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（出典）http://www.yonden.co.jp/energy/n_ene_kounyu/furyoku_renkei/page_80b.html

全てを電力会社の中央給
電指令所がコントロール

需給調整は誰が行うか？
（古典的考え方）



+小売会社から見た
需給調整のイメージ（現在）
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（出典）ウェスト電力HP http://www.wepco.co.jp/business/stable-supply.html

市場調達

常時バックアップ （大手電力会社との相対 ⇒
将来的には先渡市場などから調達）



+需給調整は誰が行うか？
n古典的考え方 (日本では現在も)
n垂直統合された電力会社の中央給電指令所
n系統内のすべての発電所を集中監視・制御

n将来 (欧州では現在既に)
nBRP: Balance Responsible Party が
インバランスコストを最小化するように行動

n市場メカニズムで複数のプレーヤーが需給調整
に参画・責任

n送電会社は主に監視。いざという時だけ介入。
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エネルギーの民主化！
…だけでなく、

需給調整も民主化！



+需給責任会社 (BRP) とは何か？

nBRP: Balance Responsible Party
n電力市場および送電事業者 (中央給電指令所) と
通信し給電指令等の要求を受ける

n電力市場における電力商品の取引
n前日市場 (スポット市場) における取引
n当日市場における需給調整オペレーション

n送電事業者とのサービスのやり取り
n需給調整管理・計画
nアンシラリーサービスの提供
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+BRPの役割

nBRＰは大口ユーザーや発電所等の各社と契約を
結び、それらのインバランスを一旦束ねる。それ
によって、各社のインバランスは相殺され、小さ
くまとめられる。

nTSOは、BRP各社とそのようにまとめられたイン
バランスの精算を直接に行う。

nこのようにインバランス精算に当たっては、TSO
との間を卸業者のような形で仲介するのである。
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（出典）八田, 三木:「電力自由化に関わる市場設計の国際比較研究 ～欧州における電力の最終需給調整を
中心として～, 独立行政法人経済産業研究所, RIETI Discussion Paper Seris 13-J-075 (2013)
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出典）山家, 安田他: 再生可能エネルギー政策の国際比較, 京都大学学術出版会 (2017)

自由化後：送電会社
と電力市場の二本柱
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+自由化市場におけるBRPの役割
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+特例制度②における
バランシンググループ (BG)
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経産省: 第10回制度設計ワーキンググループ, 資料6-2 (2014) 



+BRPとVPPは何が違うの？
nVPP: Virtual Power Plant
n技術ベースの概念。
n使用権契約の考え方
n（特に日本語文献では）相対契約のみで
市場取引を想定していない場合が多い。

n BRP: Balance Responsible Party
n市場ベースの概念
n確定数量契約の考え方
n(特に欧州では)当日市場・需給調整市場の
高速取引を想定
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+使用権契約と確定数量契約
n使用権契約
n需要家は決まった価格で好きなだけ買え、
発電側は追従する
n電力会社は膨大な発電余力と送電余力とを準備して
おかなくてはならない

n発電余力を使い切った後では停電を起こしやすい

n確定数量契約
n前日に計画値を届け出、計画値からの差分に対して
精算する
n電力不足時に需要家に節電動機
n発電所は余剰発電能力を減らせる

（参考）八田達夫: 電力システム改革をどう進めるか, 日本経済新聞出版社 (2012)
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デンマークのコジェネ
nデンマークのコジェネは、系統運用者(TSO) 
だけでなく電力市場とも通信する。
nコジェネは市場価格を見ながら自動運転。
nTSOが給電指令(介入)する前に混雑緩和
n数千台のコジェネが仮想発電所 (VPP) として動作。

(出典) 安田: 環境ビジネスオンライン, 2016年2月1日号

デマンドレスポンスも
同様にネガワット
発電所となり得る。
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+「ジャーマンパラドックス」
18

【誤解と神話】
変動性再エネ(VRE)が増えると
バックアップ電源が増える！
（CO2が却って増える！）

【ドイツの実際】
VREは増加したが実際に
応動した予備力は減少

【理由】
適切な市場設計
送電会社間の協調



+再エネ大量導入でも調整力は少なく
て済む（ドイツの実例）

most effective to have efficient reserves, in an era when 
more frequent and severe imbalances are expected to 
increase in the system. 

