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+日本と世界のギャップ

nなぜ日本では再エネ導入が進まないのか？
n再エネは高コスト、国民負担の増大(?)
n系統連系問題：もう一杯でつなげない(?)
n送電線：電力需要が伸びないので投資は手控え(?)

nなぜ世界では再エネ導入が進むのか？
n再エネは国民に便益をもたらす
n系統連系：技術的課題ではなく法制度の問題
n送電線：再エネのおかげで投資が活況
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風力＋太陽光の発電電力量導入率
国際比較 (2015年)
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(data source) IEA Electricity Information 2016

日本は 4.1%
で 22 位

デンマークが
1位で50％超

20%超が3カ国



+変動電源導入率のフェーズ
(IEAの最新の報告書より)
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Getting Wind and Sun onto the Grid © OECD/IEA 2017 
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In Phase Two, the impact of VRE becomes noticeable, but by upgrading some operational 
practices VRE capacity can be integrated quite easily. For example, one may need to establish a 
forecasting system to predict VRE output, so that flexible power plants can efficiently balance 
VRE (and demand) variability.  

Phase Three sees the first, significant challenge. In a nutshell, the impact of VRE variability is felt 
both in terms of overall system operation, and by other power plants. At this point, power 
system flexibility becomes important.  

Flexibility in this context relates to the ability of the power system to deal with a higher degree of 
uncertainty and variability in the supply demand balance. Today, the two main resources to deal 
with this are dispatchable power plants and the transmission grid. In some systems, existing 
pumped hydro storage may also make a relevant contribution. Looking ahead, more innovative 
solutions such as new storage technologies and large-scale DSR will be effective providers of 
flexibility.  

New challenges emerge in Phase Four also. These are very technical in nature and less intuitive 
than flexibility. They relate to the stability of the power system. Simply put, the stability of a 
power system characterises its ability to withstand disturbances on very short timescales. For 
example, when a larger thermal generator fails, a stable power system will only see a small 
deviation from its nominal operational settings. In contrast, in less stable systems, the loss of a 
large unit may lead to a number of significant impacts that can compromise security of supply, 
and which play out over a few seconds or less.  

The point at which system stability becomes an issue for VRE integration is very system-specific 
and can depend on engineering decisions that were taken many decades previously. There is 
therefore no simple rule to say when stability issues will arise. 

A power system will not transition sharply from one phase to the next. The phases are 
conceptual, intended simply to aid the prioritisation of tasks. For example, issues related to 
flexibility will emerge gradually in Phase Two before becoming the hallmark of Phase Three. 
Similarly, some issues related to system stability will emerge already in Phase Three.  

In order to illustrate the different phases, it can be instructive to examine some examples of 
when they have arisen internationally (Figure 1). It is often asked, “at what share of VRE will a 
given integration issue arise”; but it is not possible to generalise. For example, countries 
presently in Phase Two of deployment feature a VRE share of between 3% and 13%. 

Figure 1 • Annual VRE generation shares in selected countries and correspondence to different VRE 

phases, 2015 
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Key point • Each phase can span a wide range in terms of VRE share of electricity: there is no single point 

at which a new phase is entered. 
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（出典）IEA: Getting wind and sun onto the grid – A manual for Policy Makers (2017)

日本は
この辺り

世界の中の日本の位置付けは？
日本特殊論は世界に通用するか？



+北海道とアイルランド島の比較
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面積・人口・電力
ほぼ同じ

風力発電
1:10



+北海道とアイルランド島の比較
北海道
(2015年度)

アイルランド島
(2015年)

8.3 面積 [万km2] 8.4
547 人口 [万人] 641
5.0 ピーク電力 [GW] 6.5
30.4 発電電力量 [TWh] 36
0.6 連系線容量 [GW] 1.0
0.3 風力 容量 [GW] 3.0
0.65 *1 電力量 [TWh] 8.2
0.97 太陽光 容量[MW] 0
0.85 *2 電力量 [TWh] 0
5% *1*2 変動電源シェア [%] 22.8%
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*1: 設備利用率25%と仮定した場合の推定値, *2: 設備利用率10%とした場合の推定値



