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•PART I. 전력 산업의 역사를 돌아보다. 

•PART II. 적정전원구성 (BGM)

•Q&A
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1. What is the kind of uncertainties in power system in REG?

 Aleatory uncertainty: Outage of Unit (Ex, Outage of Generator, Lines..)

 Epistemic uncertainty: Uncertainty of Information

(Ex, Forecast of Load, Supply of Resources)*

* Roy Billinton and Dange Huang, “Aleatory and Epistemic Uncertainty Considerations in Power 

System Reliability Evaluation”, PMAPS, May 25-29, 2008.
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2. Real Time & Generation Scheme



Conventional BGM: Screening Method 









PART I. 전력 산업의 역사를 돌아보다.
(Back to History of Power Industry)



Ch 0. 19세기: 자본주의(자유주의)와 공산주의(사회주의)
의 이념 갈등 및 인류의 고난과 극복의 역사

《국부의 본질과 원인에 관한 연구》(國富의 本質과 原因에 關한
硏究, An Inquiry into the Nature and Causes of the Wealth of 

Nations), 또는 《국부론》(國富論, The Wealth of Nations)은 계몽
주의 시대인 1776년 3월 9일에 출판된, 영국의 경제학자 애덤 스
미스의 주요 저작이다.

《공산당 선언》(共産黨 宣言, 독일어: Manifest der 

Kommunistischen Partei )은 공산주의 사상가인 카를 마르크스
와 프리드리히 엥겔스에 의하여 집필된 공산주의자들의 최초의 강
령적 문헌으로, 1848년 2월 21일 첫 출판되었다.

https://ko.wikipedia.org/wiki/%EA%B3%84%EB%AA%BD%EC%A3%BC%EC%9D%98
https://ko.wikipedia.org/wiki/1776%EB%85%84
https://ko.wikipedia.org/wiki/3%EC%9B%94_9%EC%9D%BC
https://ko.wikipedia.org/wiki/%EC%98%81%EA%B5%AD
https://ko.wikipedia.org/wiki/%EA%B2%BD%EC%A0%9C%ED%95%99
https://ko.wikipedia.org/wiki/%EC%95%A0%EB%8D%A4_%EC%8A%A4%EB%AF%B8%EC%8A%A4
https://ko.wikipedia.org/wiki/%EB%8F%85%EC%9D%BC%EC%96%B4
https://ko.wikipedia.org/wiki/%EA%B3%B5%EC%82%B0%EC%A3%BC%EC%9D%98
https://ko.wikipedia.org/wiki/%EC%B9%B4%EB%A5%BC_%EB%A7%88%EB%A5%B4%ED%81%AC%EC%8A%A4
https://ko.wikipedia.org/wiki/%ED%94%84%EB%A6%AC%EB%93%9C%EB%A6%AC%ED%9E%88_%EC%97%A5%EA%B2%94%EC%8A%A4
https://ko.wikipedia.org/wiki/1848%EB%85%84
https://ko.wikipedia.org/wiki/2%EC%9B%94_21%EC%9D%BC


Ch 1. 20세기 후반: 자본주의 승리-> 무한 자유경쟁체제
사회시스템으로의 인식 전환확산

• 소련의 붕괴는 1991년 12월 26일 소련 최고평의회의 142-Н 선언으로 일어났다.[1]

• 이 선언문은 모든 소련의 공화국의 독립을 인정하며 독립국가연합(CIS) 수립을 허용하는 안이었다. 그 전
날인 1991년 12월 25일엔 소련의 대통령이자 소련의 지도자였던 미하일 고르바초프가 대통령직을 사임
하고 소련 지도부를 해체했으며 소련의 핵무기 발사 시스템을 포함한 전권을 러시아의 대통령 보리스 옐
친에게 승계했다.[2]

• 이날 저녁 7시 32분, 모스크바 크렘린에 마지막으로 소련의 국기가 내려가고 혁명 이전에 사용된 러시아
의 국기가 게양되었다.[3]

• 그보다 전인 1991년 8월부터 12월 사이에는 러시아를 포함한 소련의 모든 공화국들이 연방에 탈퇴하거
나 소련 수립 조약에 탈퇴했다. 

• 연방이 공식적으로 해체되기 일주일 전, 소련의 11개 공화국은 소련 해체에 합의하고 CIS 수립을 선언
한 알마아타 조약에 서명했다.[4][5] 1989년 혁명과 소련의 붕괴는 냉전 종식의 신호탄이었다.

