 0 0 131 0 19 0 ] 1.076 1.460
Finland 0 121 0 0 3.504 2.844 19 516 3.237 5.508 38.380 4.545
France 0 5.508 0 0 51.606 2.586 (0] (0] 23.446 66.799 85.568 196.972

Ger-

many 0 41.391 0 1.377 0 3.419 3.532 1.685 6.029 70.337 131.083 154.695
Great

Britain 0 28.075 0 0 16.008 8.485 1.229 0 2.291 89.983 44.842 62.472

Italy 0 48.3170 0 0 0 4.875 0 0 17.016 15.000 29.979 175.720
Latvia 0 65 0 0 0 231 55 14 1.592 1.852 445 445
Lithua-

nia 0 167 0 187 0 185 0 27 128 2.260 3.440 1.250

Luxem-

bourg 0 100 0 0 0 121 0 0 1.352 0 385 509
Nether-

lands 0 34.862 0 0 0 600 0 0 38 74.000 17.400 81.593
Norway 0 824 0 0 0 0 0 189 33.221 4.335 12.562 333
Poland 0 17.033 0 220 9.900 0 0] 550 794 20.904 21.080 20.639
Sweden 0 1.094 0 0 3.567 4.366 0 389 16.447 8.582 24.796 8.002
Switzer-

land 0 400 0 @] 0 1.000 0 0 4210 ] 500 7.013
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