+なぜ世界中で再生可能エネルギーが
促進されるのか？

n費用便益比が大きいから。
nかけたコスト(費用)よりも市民にもたらされる
リターン(便益)が大きい。

nコストはそれなりにかかる。コストが高いからといって
投資を控えると、便益が得られない。

n外部コストが一番低い電源だから
n外部コストはゼロではない (騒音・景観影響 etc.)
n外部コストがゼロではないからと言って排除すると、更に
外部コストの高い電源を選択しなければならなくなる。

日本では定量的議論
が非常に少ない
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+便益 benefit

nコスト、コストと言われることは多いが・・・。
「便益」に関する議論は抜け落ちがち。

n「便益とは」？
n人々が受ける恩恵の貨幣表現。コストの反意語。
n利益 profit と異なり、一部の人のみが得をするので
はなく、ステークホルダー全員が共有できるもの。

nかけた費用(コスト)に対してそれに見合う便益が得ら
れるか？が重要（費用便益比）

nエネルギー問題のコスト・便益は社会化されるべき。
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+再生可能エネルギーの便益
n化石燃料の削減
n健康被害の抑制
n輸入依存度低減
n自然保護

nCO2削減
n異常気象の抑制
n生態系への影響

nその他
n雇用創出

9

欧米では
定量分析の
報告書も
多い
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+エネルギーの選択
n費用便益分析 (CBA) の必要性
n費用 (コスト) ＞ 便益 (ベネフィット) 
n推進すべきではない。
nコスト削減を努力する。

n費用 (コスト) ＜ 便益 (ベネフィット) 
nコストが高くても推進すべき。
nコストを支払う世代と便益を受け取る世代が
異なる場合、どう合意形成を図るか…？
（例: 公害問題、地球温暖化)

n費用便益の定量化が必要
n費用には隠れたコスト(外部コスト)も含めるべき。
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+費用負担に関する発想の転換
n日本 (従来)
n原因者負担の原則 polluters-pay principle

n再エネの変動対策・系統増強は再エネ事業者が負担
n一見公平に見えるが、
新規参入者に対する参入障壁に？

n欧州・北米
n受益者負担の原則 beneficiary-pay principle

n再エネの変動対策や系統増強は送電会社の責務
nコストの社会化・最適化
n特定のセクターの利益ではなく、社会全体の便益
n系統技術のイノベーション・投資が進む

11

広域機関
ルールにも登場

旧ESCJルール
に明記



+発送電分離後の世界
n「電力会社」はもはや存在しなくなる
n発電会社、送電会社、小売会社に分離

n発電会社
n市場メカニズムのもと、競争原理。
nメリットオーダーによる競争下では、再エネが優位。
n火力はエネルギーでなく調整力を売るビジネスに。

n送電会社
n電力系統の「監視」役。市場と二人三脚。
nネットワークコストの収入で経営。
n再エネを積極的に受け入れるようになる。

12



+発送電分離後の
欧州の電力業界の再編
nENTSO-E：欧州電力系統事業者ネットワーク
n送電系統運用者 (TSO) の協議会
n34ヶ国41事業者の巨大な団体
n2年ごとに「電力系統10ヶ年計画」(TYDNP)の
公表が義務づけられている

nENTSO-Eに関する日本語情報は非常に少ない

nEurelectric
n発電事業者および小売&DSOの連盟
n日本から電気事業連合会がオブザーバ参加。
nEurelectricの発信情報は比較的日本語になりやすい

13
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日本の連系線は使われていない。
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(出典) 安田: 第37回風力利用シンポジウム, pp.447-450 (2015)

日本は既存の
連系線を有効に
使っていない。
使う仕組みが
できていない。

欧州は
市場ベースで
利用が盛ん
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+ENTSO-Eの系統開発10ヶ年計画
16

http://tyndp.entsoe.eu



+

n欧州電力系統事業者ネットワーク (ENTSO-E)が
2年に1回発行を義務づけられた報告書
n既設線のボトルネック分析
n再エネ大量導入を想定した系統計画
n2050年までのロードマップの中で
今後10年間の短中期的計画を提案

n系統新設・増強計画の費用便益分析
(CBA: Cost-Benefit Analysis)

n系統拡張の正当性 (justification) を
定量評価

Contact

ENTSO-E AISBL

Avenue de Cortenbergh 100

1000 Brussels – Belgium

Tel + 32 2 741 09 50

Fax + 32 2 741 09 51

info @ entsoe.eu

www.entsoe.eu

10-Year Network 
Development Plan 2012

10-Y
ear N

etw
o

rk D
evelo

p
m

en
t P

lan
 2012

European Network of
Transmission System Operators
for Electricity

European Network of
Transmission System Operators

for Electricity

ENTSO-Eの系統開発10ヶ年計画
(TYNDP)
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エネルギーロードマップ2050から遅延