• 전 소비에트 국가들 중 몇몇은 독립국가연합, 유라시아 경제 공동체, 러시아 벨라루스 연맹국, 유라시아
관세동맹, 유라시아 경제 연합 등을 통해 소련 붕괴 이후에도 러시아와 긴밀한 유대 관계를 맺고 있다. 

• 반면에 발트 3국은 북대서양 조약 기구(NATO)와 유럽 연합(EU)에 가입하며 서구권과 긴밀한 유대 관계를
맺고 있다.

https://ko.wikipedia.org/wiki/%EC%86%8C%EB%A0%A8
https://ko.wikipedia.org/wiki/1991%EB%85%84
https://ko.wikipedia.org/wiki/12%EC%9B%94_26%EC%9D%BC
https://ko.wikipedia.org/wiki/%EC%86%8C%EB%A0%A8_%EC%B5%9C%EA%B3%A0%ED%8F%89%EC%9D%98%ED%9A%8C
https://ko.wikipedia.org/wiki/%EC%86%8C%EB%A0%A8%EC%9D%98_%EB%B6%95%EA%B4%B4#cite_note-ReferenceC-1
https://ko.wikipedia.org/wiki/%EC%86%8C%EB%A0%A8%EC%9D%98_%EA%B3%B5%ED%99%94%EA%B5%AD
https://ko.wikipedia.org/wiki/%EB%8F%85%EB%A6%BD%EA%B5%AD%EA%B0%80%EC%97%B0%ED%95%A9
https://ko.wikipedia.org/wiki/%EC%86%8C%EB%A0%A8_%EC%A7%80%EB%8F%84%EB%B6%80
https://ko.wikipedia.org/wiki/%EB%AF%B8%ED%95%98%EC%9D%BC_%EA%B3%A0%EB%A5%B4%EB%B0%94%EC%B4%88%ED%94%84
https://ko.wikipedia.org/wiki/%EC%B2%B4%EA%B2%8C%ED%8A%B8
https://ko.wikipedia.org/wiki/%EB%9F%AC%EC%8B%9C%EC%95%84%EC%9D%98_%EB%8C%80%ED%86%B5%EB%A0%B9
https://ko.wikipedia.org/wiki/%EB%B3%B4%EB%A6%AC%EC%8A%A4_%EC%98%90%EC%B9%9C
https://ko.wikipedia.org/wiki/%EC%86%8C%EB%A0%A8%EC%9D%98_%EB%B6%95%EA%B4%B4#cite_note-2
https://ko.wikipedia.org/wiki/%EB%AA%A8%EC%8A%A4%ED%81%AC%EB%B0%94_%ED%81%AC%EB%A0%98%EB%A6%B0
https://ko.wikipedia.org/wiki/%EC%86%8C%EB%A0%A8%EC%9D%98_%EA%B5%AD%EA%B8%B0
https://ko.wikipedia.org/wiki/%EB%9F%AC%EC%8B%9C%EC%95%84%EC%9D%98_%EA%B5%AD%EA%B8%B0
https://ko.wikipedia.org/wiki/%EC%86%8C%EB%A0%A8%EC%9D%98_%EB%B6%95%EA%B4%B4#cite_note-3
https://ko.wikipedia.org/wiki/%EB%9F%AC%EC%8B%9C%EC%95%84_%EC%86%8C%EB%B9%84%EC%97%90%ED%8A%B8_%EC%97%B0%EB%B0%A9_%EC%82%AC%ED%9A%8C%EC%A3%BC%EC%9D%98_%EA%B3%B5%ED%99%94%EA%B5%AD
https://ko.wikipedia.org/wiki/%EC%86%8C%EB%A0%A8_%EC%88%98%EB%A6%BD_%EC%A1%B0%EC%95%BD
https://ko.wikipedia.org/wiki/%EC%95%8C%EB%A7%88%EC%95%84%ED%83%80_%EC%A1%B0%EC%95%BD
https://ko.wikipedia.org/wiki/%EC%86%8C%EB%A0%A8%EC%9D%98_%EB%B6%95%EA%B4%B4#cite_note-4
https://ko.wikipedia.org/wiki/%EC%86%8C%EB%A0%A8%EC%9D%98_%EB%B6%95%EA%B4%B4#cite_note-5
https://ko.wikipedia.org/wiki/1989%EB%85%84_%ED%98%81%EB%AA%85
https://ko.wikipedia.org/wiki/%EB%83%89%EC%A0%84
https://ko.wikipedia.org/wiki/%EB%8F%85%EB%A6%BD%EA%B5%AD%EA%B0%80%EC%97%B0%ED%95%A9
https://ko.wikipedia.org/wiki/%EC%9C%A0%EB%9D%BC%EC%8B%9C%EC%95%84_%EA%B2%BD%EC%A0%9C_%EA%B3%B5%EB%8F%99%EC%B2%B4
https://ko.wikipedia.org/wiki/%EB%9F%AC%EC%8B%9C%EC%95%84_%EB%B2%A8%EB%9D%BC%EB%A3%A8%EC%8A%A4_%EC%97%B0%EB%A7%B9%EA%B5%AD
https://ko.wikipedia.org/wiki/%EC%9C%A0%EB%9D%BC%EC%8B%9C%EC%95%84_%EA%B4%80%EC%84%B8%EB%8F%99%EB%A7%B9
https://ko.wikipedia.org/wiki/%EC%9C%A0%EB%9D%BC%EC%8B%9C%EC%95%84_%EA%B2%BD%EC%A0%9C_%EC%97%B0%ED%95%A9
https://ko.wikipedia.org/wiki/%EB%9F%AC%EC%8B%9C%EC%95%84
https://ko.wikipedia.org/wiki/%EB%B0%9C%ED%8A%B8_3%EA%B5%AD
https://ko.wikipedia.org/wiki/%EB%B6%81%EB%8C%80%EC%84%9C%EC%96%91_%EC%A1%B0%EC%95%BD_%EA%B8%B0%EA%B5%AC
https://ko.wikipedia.org/wiki/%EC%9C%A0%EB%9F%BD_%EC%97%B0%ED%95%A9