 

V.ACKNOWLEDGMENT 

The authors would like to thank the contributions from 
50Hertz: Sebastian Ziegler, Dr. Klaus von Sengbusch, 
Vincent Thevenin, Nidal Meyer, Christian Schiffer, Silvia 
Haufe and Omar Huarcaya. Neue Energie Ökonomik Dr. 
Lion Hirth.   

VI.REFERENCES 

[1] BNetzA, "Monitoringberichte," [Online]. Available: 
https://www.bundesnetzagentur.de/DE/Sachgebiete/Elektrizitaetund
Gas/Unternehmen_Institutionen/DatenaustauschundMonitoring/Mo
nitoring/Monitoringberichte/Monitoring_Berichte_node.html. 
[Accessed 23 August 2017]. 

[2] L. Hirth. &. I. Ziegenhagen, "Balancing Power and Variable 
Renewables: Three Links," Renewable & Sustainable Energy 
Reviews 50, 2015. 

[3] ENTSO-E, "Transparency Platform," ENTSO-E, [Online]. 
Available: https://transparency.entsoe.eu/balancing. [Accessed 23 
August 2017]. 

[4] "Energy Charts," Fraunhofer ISE, [Online]. Available: 
https://www.energy-charts.de/power_inst.htm. [Accessed 23 August 
2017]. 

[5] "Energiedaten," bdew, [Online]. Available: 
https://www.bdew.de/internet.nsf/id/DE_Energiedaten#cat/Daten%
2FGrafiken\Energie%20allgemein\Energiedaten\3.%20Stromversor
gung/3-12-netto-elektrizitaetsverbr-nach-verbrauchergruppen-de. 
[Accessed 23 August 2017]. 

[6] ENTSO-E, "System Adequacy Retrospect," ENTSO-E, Brussels, 
2006-2016. 

[7] AG Energiebilanzen, "Daten und Fakten: Zusatzinformationen," 
[Online]. Available: http://www.ag-energiebilanzen.de/28-0-
Zusatzinformationen.html. [Accessed 23 August 2017]. 

[8] S. Ziegler, 50Hertz Presentation at the 2nd Annual Energy Cross 
Border Trading and Balancing Market Forum, Jan 2017.  

[9] V. Thevenin, “Power Trading - 1/4 hour products”, 50Hertz 
Presentation at Stommarkttreffen, May 2016.  

[10] ENTSO-E, "Imbalance Netting," [Online]. Available: 
https://www.entsoe.eu/major-projects/network-code-
implementation/electricity-balancing/igcc/Pages/default.aspx. 
[Accessed 23 August 2017]. 

[11] BNetzA, "Zahlen, Daten und Informationen zum EEG," [Online]. 
Available: 
https://www.bundesnetzagentur.de/DE/Sachgebiete/Elektrizitaetund
Gas/Unternehmen_Institutionen/ErneuerbareEnergien/ZahlenDatenI
nformationen/zahlenunddaten-node.html. [Accessed 23 August 
2017]. 

[12] ENTSO-E, "IGCC Regulator Report on Social Welfare," Q4 2016. 
[Online]. Available: 
https://www.entsoe.eu/Documents/Network%20codes%20documen
ts/Implementation/IGCC/IGCC-Social-Welfare-Report-
2016_Q4_v1.pdf. [Accessed 23 August 2017]. 

[13] BNetzA , Anlage 1 zur Freiwilligen Selbstverpflichtung (FSV) nach 
§ 11 Abs.2 ARegV der deutschen Übertragungsnetzbetreiber für ein 
verbindliches Anreizsystem für Regelleistung und den Umgang mit 
den daraus resultierenden Kosten. Version 03/2014 [Online]. 
Available: https://www.bundesnetzagentur.de/DE/Service-
Funktionen/Beschlusskammern/1BK-Geschaeftszeichen-
Datenbank/BK8-
GZ/2014/2014_0001bis0999/2014_200bis299/BK8-14-
260_450_502_772/Downloads/50Hertz_Anlage1.pdf?__blob=publi
cationFile&v=2 [Accessed 23 August 2017]. 

 

 

 
Figure 13: Total activated German Secondary Reserves (or aFRR) per year marked with events considered in this paper. 