エネルギーロードマップ2050に向け進展

欧
州
の
弱
い
結
束

欧
州
の
強
い
枠
組

2030年
における
シナリオ

(データソース) ENTSO-
E: “Ten Year Network 
Development Plan 
2016” (2016) 
(グラフ出典）安田: 
世界の再生可能エネル
ギーと電力システム
風力発電編, インプレス
R&D (2016)



+EUの共通利益プロジェクト (PCI)
n欧州の政府に相当
する欧州委員会が
主導
nEU Decision
「汎欧州エネル
ギーネットワーク
のガイドライン」
(2006)

n欧州の送電線・ガ
スパイプラインの
優先順位を決定

n費用便益分析

19

（出典） European Commission: Projects of Common Interest – Interactive Map
http://ec.europa.eu/energy/infrastructure/transparency_platform/map-viewer/



+ENTSO-E TYNDP2016

nTYNDP2016
n2016年12月に
公表

n2030年までに
欧州全域で
約200件の
送電線計画

nその多くが北海・
バルト海のオフ
ショアグリッド

20
Investing in the project portfolio represents generally a payback for society after 20 years in a rather
conservative scenario. The TYNDP 2016 thus confirms the main findings of the previous releases of the
TYNDP. It also completes them in new respects by exploring and presenting additional elements.

 

Figure 4 - Reduction in the yearly average of hourly marginal cost spreads in Vision 3, illustrating
the benefit of TYNDP investments for European market integration. The total bar height represents
the average price spread at each border in Vision 3 without the TYNDP investments; the green bars
represent the remaining spread with the market capacity delivered by TYNDP investments.

Footnotes:

. These projects of pan-European significance must however be completed at regional or national
level to achieve an overall consistent development of the whole energy system. Σ
1

2

27% RES in Europe’s energy supply by 2030 means more grid

13

■ 送電線の建設・増強がない場合に
発生する市場価格差

■ 統合市場による便益

(出典) ENTSO-E: “Ten Year Network Development Plan 2016” (2016) 



+再エネ大量導入とスポット価格下落
21

The Merit Order Effect of Wind and Photovoltaic Electricity Generation in Germany 2008-2012 

 13

 
Figure 4 Renewables and spot electricity prices     

Source: EPEX, EEX, own calculations 
 
Looking more closely at the conditions on an individual day with a high generation 
of  both wind and PV (26/04/2012),  Figure 5  displays  the hourly  EPEX spot  price and 
the feed-in of wind and PV in each hour of that day. Clearly, the spot price rises with 
demand in the early hours of the day, but during the middle of the day is reduced 
by  high  wind  and photovoltaics  feed-in.  This  is  the  merit  order  effect  of  renewable  
energy sources during those hours. Our goal is to estimate by how much on average 
the spot price is reduced through additional wind and PV feed-in.  
 
The question is whether we should use hourly or daily averaged data for our analysis. 
An argument against the use of hourly data is that the prices for all  24 hours of the 
following  day  are  determined  at  the  same  point  in  time  on  the  day  before  and  
hence  with  the  same  information  set.  Usually,  a  time  series  is  characterised  by  
updating, which means that information is updated from one observation to the next 
(cf. Huisman, Huurman and Mahieu 2007; Härdle and Trück 2010). This means that 
real  updating  on  the  electricity  market  only  takes  place  every  24  hours.  The  
information used to determine day-ahead prices, however, is different for each hour 
of  the following day,  even though this  information is  available at  the same point  in  
time  on  the  day  before.  An  advantage  of  using  hourly  data  is  that  especially  the  
feed-in of photovoltaic energy is very volatile during the day and that hourly effects 
are to be expected. If we averaged the data over the day, these effects would no 
longer be visible. Since one aim of this study is to provide a first estimate of PV merit 
order effects, we are employing hourly data for our analysis. A calculation using daily 
averages (in differences) (cf. Gelabert,  Labandeira and Linares 2011) is  provided in 
the Appendix as a sensitivity check. 