공산주의의 보스인 소련의 붕괴



Ch 2. 20세기 후후반: 자유경쟁체제로의 모든 분야 확대: 
기술혁신에 대한 공포(?)와 외침 그리고 기술자들의 동조?

• 연료전지등의 등장에 따른 기존 전력(발전)산업시스템의 붕괴

• 스마트시대 도래

• 4차산업혁명에 따른 사회변화

• ICT 정보전쟁 준비, IoT,…..

• 5G, 6G 시대 도래

• 인테넷 상거래, 빅데이터…. Block-Chain…

• 지속가능한 발전과 21 세기 에너지정책 - 에너지체제 전환의 필요성
과 에너지정책의 바람직한 전환방향

• 경제학자+ 정치가+기술자+과학자 =??? 사회시스템 변화



연료전지 동네 슈퍼마켓에서 판매?



Ch 3. 20세기 후후반 21세기 초초: 이에 대비 (변혁 기술자
도 정치 및 경제에 혁신 동조) -> 전력산업구조개편 추진의
국내 및 전 세계적인 열풍 확산!

•모든 학술대회주제 및 연구논문등이 이 분야로 전환! 집
중! 해당분야 주제 세션은 청중이 가득가득함. 복도까지
청중이 꽉 참! 

•전력산업 연구자의 이동

•거의 모든 분야연구자가 전력시장디자인 분야로 대이동!



Ch 4. 21세기 초초: 전력시장 디자인에만 너무 집중화. 
기초의 부실화로 문제의 핵심을 잘 파악하지 못함. 



Ch 5. 구조개편의 국내 중단과 문제점 발생 (신구세력의
힘겨루기?)







Ch 6. 문제 인식 부족, 해결책 토대의 부실성과
전력계통계획및 운영과실로 전 세계적으로 대정전의 동
시다발적 사고 발생. 
• 아래의 그림은 2003년 미국 복동부에 대정전이 발생하였을 당시의 위성사진이며, 이 사건으로 인
해서 전력, 교통, 통신, 의료 마비로까지 확산되었으며, 약 5천만명 이상이 3일간 피해를 경험하게
되었다.





Ch 7. 21세기 초: 환경문제 대두, 마이크로 및 스마트그
리드의 열풍

• 에너지전환 대두 그리고 이의 현실화에 따른 문제점 발생. (정반
합- 정반합의 되돌이표!)



Ch 8. 21세기 초: 진화론적 관점에서 본 에너지전환과 인
류의 생존문제 및 재난, 재해 문제 대두, 전력계통 복구력
(Resiliency) 이슈화.