16th Int'l Wind Integration Workshop | Berlin, Germany | 25-27 October, 2017

（出典）安田・桑畑:ドイツ需給調整市場の市場取引分析と
再生可能エネルギー大量導入 ～日本への示唆～, 電気学会合同研究会 (2018.6)

再エネ導入率は
年々増加

応動予備力は
年々減少
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+ジャーマンパラドックスの原因①

n短時間商品の導入
n2011年12月(EPEX SPOT当日市場): 1時間商品
だけでなく15分商品の取引が可能

n2013年6月(スイス), 2015年10月(オーストリ
ア): 15分商品の取引開始、当日市場の開場時間が
前日の午後4時からに変更

n2014年9月(EXAA), 2014年12年(EPEX SPOT): 
入札を通じて15分商品の取引が可能
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+ジャーマンパラドックスの原因②

n市場閉場時間の短縮化
n2008年(EPEX SPOT): 当日市場開設
n2011年3月(EPEX SPOT): 市場閉場時間が実供
給時間45分前に短縮

n2015年7月(EPEX SPOT): 市場閉場時間が実供
給時間30分前に短縮

n2017年6月(EPEX SPOT): TSOへの受渡し5分前
までの取引が可能

21
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Figure 2: Monthly traded volumes of electricity, marked with timings of 

major changes. Source: EPEX SPOT, Nord Pool SPOT, EXAA. 

 

2) Shorter gate closure times 
The gate closure time refers to the time ahead of real-

time, when the intraday market trading is closed. BRPs’ 
main tool to correct portfolio imbalance is by trading on the 
intraday market. Therefore, the closer to real-time they are 
able to trade, the better the opportunities they have to be 
able to balance their portfolios (because the closer to real-
time, the better the forecast), and therefore reduce the need 
for using balancing reserves. 

There are two intraday markets accessible to German 
BRPs: EPEX SPOT since 2008 and Nord Pool since 2006. 
In both markets the gate closure times have been shortened 
over the past years. At the time when the intraday markets 
were launched, the gate closure time of EPEX SPOT was 60 
minutes. In March 2011 this was shortened to 45 minutes, 
and in July 2015 shortened further to 30 minutes. Since June 
2017 it is possible to trade up to 5 minutes until delivery 
within TSO. Nord Pool allows trading right up to delivery (0 
minute) within TSO areas since February 9th, 2016 and up 
to 20 minutes before delivery across TSO areas in the 
German Intraday market since September, 28th 2016. Prior 
to this date, trading for delivery across TSO areas was 30 
minutes. Although real-time trading is allowed, BRP 
schedules must be submitted to TSOs 15-minutes before 
real-time. 

The timing of the changes of the gate closure time for 
trading to correct the balancing schedules are marked on the 
total traded market volume in German intraday markets per 
year (Figure 2). From the figure it is visible that market 
volumes have increased over the past years but it is not clear 
whether increase in market liquidity was accelerated by the 
shortening of gate closure times. Although relative traded 
volume is small, the Nord Pool market introduction allows 
closer to real-time trading to correct imbalances by BRP. 
Furthermore, it could be said that changes in the Nord Pool 
market gate closure time created pressure for EPEX SPOT 
to also shorten its gate closure time. 

3) Stricter BRP control 
BRPs are obliged to maintain a balanced portfolio of 

demand and generation, on a 15-minutely schedule. 
Essentially any portfolio imbalance in real-time is covered 
by balancing reserves. German TSOs monitor BRP 
imbalances and evaluate its performance on a monthly basis. 
If performance is poor, the TSO sends an official warning 
letter to the BRP, asking for an explanation what caused the 
poor performance, and stating that its license will be 
eventually revoked if performance is not improved. This 
acts as an incentive to reduce portfolio imbalances, and in 
turn, the need for using balancing reserves. 

In this context, German TSOs have increased efforts to 
monitor and correct poor BRP performance since 2014. 
BRPs that cause large deviations are warned since the first 
instance they result in a strong imbalance. If poor 
performance persists, further warnings are given and 
eventually notified to the national regulatory authority 
(BNetzA). After that, if performance is still not improved, 
the license can be withdrawn. However to-date, no BRP has 
been notified to BNetzA for persistent poor performance, 
nor has any licenses been revoked due to poor performance. 
Furthermore, the identity of the BRP with poor performance 
is not made publicly available.  

There is also no public information available on how 
many letters have been sent to who since 2014 and whether 
they have increased in volume or frequency, or how 
performance improvement or deterioration is assessed. 
Without tangible data it is difficult to assess whether this 
measure is effective and actually had an impact to improve 
the imbalances caused by BRPs in the past. 