(source) J. Cludius et al: The Merit Order Effect of Wind and Photovoltaic Electricity Generation in 
Germany 2008-2012, Centre for Energy and Environmental Market (2013) 

–1.12 €/MWh/GWRE

VRE導入と
スポット価格は
強い負の相関
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再エネ大量導入による
欧州電力市場の卸価格の推移
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および European Power Exchange (EPEX): KWK Price より筆者作成

2010年以降、
原油高止まりで
も電力スポット
価格は低減傾向
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+TYNDPの費用便益分析の手法
23
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ᅗ࡚ࡗࡼ࡟ᑓ㛛ᐙࡢ⣔⤫ゎᯒࠊ࡛ࡇࡑ ㏦㟁ࠕࡍ♧࡟13
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（出典）岡田, 丸山:
「欧州における発送電
分離後の送電系統増強
の仕組みとその課題」,
電力中央研究所報告
Y14019 (2015) 
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（出典）岡田, 丸山:「欧州における発送電分離後の送電系統増強の仕組みとその課題」,
電力中央研究所報告 Y14019 (2015) 



+TYNDPの費用便益分析例１
25The assessment of losses variations induced by the projects improved in the TYNDP 2016 compared to the TYNDP 2014 

with a comprehensive all year round computations on a wide-area model capturing all relevant flows.

The results must however be considered with caution and not totally reliable due to their very high sensitivity to 
assumptions regarding the detailed location of generation which are not secured.

General CBA Indicators 

Delta GTC contribution (2020) [MW] DE-NO: 1400

NO-DE: 1400

Delta GTC contribution (2030) [MW] DE-NO: 1400

NO-DE: 1400

Capex Costs 2015 (M€)
Source: Project Promoter 1850

Cost explanation

S1 50-100km

S2 Negligible or less than 15km

B6 +

B7 ++

Scenario specific CBA indicators EP2020 Vision 1 Vision 2 Vision 3 Vision 4 

B1 SoS (MWh/yr) N/A N/A N/A N/A N/A

B2 SEW (MEuros/yr) 110 ±20 100 ±10 100 ±20 120 ±10 70 ±10

B3 RES integration (GWh/yr) 100 ±20 220 ±170 <10 890 ±180 350 ±70

B4 Losses (GWh/yr) 350 ±35 350 ±35 350 ±35 350 ±35 350 ±35

B4 Losses (Meuros/yr) 15 ±1 19 ±2 16 ±2 21 ±2 23 ±3

B5 CO2 Emissions (kT/year) -400 ±80 ±100 -500 ±500 -700 ±100 -100 ±800

The pan-European analysis only take into account one average hydrological year. Studies by the Norwegian TSO Statnett 
shows that an important driver for the benefit of Norwegian interconnectors is the increased potential for power export 
from Norway during periods of excessive inflow. The benefit arises both from reducing the risk for hydropower curtailment 
and from avoiding price collapse in Norway during wet summers. The benefit is non-linear, which means that simulating 
over one average year is not equal to taking the average over several hydrological years. Internal studies indicates that 
SEW-values might double if also taking into account wet and dry years. This means that the benefit indicators calculated 
in the pan-European analysis probably are underestimated. 

Also the benefit of RES and CO2 (increased RES, decreased CO2) are expected to be under-estimated. Especially in wet 
years the RES-values will be much higher, this as the interconnectors helps exporting RES/hydro instead of having hydro-
curtailment (water running directly to the sea). This also leads to decreased CO2-emissions if taking wet/dry years into 
account.

Summarized the CBA-indicators for projects going to Norway for SEW, RES and CO2 are supposed to be underestimated 
in the pan-European models.

Connections to the Nordics can bring potential balancing market benefits in the intraday market which has not been 
considered in the CBA analysis, the benefits are increased for markets with a lot of wind or hydro as the output can vary a 

Project 37 - Norway - Germany, NordLink 

NordLink: a new HVDC connection between Southern Norway and Northern Germany.Estimated subsea cable length: 
514km. Capacity: 1400 MW. 