More than 6.5 million people in the United States lost power during Hurricane Ir
ene, which includes over 30 percent of the people living in Rhode Island, Connec
ticut and Maryland (U.S. DOE 2011).







Ch 9. 미래는? 전력산업구조개편 30년 주기설?

Example!  



How Can Policymakers and Regulators Help Increase Flexibility?

a. There is a tradeoff between costs of flexibility and benefits of reduced (or no) curtailment, hence a certain level of

curtailment may be a sign that the system has an economically optimal amount of flexibility.

b. Joint system operation typically involves a level of reserve sharing and dispatch co-optimization but stops short of

joint market operation or a formal system merger.

c. Wind power can increase the liquidity of ancillary services and provide generation-side flexibility. Curtailed energy

is also used to provide frequency response in many systems, for example Xcel Energy, EirGrid, Energinet.dk. 31



Ch 10. Final Energy DNA?
Nuclear Fusion (Artificial Sun)

32



“인류가 1,000년 이후에도 지구에 생존할 수

있을지 여부는 에너지 문제에 달렸다고 해도

과언이 아니다"

33

https://www.google.cz/url?sa=i&amp;url=http://m.blog.naver.com/nfripr/70095791094&amp;psig=AOvVaw2xjwxL-a6rP4JhK0pCRzEq&amp;ust=1581208243712000&amp;source=images&amp;cd=vfe&amp;ved=0CAIQjRxqFwoTCOi_0u_ZwOcCFQAAAAAdAAAAABAm


핵융합과 핵분열 반응의 차이점

34

https://www.google.cz/url?sa=i&amp;url=http://www.ilyoeconomy.com/news/articlePrint.html?idxno%3D30417&amp;psig=AOvVaw2xjwxL-a6rP4JhK0pCRzEq&amp;ust=1581208243712000&amp;source=images&amp;cd=vfe&amp;ved=0CAIQjRxqGAoTCOi_0u_ZwOcCFQAAAAAdAAAAABCjAQ


• D + T → 4He(3.5MeV) + n(14.1MeV) + Energy

• n + 6Li → T + 4He

(1)

(2)

35



Funding for ITER

36



Ch 11.多樣性과 柔軟性이 이긴다? Why?
융복합이 우성DNA? Why?

37
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Ch 12. Summary and Discussion

Energy Evolution : Winner DNA!

Conditions for Winner DNA?

DNA of Survival Energy: if yes, What?

- What is Clean & Sustainable Energy DNA?

- Human (Citizen) Survival?

- Near Future: Renewable Generation System?

- Far Future: Nuclear Fusion Generation System?

For Pulling up Flexibility?

Resilience of Power System?

Human Survival without Electrical Energy?

Elements for Resilient Power System?

What is Making Money(Business Model) in future?

39
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PART II. 적정전원구성
(BGM: Best Generation Mix)

Two Approaches : FLP, FDP
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1. Introduction

• This paper proposes a fuzzy linear programming based solution approach for the long-term 

generation mix with multi-stages (years) considering air pollution constraints on CO2 emissions, 

under uncertain circumstances as like as ambiguities of budget and reliability criterion level. 

• The effectiveness of the proposed approach is demonstrated by applying it to solve the multi-

years best generation mix problem on the Korea power system which contains nuclear, coal, 

LNG, oil and pumped-storage hydro plants.

• This paper approaches to flexible generation mix problem for 2030 year in Korea eventually, 

which is called vision 2030. The proposed approach may give more flexible solution rather than 

too robust plan. 
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Cost

Robust Planning

Impact I

Impact II

Flexible Planning

Non Flexible Planning

(Robust solution)

(Flexible solution)

(Optimal solution)

2. The Concept of Flexible Planning

Flexibility?

“Although not necessarily 

gives the optimum solution for 

the basic forecasted conditions, 

yet can keep the reasonable 

scheduling solution from being 

significantly worsened by any 

assumed changes in the 

surrounding situations” [8,9]. 
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The useful methods for flexible generators mix problem and flexible scheduling problem of 

generators maintenance using fuzzy LP, DP, IP and search method have been developed by the 

authors [3-23]. 

It is expected that more flexible solution can be obtained with the proposed methods because the 

fuzzy set theory can reflect the subjective decision of decision-maker. 