4) Improvement forecasts by BRPs 
BRPs rely on forecasts of electricity demand and supply 

to balance their portfolios. To minimize actual imbalances, 
an accurate as possible forecast of the real-time consumption 
and renewable infeed is needed. The imbalance would then 
be traded on the market; either to sell excess generation, or 
to buy deficit generation. This allows the BRPs to more 
accurately balance their portfolios, and therefore reduce the 
need for using balancing reserves. 

 

 
Figure 3: Comparison of maximum quarter hourly imbalance in a year 

   

 

16th Int'l Wind Integration Workshop | Berlin, Germany | 25-27 October, 2017

月間取引電力の
推移 （出典）安田・桑畑:ドイツ需給調整市場の市場取引分析と

再生可能エネルギー大量導入 ～日本への示唆～, 電気学会合同研究会 (2018.6)



+ジャーマンパラドックスの原因③

nBRPの運用の厳格化
n15分毎の需給バランス義務付け
nインバランスには比較的重いペナルティ
n市場参加者が需給調整を担うインセンティブ

nBRP監視の強化 (2014年～）
nTSO: 実績の悪いBRPに警告
nBNetzA(規制者): 通告・資格取消
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+ドイツの再エネ電源のFIT適用動向
24

NextPublishing Sample

図3-4-5　ドイツのFIT適用再エネと直接販売（左図：割合の推移、右図：2015年電源別割合）

みますが、相対的に高いFIT買取価格の電源がより多く設置されると、
FIT賦課金の総額も上昇してしまいます。太陽光が賦課金の大半を占め、
過去数年の賦課金上昇の主要因になっていることは否めません。再エネ
電源の多様性を進めるのは良いことだとしても、発電コストや買取価格が
高い段階で太陽光が大量に導入されることの難しさが現れているという
ことができるでしょう。しかもこの現象が観測されたのは、日本がFIT
制度を施行する前の2010年頃だということは留意すべき点です。既に当
時明らかになっていた先行事例が日本で教訓として顧みられなかったと
したら、残念なことです。
　一方で、長年に亘るFIT制度のおかげで多くの再エネ電源のコストの
低廉化が急速に進み、今ではFITに頼らない再エネ電源（特に風力・バ
イオマス）も多くなっているという事実にも注目すべきです。

ドイツの電力料金は上昇したが…
　視点を電力料金に移しましょう。図3-4-6に示すとおり、ドイツの家庭
用電力料金を見ると、確かに2000年代後半より大きく上昇している結果
となっています。このような情報をもって、ドイツでは「FITのおかげ
で電力料金が上昇した！」と喧伝する言説も日本ではネットを中心に盛
んに流れていますが、図3-4-6のようなドイツの電力価格の推移の内訳を
見てみると実はそう単純な構造ではないということがわかります。
　図の「正味電力料金」とは、小売事業者が卸電力市場から購入する価
格に事業マージンを加えたもので、卸電力価格の推移にほぼ従います。
この図から客観的に読み取れることとして、

第3章　再生可能エネルギーのコストは誰が払うのか？ 115
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（出典）安田陽: 世界の再生可能エネルギーと電力システム 経済・政策編, インプレスR&D (2019)
（データソース）Bundesnetzagentur (BnetzA): Montioring report 2016 (2017) 



+太陽光発電のFIT適用および
自由取引容量の推移
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2.3.3 今後想定される系統連系問題に対する住宅用太陽光発電の変化 
2009 年 11 月に開始された住宅用太陽光発電の余剰電力買取制度は、買い取り期間 10

年間で終了するため、2019 年以降は余剰電力の売電が自由市場での取引になるものが年々

増加していくことになる。この自由取引想定量を、累積導入容量見通しと合わせてグラフ

化すると図 2-13 となる（10kW 以上は除外）。2020 年までは FIT が適用される累積容量

が毎年増加傾向にあるが、2020 年以降は FIT 適用分の増加は緩やかなものになるため、

電力消費者の負担（サーチャージ）も限定的なものになることが想定される。 
次に、これを系統に流入する余剰電力量で評価したものが図 2-14 である。導入後 11 年

目以降は余剰電力の売電が自由取引に移行することになるが、自由市場においては安価な

売電単価が予想されるため、エコキュート（自然冷媒 CO2ヒートポンプ式給湯機）の昼間

運転、蓄電池の活用等で自家消費した方が経済的なメリットが大きくなると考えられる。

そこで自家消費電力量の増加により売電量（系統への流入量）が 11 年目以降は 10 年目ま

での 50%になる場合（CASE-1）、全量を自家消費電力量に回した場合（CASE-2）の試算

結果もグラフ中に併記した。 
ユーザーは当初 10 年間の FIT 制度活用により太陽光発電設備への投資はほぼ回収され

ているため、11 年目以降は自家消費での活用を促すことで系統への流入量を抑制し、系統

への負担が軽減できる可能性がある。系統連系システムを持続可能なシステムとして運用

するためには、余剰電力の売電制度を有効に活用すべきである。 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