Classification Mid-term Project 

Boundary Germany - Norway 

PCI label 1.8 

Promoted by STATNETT;TENNET-DE 

Investments 

Investment 
ID Description 

GTC 
Contribution Substation 

1 Substation 2 Present 
Status 

Commissioning 
Date 

Evolution 
since 

TYNDP 
2014 

Evolution Driver 

142 

Nord.Link; a new HVDC 
connection between 

Southern Norway and 
Northern Germany. 

Estimated subsea cable 
length; 514km. 

Capacity; 1400 MW. 

100% Tonstad 
(NO) Wilster (DE) Under 

Construction  2020 Investment 
on time 

Agreement between the 
two TSOs on 

commissioning date. 

406 

Voltage uprating of 
existing 300 kV line 

Sauda/Saurdal - Lyse - 
Tonstad  - Feda - 1&2, 
Feda - Kristiansand; 
Sauda-Samnanger in 

long term. Voltage 
upgrading of existing 
single circuit 400kV 

OHL Tonstad-Solhom-
Arendal. Reactive 

power devices in 400kV 
substat 

100% 
(Southern 

part of 
Norway) 

(NO) 

(Southern 
part of 

Norway)(NO) 
Under 

Construction 2020 Delayed 

Revised progress due to 
less flexible system 

operations in a running 
system (voltage upgrade of 

existing lines). 
Commissioning date 
expected 2019-2021. 

Additional Information 

Project Website; 

http://www.statnett.no/en/Projects/NORDLINK/ 

（出典） ENTSO-E: TYNDP2016 combined project sheets (2015)
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Scenario specific CBA indicators EP2020 Vision 1 Vision 2 Vision 3 Vision 4 

B1 SoS (MWh/yr) N/A N/A N/A N/A N/A 

B2 SEW (MEuros/yr) 670 ±140 1220 ±90 1060 ±80 1350 ±70 1520 ±90 

B3 RES integration (GWh/yr) 15550 ±3110 20640 ±10 20650 ±20 19200 ±150 20180 ±70 

B4 Losses (GWh/yr) 550 ±55 925 ±92 1000 ±100 1300 ±130 1825 ±182 

B4 Losses (Meuros/yr) 23 ±3 50 ±5 46 ±5 77 ±8 122 ±13 

B5 CO2 Emissions (kT/year) -12200 ±1830 -11700 ±200 -15800 ±2000 -7300 ±1000 -8400 ±1300 

（出典） ENTSO-E: TYNDP2016 combined project sheets (2015)

Project Cost Benefit Analysis 

This project has been assessed by ENTSO-E in line with the Cost Benefit Analysis methodology, approved by the EC in 
February 2015.

This project is assessed with a double TOOT step compared to the project 191, which is commissioned later.The 
indicators B6/B7 reflect particular technical system aspects of projects based on a summation of qualitative performance 
indicators, in line with the CBA methodology; these cannot be used as a proxy for the security of supply indicator.

The assessment of losses variations induced by the projects improved in the TYNDP 2016 compared to the TYNDP 2014 
with a comprehensive all year round computations on a wide-area model capturing all relevant flows.

The results must however be considered with caution and not totally reliable due to their very high sensitivity to 
assumptions regarding the detailed location of generation which are not secured.

General CBA Indicators 

Delta GTC contribution (2020) [MW]

Delta GTC contribution (2030) [MW] '( LQterQ: 5750

'( LQterQ: 5750

Capex Costs 2015 (M€)
Source: Project Promoter 7000 ±1000

Cost explanation

S1 More than 100km

S2 Negligible or less than 15km

B6 +

B7 +

'( LQterQ: 5750

'( LQterQ: 5750

Project 42 - OWP TenneT Northsea part 1 

Connection of offshore wind parks in the North Sea to Germany. Consisting of subsea AC and DC cables. The  OWP will 
help to reach the European goal of CO2 reduction and RES integration 