This paper uses fuzzy set theory in order to get a flexible long-term generation mix solution in 

Korea power system considering CO2 emission constraint.
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Nuclear

Coal

LNG

Hydro

Oil

P-G Storage

Efficiency

Load   L (Lpn)

3. The LP Formulation of Best Generation Mix

A system model for the proposed method
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1

1

( )  (1 )    1 ~
NG

in in n Pn n

i

x x HYD L R n N



     
where,

LPn:  peak load at n year

Rn: supply reserve rate in n year. [p.u]

HYDn: capacity of hydro generator in n year, the HYDn is given in this study.

1

( ) 8760 / 2   8760    1 ~
NG

in Pn Bn n n H

i

y L L V HYD CF n N


       

where, 

LBn:  base load at n year

Vn:   the added demand energy is caused by pumped-storage generator 

CFH: average capacity factor of hydro generator 

3.3 Constraints

1) Installed capacity constraint considering supply reserve rate reliability  

2) Energy constraint of demand
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1( ) 8760     1~ ,   1~in in in iy x x CF i NG n N     

where, CFi: average capacity factor of  the i-unit 

0     1~i ix EX i NG 

where, EXi: capacity of the i- existing unit   

NnNGixxx ininin ~1  ,~1     11  

3) Production energy constraint of generation system

4) Capacity constraint in initial year

5) Constraint of mutual relationship between existing generator 

and new generator capacity (state equation) 
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6) Energy constraint of LNG thermal plant

3 min  3      1~n ny LEP n N 

where, LEPmin n : LNG thermal generator production energy for LNG minimum due to 

consumption in n year 

ξ3: the rate of fuel consumption of LNG     [Ton/MWh]

5n g ny V 

where, ηg: efficiency of pumped-storage generator 

1 5( )         1~n n Bnx x L n N  

7) Constraints of reservoir capacity of pumped-storage generator

8) No load following power constraints of nuclear power plant
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max  

1

2 2
NG

in i i n

i

CO y CO




where,

CO2in : CO2 density of the i- unit in n year [ppm/Ton]

ξi : fuel consumption rate of the i- unit [Ton/MWh]

CO2max n : maximum quantity of CO2 permitted in n year [ppm/year]

9) Upper-lower constraints of new unit capacity

10) CO2 air pollution constraint

max        1~ ,  1~in inX X i NG n N    



53

max  

1

NG

in i in n

i

NOX y NOX




where, NOXi,n : NOX density of the i- unit in n year [ppm/Ton]

NOXmax n : maximum quantity of NOX permitted in n year [ppm/year]

max  

1

NG

in i in n

i

SOX y SOX




where, SOXin : SOX density of the i- unit in n year [ppm/Ton]

SOXmax n : maximum quantity of SOX permitted in n year [ppm/year]

11) SOX air pollution constraint

12) NOX air pollution constraint
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4.1 The Optimal Decision by Fuzzy Set Theory


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
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 

 
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  





The fuzzy decision D 

Membership function resulting from fuzzy goals and constraints 

The fuzzy mathematical programming problem consists of finding the maximum 

of the fuzzy decision D 
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      
 

              ,      
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max max min   

 

   
 





GC

D

X X
0.0

1.0

The concept of fuzzy optimal decision making 

To maximize the satisfaction level,  λ of the decision maker subject to fuzzy 

construction cost/budget 
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4.2 The Fuzzy LP Formulation for Flexible Generation Mix

Membership Function of Fuzzy Cost Level

Z   Z0


Z0

ΔZ0

Z0 +ΔZ0

1.

0

λ

F(x)=Z

0 0 0( , )in inF x y Z Z Z   
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Membership Function of Fuzzy Reliability Level

R   R0


R0

ΔR0

R0-ΔR0

1.

0
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R(x)

1 0 0 0

1

( )
NG

in in n Pn Pn
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x x HYD L L R R R



  
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  

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Objective function

Maximize λ*

1.