図 2-13 FIT 後の住宅市場容量 
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+FIT卒業電源の選択肢

n余剰電源の自由取引
n① 自分で取引相手（小売事業者）を探す
n→ 個人では極めて困難

n② 自分で電力市場に入札する
n→ 個人では極めて困難

n③ アグリゲーターと契約する
n全量自家消費する
n余った分は蓄電池に貯める
n→ 高コスト。採算が取れるか不明
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最も現実的
な選択肢

市場価格低廉化
にあまり貢献

しない



+FIT卒業後の太陽光の契約上の
電気の流れ
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FIT卒業後

FIT期間中

（出典）安田陽: 太陽光発電2019年問題の何が問題なのか？, 京大再エネ講座コラム, 2018年8月2日

個人では極めて困難個人では極めて困難



+2019年問題の解決策

n自家消費に採算性はあるか？
n安易な蓄電池神話
n費用便益分析の不在
n消費者不安心理の悪用

n「バッドな地産地消」
にならないために
n地産地消は鎖国や籠城
ではない！

n市場取引の軽視は
サステナブルではない
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（出典）ダイヤモンドオンライン https://diamond.jp/articles/-/180404



+再エネ促進と電力自由化の歴史
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R&D (2018)

mechanism is incorporated into the AGC optimisation 
algorithm of each country which is part of the IGCC . The 
imbalance netting part of the GCC  started with 3 of the 4 
German TSOs in December 2008, with the fourth joining in 
May 2010, and gradually increased its membership over 
time to include also international members (which became 
the IGCC, see Figure 13).  In the meantime the IGCC is the 
European reference project for the implementation as 
required in the upcoming Guideline on Electricity 
Balancing. 

 

Figure 8: Timeline of when different countries joined the IGCC. 

Source: 50Hertz 

 

The value of the netted imbalances since the introduction 
of this mechanism is shown in Figure 14. It can be seen that 
it has generated value for each country that has joined the 
IGCC, and the more direct large neighbours it has. For 
example, the netted imbalances in Germany increased each 
time a neighbour joined the IGCC. Moreover, comparing the 
amounts of increase when Czech Republic, Belgium or 
Austria joined, with the amount of increase when France 
joined, it can be seen that France has a larger influence.   

The next Figure 15 shows the details of the value in 

Germany. It can be seen that since 2012, the amount of 

balancing reserve (aFRR) that was provided by IGCC 

increased especially for positive balancing service. This 

means that Germany did not have to activate German 

generators to increase generation output to counterbalance 

demand, because its neighbouring countries had a surplus of 

generation at that time, and the need to counterbalance in 

Germany was removed.  

 

Figure 9: Amount of netted imbalances, monthly values in GWh. 

For better resolution check source document. Source: ENTSO-E 

[12] 

 

 

 

Figure 10: Amount of avoided activation of balancing reserves in 

Germany per year. Source: 50Hertz 

 

2) TSO cooperation in reserve sizing 
The quantity of balancing reserve that needs to be 

procured is calculated every quarter of a year for aFRR and 
mFRR. The calculation considers the forced outage rate of 
power plants, load fluctuations, the quarter-hourly average 
of the actual control reserve and scheduled exchange 
volumes between the TSOs and forecast errors. The 
objective of this mechanism is the joint dimensioning of 
control reserve across control areas in order to achieve a 
reduction of the power reserve and the corresponding costs. 
The mechanism therefore impacts the amount of reserves 
that needs to be procured and the corresponding capacity 
cost, but not the actually activated amount of reserves. The 3 
German TSOs have applied this method since May 2009, 
and in May 2010 the 4th TSO joined.  

Figure 16 shows the monthly average tendered capacity 
of aFRR in German from 2009 until 2016. The reduction in 
reserve size for positive and negative balancing reserve due 
to this cooperation can be seen for both positive and 
negative balancing reserve.  

It must be noted that this cooperation mechanism 
impacts the amount of balancing reserves that needs to be 
procured, but not necessarily the amount that needs to be 
activated. 