Classification Mid-term Project 

Boundary North-South 

PCI label 

Promoted by TENNET-DE 

Investments 

Investment 
ID Description 

GTC 
Contribution Substation 1 Substation 2 Present Status Commissioning 

Date 

Evolution 
since 

TYNDP 
2014 

Evolution Driver 

160 
New AC-cable 

connection. 100% 
Offshore- 
Wind park 

Nordergründe 
(DE) 

Inhausen 
(DE) 

Under 
Construction  2016 Investment 

on time 
on time relative to 

TYNDP14 

163 

New HVDC 
transmission system 
consisting of offshore 
platform, cable and 

converters. 
100% Cluster 

HelWin1 (DE) Büttel (DE) Commissioned  2014 Investment 
on time in operation 

164 

New HVDC 
transmission system 
consisting of offshore 
platform, cable and 

converters. 
100% Cluster 

SylWin1 (DE) Büttel (DE) Commissioned  2015 Investment 
on time in operation 

165 

New HVDC 
transmission system 
consisting of offshore 
platform, cable and 

converters. 
100% Cluster 

DolWin1 (DE) 
Dörpen/West 

(DE) Commissioned  2015 Delayed due to the project 

166 
New AC-cable 

connection 100% 
Offshore 

Wind park 
Riffgat (DE) 

Emden 
/Borßum(DE) Commissioned  2014 Investment 

on time in operation 

167 

New HVDC 
transmission system 
consisting of offshore 
platform, cable and 

converters. 
100% Cluster 

BorWin2 (DE) Diele (DE) Commissioned  2015 Investment 
on time in operation 

654 
New HVDC 

transmission system 
consisting of offshore 

100% Cluster 
DolWin2 (DE) 

Dörpen/West 
(DE) 

Under 
Construction  2016 Delayed due to the project 
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Market based capacity analysis performed in the TYNDP 2016 shows the potential for increasing the
capacity of the Nordics and Continental system. At the same time it is important to pay attention to the
assumptions. Bringing CO2, oil, gas, coal prices down to the 201 level will influence the SEW-values in a
negative direction. Having a look at SEW/GTC values in the different visions indicates that the energy-
balance of the different visions both for the Nordics and Continental countries is the main driver for price
differences in the visions hence they drive the SEW-value of connecting the Nordic and Continental
systems. The Nordic surplus is very high in Vision 2, which results in a high price difference and
subsequent high SEW/GTC-value.

 

In general, SEW values for projects towards the Nordics are underestimated because studies only take
into account an average hydrological year.

Interconnection target for 2030

Nordics - Continental Europe West

56
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Nordics - Continental Europe West
Interconnecting the hydro-based Nordic system (NO/SE) with the thermal/nuclear/wind-based Continental
system

The main drivers for investments in this region are to integrate the hydro-based Nordic system with the
thermal/nuclear/wind-based Continental system. This will improve the security of supply both in
Norway/Sweden in dry years as well as for the Continental system in periods with negative power balance
(low wind, high demand etc.). In addition, the boundary is important both for European market integration,
facilitating renewable energy and preparing the power system with lower CO2-emission.

TYNDP findings

The analyses show, that projects between the Nordics and the Continental system do have a reasonably
good socio-economic cost/benefit ratio. However, the values are very dependent of the basic price-
assumptions (CO2, coal, gas) as well as the energy-balances in each system hence the price-differences
between the systems.

In general, projects between the systems leads to decreased CO2-emissions. However, visions with low
CO2-prices, may lead to increased coal-fired production and subsequently increase CO2-emissions.

Welfare and Capacity

 

Nordics - Continental Europe West

55

(出典) ENTSO-E: “Ten Year Network 
Development Plan 2016” (2016) 



+まとめ

nなぜ世界中で再エネが促進されるのか？
nかけた費用に対して便益が大きいから

n電力自由化/発送電分離後の送電系統
n送電会社は中立なインフラ会社に
n電力消費が減る中で電力流通は増加

nENTSO-Eの系統開発10ヶ年計画 (TYNDP)
n複数のシナリオ
n費用便益分析
n200もの送電線増強・新設プロジェクトの正当性
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再エネと送電網の費用便益分析
～欧州ではなぜ系統整備が

進むのか～

公開シンポジウム

北海道の
自然エネルギー
拡大に向けた

電力システムの発展
―欧州の事例から―