0

λ

X

R0-ΔR0 Z0 +ΔZ0

λ*

X*
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Flexible best generation mix problem by using fuzzy set theory
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Years Peak load LP [MW] Base load LB [MW] Hydro [MW] LEP (103Ton)

2006 58,990 35,394 1,800 --

2011 65,940 39,564 2,000 4,500

2016 70,050 42,030 2,200 5,500

2021 74,000 44,400 2,400 6,500

2026 77,000 46,200 2,600 7,500

2030 80,000 48,000 2,600 7,500

Maximum load, minimum load, and hydro plant at standard years

5. Case Studies
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Gen.

Type

Initial capacity

[MW]

Fixed charge (di)

[105won/kW]

AER of fixed 

charge (eci) [%]

Marginal fuel cost

(fi) [Won/kW]

AER of fuel cost 

(efi)[%]

Nucl. 17,716 144.4 3.5 4 1

Coal 18,465 79.7 3.4 17 1

LNG 17,437 61.4 3.3 67 1

Oil 4,686 153.2 3.3 87 4

P-G 3,300 63.4 3.5 0 0

 The characteristics and economic data summary

Annual 

cost rate 

[%]

Capacity

factor [%]

Fuel consumption rate ( ξi) 
[Ton/MWh]

Density CO2, SOX, NOX

[ppm/Ton]

19 90 --

17 90 0.2300 700 450 500

17 60 0.1100 450 200 300

17 55 0.2000 600 200 100

13 30 --
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Gen. Type Xmax Xmin

Nuclear 5,000 0

Coal 5,000 0

LNG 5,000 0

Oil 500 0

P-G 1,000 0

Maximum and minimum of capacity per a stage year 

of new generators ([MW])

Maximum permissible limitation of air pollution 

of air pollution emission

Air pollution 2011 2016 2021 2026 2030

CO2 40 40 40 40 40

SOX 40 40 40 40 40

NOX 40 40 40 40 40

where, CO2 : 103[Ton/year], SOX, NOX : 105[Ton/year]
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Gen.

type

Proposed method - APC reinforcement mix (Case F1)

2006 2011 2016 2021 2026 2030

Nucl 27.94 28.71 32.47 35.62 35.16 33.91

Coal 29.12 29.65 27.53 25.71 25.38 24.48

LNG 27.50 27.75 25.73 24.03 23.71 25.37

Oil 7.39 5.92 5.49 5.13 5.06 4.88

P-G 5.20 5.43 6.21 6.89 7.88 8.65

Hyd 28.4 2.53 2.58 2.63 2.81 2.71

Results of Flexible BGM

 Flexible generation mix for APC reinforcement mix [%]

Z0 = 16.4 Trillion Won
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Best generation mix by proposed method with CO2 air 
pollution constraint (case F1): Total Capacity
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Best generation mix by proposed method with CO2 air 
pollution constraint (case F1): Percent Mix
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 Comparison of Conventional and Proposed BGM

Construction 

Cost

[Billion Won]

Operation

Cost

[Billion Won]

Total Cost

[Billion Won]

SL

(Satisfaction 

Level)

Conventional

(Optimal) 
4,475.10 11,238.99 15,714.09

-

Proposed 

(Flexible)
4,498.82 12,018.50 16,517.32

0.93

Difference 813.23

Robust ?
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 Sensitivity analysis I: SL (Satisfaction Level) according to Z0

Cases

Z0  

[103 Billion 

Won]

SL 

(Satisfaction 

Level)

Fuzzy 

considering 

APC

F0 16.5 0.99

F1 16.4 0.93

F2 16.3 0.87

F3 16.2 0.80
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Fuzzy  cons idering APC

16

16.1

16.2

16.3

16.4

16.5

16.6

0.8 0.87 0.93 0.99

λ

Zo

The relationship between Z0 and SL (Satisfaction Level)

[103 Billion Won]

Satisfaction Cost: 150 Billion Won / 0.1SL(Satisfaction Level)
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Sensitivity Analysis II: Cost variation according to 
changing of the CO2 gas air pollution constraints. 

Permissible 

maximum 

For CO2

constraint

x 106 [Ton/yr]

Construction 

Cost

Operating

Cost

Total 

Cost
Increased Cost

Case 0 - 4,475.10 11,238.99 15,714.09

Case 1 40 4,498.82 12,018.50 16,517.32 803.28

Case 2 35 4,531.21 12,468.79 17,000.00 483.68

Case 3 30 4,563.62 12,919.07 17,482.69 482.69

Case 4 25 4,596.02 13,369.35 17,965.37 472.68

Case 5 20 4,638.19 13,826.55 18,464.74 499.37

[Billion Won]
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Construction, fuel and total costs variation according 

to gas emission constraints.
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CO2 constraint cost: 105 Won / [CO2 Ton/yr]
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6. Conclusions