 
Figure 11: Monthly average tendered capacity of German Secondary 

Reserves (or aFRR) per month. Source: 50Hertz 

M
il.

 €
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+需給調整市場で取引された
インバランス量の推移
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（出典）安田・桑畑:ドイツ需給調整市場の市場取引分析と
再生可能エネルギー大量導入 ～日本への示唆～, 電気学会合同研究会 (2018.6)
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3) TSO cooperation in reserve procurement 
Procurement of the necessary balancing reserve can be 

divided per TSO region, or cooperation can be fostered by 
allowing TSOs to purchase balancing reserves from other 
control areas. In Germany, it is possible to use the balancing 
service from another control area through a TSO-TSO 
relationship: local TSO still maintains the contracts with its 
local Balancing Service Providers.   

The potential for cost saving through this mechanism 
lies in the cost reduction through direct competition between 
providers in the entire German balancing reserve market. 
The mechanism therefore impacts the procurement cost, but 
not the actually activated amount of reserves. The 4 German 
TSOs have applied this method since July 2009.  

This results in cost reduction through direct competition 
between providers in the entire German aFRR market. The 
reduction in procurement cost (of aFRR reserve capacity) 
from 2011 to 2015 can be seen in Figure 17.  

It must be noted that this cooperation mechanism 
impacts the cost of procuring balancing reserves, but not 
necessarily the amount that needs to be procured or 
activated.  

 
Figure 17: Total annual procurement cost of German Secondary Reserves 

(or aFRR). Source: Federal Network Agency for Electricity, Gas, 
Telecommunications, Post and Railway [1] 

 

4) TSO cooperation in reserve activation 
A Germany-wide merit order list is used for activation of 

balancing reserves from aFRR and mFRR. The goal is the 
economic optimisation of the balancing reserve activation 
across control areas. The mechanism therefore impacts the 
activation cost, but not the actually activated amount of 
reserves. The 4 German TSOs have applied this method 
since September 2009.  

The cooperation allows TSOs to activate aFRR from 
suppliers across Germany based on a common merit order 
list. This results in cost reduction through economic 
optimisation across control areas. The reduction in 
activation cost (of aFRR energy remuneration) can be seen 
in Figure 18.  

 
Figure 12: Total annual activation cost of German Secondary Reserves (or 

aFRR). Source: 50Hertz 

This mechanism functions by treating the four German 
control zones as one control block.  It must be noted that, the 
TSOs that join such a cooperation must have sufficient 
interconnection capacity to allow the transfer of any 
additional “cross border flows” (power flow across the tie 
lines of the control zones) caused by the activated reserve. 
While in the highly-meshed German system this is not an 
issue, it can become a challenge when expanding this 
mechanism across international borders. The Network Code 
on Electricity Balancing mandates that full merit order 
activation across all control areas within the interconnected 
European (UCTE) network be implemented by 2021. 

 

IV. CONCLUSION AND OUTLOOK 
The findings of this study shows that the impacts of the 

different measures are visible by observing the empirical 
time-series data of imbalances and activated volumes of 
reserves. An overview of all events considered in this paper 
and their corresponding timing are listed in Table 1 and 
marked against the total activated German Secondary 
Reserves (or aFRR) per year in Figure 19 in an enlarged size 
at the end of the paper. 

Particularly the impact of the Grid Control Cooperation 
mechanisms and the impact of various rule changes in the 
intraday market can be seen to have a significant impact on 
the efficient use of balancing reserves. 

However, strong correlations of different measures are 
difficult to show with time-series analysis because of the 
delay between a measure being implemented and taking 
effect. Correlation analysis may extract relative impacts of 
different measures. However, simultaneous and overlapping 
changes in regulation, market rules, behaviour of market 
players and operational practices make it difficult to 
quantify the exact impact.  

A more accurate assessment of the individual influences 
would be done better with model-based sensitivity analysis. 
The aFRR activation resulting from a set of data based on 
historical demand and market dispatch results can be 
simulated, then each measure considered in this paper could 
be applied separately to observe the impact on the required 
aFRR. However such an analysis is beyond the scope of this 
paper and would need to be developed as a separate project. 