Satisfaction Nuclear Coal LNG Oil P-G Hydro

0.93 33.91 24.48 25.37 4.88 8.65 2.71

 The proposed Flexible Generation Mix in 2030 year

Air pollution Emission Cost

•Considering air pollution constraints (Cost) – Not considering air pollution constraints (Cost)

•The cost for air pollution constraints is 803 billion won

 This paper describes that mutually exclusive objective function on cost minimization and 

reliability maximization can be easily solved with Fuzzy linear programming 

 The Total cost is 16,517 billion won until 2030 year for Korea power system 

(Note : 970 won/US$) 

Specially, CO2 constraint cost is obtained as 105 Won / [CO2 Ton/yr]  
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Introduction
Electricity utilization is environmentally benign and as a form of energy carrier ele
ctricity is clean and safe. It causes no pollution or environmental emissions at the 
point of end user. 

Carbon dioxide (CO2), which is the main gas suspected of causing global war
ming (greenhouse effect), is far more difficult and expensive to control.

Increasing prospects ratification of the Kyoto Protocol, liberalization and privatizat
ion of the electricity supply industry is becoming a global trend. 

The paper proposes a fuzzy dynamic programming based approach for multi-st
ages (years) the long-term generation mix with considering emission constraints
under the uncertain circumstances. 
Essentially the theory consists of the imposition of the framework of a fuzzy decisi
on on the dynamic programming concept. 

The method can accommodate an arbitrary shape of membership functions and t
he operation of the pumped-storage hydro plants. Economics, reliability, air polluti
on and load uncertainties are evaluated from the membership functions given at 
all states. 
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q p

* D = (∩ Gi) ∩ ( ∩ Cj) (1)
i=1 j=1

* μD(x) = min [min μGi, min μCj ] (2)
i=1~p            j=1~q

* μD(x*) = max μD(x) (3)

* μD(x1*,x2*,...,xN*) = max μD(x1,x2,...,xN) (4)

x1...xN

* μD(x1*,x2*,...,xN*)=max[max{min(μD(x1),μF2(x2),....,μFN-1(xN-1),μFN(xN))}] x2..xN-1 x1

= max[min{μD(x1*),μF2(x2),..,μFN-1(xN-1),μFN(xN))}] (5) 

x2..xN-1

* μD (x1*,x2*,..,xN*)=max[min{μD(x1*,x2*,..,xn*),μFn+1(xn+1),..,μFN(xN)}] (6) 

xn..xN

* μD (x1*,..,xn*)=max[min{μD(x1*,.,xn-1*),μFn(xn)}] (7) 

x1..xn

Fuzzy Dynamic Programming
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 Problem statement
① The annual loads are given.

② The number of generator is not that of units but that of types.

③ Nuclear power plants are able to perform load following. 

④ hydro generator construction is separately planned

Best Generation Mix

Fig 1.  Model for the propose method

Nuclear

Coal

LNG

Hydro

Oil

P-G Storage

Efficiency

Load (Φ)
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 Objective Functions

),(    
1 11 1

1
inin
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n

NG

i
ininfin

N

n

NG

i
iniincin

yxCyfKxdKZMinimize  
  


where,
I: unit type number (1 for nuclear, 2 for coal, 3 for LNG, 4 for oil, and 5 for 
pumped-storage 

generators are specified in this paper)                       
N: number of total study stage years
NG: number of unit types
Kcin= ((1+eci)/(1+r))n T

Kfin= ((1+efi)/(1+r))n T

eci: apparent escalation rate of construction materials of type-i unit
efi: apparent escalation rate of fuel of type-i unit
r: discount rate
T: step size years of study years 
din: construction cost of type-i unit n years
fin: marginal fuel cost of type-i unit n years  [$/MWh]
i: annual expenses rate of type-i unit
xin: new construction capacity of type-i unit in n years [MW]
yin: generated energy from type-i unit in n years [MWh]
C: Total cost function

(1) The economic criterion ( C )

(8)
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(2) Reliability criterion ( R )

(3) Air pollution criterion ( A )

)R(x                      

N~1n         /)(maximize

in

1

2



 


pn

NG

i

pninn LLxZ

)A(y                     

N~1n      maximize

in

1

3 2






ini

NG

i

in yCOZ 

Where, 
Z01 :  aspiration level of decision maker for the total cost

Where, 
R : Supply reserve rate 
function

Where, 
CO2in : CO2 density of type-i unit [ppm/ton]
ρi : fuel consumption rate of the type-i unit 
[Ton/MWh]
A : Air pollution function