The results of this type of study serve as a guide to 
balancing market design to determine which measures are 

16th Int'l Wind Integration Workshop | Berlin, Germany | 25-27 October, 2017
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+再エネ大量導入でも調整力は少なく
て済む（ドイツの実例）

most effective to have efficient reserves, in an era when 
more frequent and severe imbalances are expected to 
increase in the system. 
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Figure 13: Total activated German Secondary Reserves (or aFRR) per year marked with events considered in this paper. 
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再エネ導入率は
年々増加

応動予備力は
年々減少
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+国を超えた
送電会社間の
協調
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+通信プロトコルの統一
n欧州
n IEC 60870-6
n国同士で言語が異なっても通信プロトコルは同一。

n北米
nTASE-2: 米国電力中央研究所が開発
n IEC 60870-6に昇格 ← 米欧で規格統一は実は稀(?)

n日本
n独自規格。
n喋る言語が同じでも通信プロトコルは異なる。
n2000年代にIEC 60870-6の導入が検討されるも進まず。
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送電レベルでのスマート化
が遅れている？
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+系統運用に関する最新動向

n日本の常識
n運用容量は設備容量(熱容量)の半分！
（実際は設備容量60～80%の線路もあるが）

n「空容量ゼロ」の線路が多い
n欧州の最新動向
n動的線路定格 (DLR: Dynamic Line Rating) の
導入・実用化

n状況によっては熱容量の200%も利用可能。
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+日本では設備容量の50%が最大？
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（出典）経済産業省資源エネルギー庁: スペシャルコンテンツ: 送電線「空き容量ゼロ」は
本当に「ゼロ」なのか？～再エネ大量導入に向けた取り組み, 2017年12月26日
http://www.enecho.meti.go.jp/about/special/johoteikyo/akiyouryou.html

（出典）安田：送電線空容量問題、その後のその後, 京大再エネ講座コラム (2018.6.7)

わかりやすいが誤解を
招きやすい説明



+熱容量以上の電流を流すと
送電線はどうなる？

n1. 切れる。
n2. 溶ける。
n3. 垂れる。
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弛度 (ちど)

（出典）桑畑玲奈: Eria Grid International as an International Pioneer, 京大再エネ講座研究会 (2017.4)



+弛度(ちど)と電流容量
n従来（日本）
n電技解釈66条
n引張荷重の安全率を2.2～2.5と規定
n電線を施設する地方の平均温度で計算

n欧州
n動的線路定格 DLR: 

Dynamic Line Rating を採用
nセンサと通信装置で
リアルタイムの弛度を計測

n風速や雰囲気温度によって電流容量が変動
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+DLR による電流容量の増加
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（出典）桑畑玲奈: Eria Grid International as an International Pioneer, 京大再エネ講座研究会 (2017.4)



+ベルギーでのDLR導入例
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Fig. 11 – DLR ampacity over the yearlong data collection. 
 
 

 
Figure 12 – DLR calculation over static with and without 

consideration of CFD wind fields. 
 
5. DISCUSSION AND ANALYSIS OF RESULTS 
 
Portugal: Given the high penetration rate of wind power 
in the Portuguese case study, the use of DLR allows to 
take advantage of the high correlation between wind power 
production and the maximum convective cooling effect of 
the lines under high wind speeds. That approach rose the 
ampacity of the 150kV Corgas-Falagueira interconnection 
by 47% for the worst possible conditions allowing a safe 
operation of that line far from potential congestion. 
Fig. 13 depicts the ampacity increase on the critical sector 
(maximum sag) of Corgas-Falagueira line showing the 
high correlation between the transmitted wind power and 
the line’s ampacity increase, as well as the effect of the 
wind plant disconnection, after 10 PM. 

 
Fig.13 – DLR ampacity increase on the critical sector  

of Corgas-Falagueira transmission line.  

These results illustrate the possibility of integrating 
additional (and aggregated) VRE generation that 
typically present low load factors of the interconnection 
lines, while avoiding a local grid upgrade.   
The ampacity results for 4 major transmission lines of the 
case study’s regions are presented in Table II for 
different local wind speed conditions. 
 
 Table II. STR vs DLR ampacity for 4 selected lines 
 

Line Code 1089 2164 2170 2173 

TSO’s STR capacity [MVA] 153 804 434 434 
DLR capacity [MVA] 

Winter  
(7 PM) 

256 1872 728 535 
Increase ampacity [%] 67% 133% 68% 23% 

Wind Speed [m/s] 8.2 9.1 8.6 4.1 
Angle Direction [°] 1 79 8 3 

 
In general, the results obtained with DLR for the 
scenarios used in the Portuguese case study showed a 
positive and strong increase in the ampacity of the lines, 
when compared to the nominal SLR approach. However, 
as highlighted by in the results of Table II,  the additional 
dynamic ampacity varies on wide range and shows a 
strong dependence of the incident angle of the wind, with 
the maximum (and atypical) increase experienced by line 
2164, which is experiencing an angle of 79º deg, thus 
almost perpendicular. That strong dependence of the 
incident angle of the wind - a meteorological parameter 
very difficult to forecast accurately using both mesoscale 
and CFD models - recommends great care in its 
application when applying DLR to complex terrains. To 
reinforce this statement Fig. 14 represents a daily profile 
of a line’s ampacity together with the wind speed and 
angle of incidence of the wind on the transmission line. 
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Sweden: While there were some challenges in the 
programming of the protection system for DLR, the 
overall experience in Sweden has showed positive trends. 
Overall DLR implementation comes with certain 
challenges, when integrating monitoring devices to the 
grid, however the economic analysis shows financial 
benefits for the producer of using DLR for connecting 
wind parks to the grid. For the grid owner there are 
benefits, but also disadvantages because of higher losses 
and more new equipment to maintain. Also these systems 
are new for the operating staff and can lead to 
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Winter  
(7 PM) 
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Angle Direction [°] 1 79 8 3 
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Penetration, 17th Wind Integration 
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11 projection. There are 160 structure locations along the 
length of the transmission line. The transmission line 
structures are divided into 5 different line segments for the 
sake of this study, these segments are circled in the map 
and correspond to the nearest weather station locations.  
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Fig. 4 – Hells Canyon a) terrain layer map, and;  
b) roughness layer map. 
 
 
4. RESULTS OF DLR APPLICATION TO  

POTENTIALLY CONGESTED LINES  
 
4.1 Portugal 
The Portuguese case study was designed to study and 
analyze the benefits of using a DLR approach in scenarios 
where a strong increase in the load’s factor occurs and 
eventually approaches the network’s congestion in some 
regional lines. The region under study is characterized by 
the existence of a large number of hydro power plants and 
many other distributed renewable power plants - mainly 
wind for the time being, but the planning for future PV 
plants is underway (at the licensing stage).  
The study computes the network’s optimal power flow 
using a static rate approach to assess the lines capacities 
(TSO’s nominal operation values) and the results are 

compared to the DLR ones.  Meanwhile, the development 
perspectives of the Southern region of Alentejo will risk 
the load demand at Falagueira’s bus. A contribution for 
the additional power generation may be supplied by 
upgrading the three wind farms connected to Corgas from 
16, 144 and 8 MW to 36, 144 and 80MW, respectively. 
That power increase brings the 150kV Corgas-Falagueira 
line close to the TSOs rated congestion as showed in 
figure 5 below. 
 

 
Fig. 5 – Line ampacity results for a SLR versus a DLR 
approach (worst-case scenario: December 23, 2009 at 5 p.m.). 
  
The figures above show that DLR analysis presents 
higher ampacity values not only for the Corgas-
Falagueira line but also along the lines connecting 
Falagueira to Chafariz due to a power flow redistribution, 
granting a safe operation under the new conditions 
imposed. 
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+合理的な系統柔軟性の選択
ステップ１: 柔軟性リソースの特定 

ディスパッチ 
可能な電源 

エネルギー
貯蔵 連系線 デマンド 

サイド 

ステップ４: 必要量と 
利用可能量の比較 

ステップ２: 利用可能な
柔軟性リソースは 
どのくらいか？ 

従来の柔軟性必要量 
(需給調整, 混雑回避) 

既存の柔軟性リソース
の最適利用。必要が 
あれば追加で建設。 

ステップ３: 必要な 
柔軟性はどのくらいか？ 

VREによる 
柔軟性の 
追加必要量 

地理的に 
分散した 
さまざまな
VREの 
種類による 
平滑化効果
を考慮 

(大規模系統
を想定) 

各電力系統 
の固有の環境 

(出典) IEA: Harnessing Variable Renewables (2011) を筆者翻訳

既存のアセットを
賢く使い倒す、
という発想。
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+まとめ（日本への示唆）

nIoT技術の送電分野への応用
n自律制御 ☞ 市場シグナル連動
nセンシング ☞ 動的線路定格 DLR
n通信プロトコルの統一 ☞ TSO間協調

n経済運用/市場設計
n既存アセットを賢く使い倒す
n需給調整を市場で「民主的に」管理
n市場プレーヤーの育成
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