Where, 
Z02 :  aspiration level of decision 
maker for supply reserve rate in n 
year

Where, 
Z03 :  aspiration level of 
decision maker for air 
pollution CO2 emission

(9)

(12)

(10) (11)

(13)

Z2n ≥ Z02n~

Z3n ≤ Z03n~

Z1 ≤ Z01~
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 Constraints

1) Power supply constraint

N~0n    )R1( esn

1




pn

NG

i
in Lx

where,
Resn : supply reserve rate criterion in n. [p.u]

2) Constraint for peak load uncertainty

pfaspnpn LL 
where, 

Lpfaspn : forecasted aspiration level of decision maker for forecasting load in year n

3) Relation constraints between new plants and existing plants

N~1n  NG,~1i    x   xx inin  1in 

(14)

(15)

(16)
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4) Unit generation limit constraints

maxininminin X  X  X 

5) SOX and NOX emissions constraints 

where, 

SOXi , NOXi : SOX and NOX emission densities respectively of type-i unit [ppm/ton]

SOXmaxn, NOXmaxn : Maximum permissible amount of Sox and NOX emissions 

in n year [Ton]

(17)

(18)

(19)NnNOXyNOX

NnSOXySOX

n

NG

i
inii

n

NG

i
inii

~1           

~1           

max
1

max
1
















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 Membership functions

where,

μC(·) : membership function for economic fuzzy set 

ΔC(·) = (Fc(x(t))-Casp(t))/Casp(t) 

Casp(t) : aspiration level for cost at t-stage/year

WC : weighting factor of the economic membership function.

(1) The membership function for economic criterion ( C )

(2) Membership function for reliability criterion 

where,

μR(·) : membership function of reliability (supply reserve rate) fuzzy set 

ΔR(·)= (R(x(t))-Rasp(t))/Rasp(t) 

Rasp(t) : aspiration level for reliability (supply reserve rate) at t-stage/year 

WR : weighting factor of reliability membership function .








 

0)(:

0)(:                         1
))(),1(( ))(),1((

Ce

C
tutx tutxCWC C


(20)

(21)







 

0)(:

0)(:                       1
))(),1(( ))(),1((

Re

R
tutx tutxRWR R





84

where,

μA(·) : membership function for CO2 air pollution fuzzy set 

ΔA(·) = (A(x(t))-Aasp(t))/Aasp(t)   

Aasp(t) : aspiration level for air pollution at t-stage/year 

WA: weighting factor of air pollution membership function .

(3) Membership function for the air pollution criterion ( considering CO2 only )

(4) Membership function for the forecasted peak load

where,

μL(·) : membership function for fuzzy set of the forecasted peak load 

ΔL(·) = (Lp(x(t))-Lpfasp(t))/Lpfasp(t) 

Lpfasp(t) : aspiration level for forecasted peak load at t-stage 

σp.u(t) = σ(t)/Lpforecasted(t) 

σ(t) : standard deviation of Lpfasp(t) 

WL: weighting factor of the membership function of the forecasted peak 
load 
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 The proposed fuzzy dynamic programming based solution procedure

where,
C,R,A & L are economics, reliability, air pollution and 
forecasted load fuzzy sets

LARCD 

where, x(t)=x(t-1)+u(t)
μD(x(0)) = 1.0

(25)

(24)

)()()(

))}](),1(()),(),1(()),(),1(()),(),1((max[min{))((

maxmin tututu

tutxtutxtutxtutxtx LRACD



 
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creating candidate plans being feasible solutions

searching optimal solution

creating candidate plans being feasible solutions

  evaluating μC,μA,μR,μL

determining μD(x(t))

Fig 2.  Procedure for analyzing the generation mix problem 

using fuzzy dynamic programming
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各 時間帶

斷面마다

可能解로된

후보안선정

각 단면별

最適電源

構成案

탐색

各 時間帶

斷面마다

最適案 결정

,       ,       ,   
C


L


R


F各 時間帶의 선정

各 時間帶의 결정  tX
D



※ 퍼지 동적계획법에 의한 전원구성문제의 해석과정
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상정부하수준 (state1)

전원구성 
(state2)

기준년도
대표년도 
(state)

n+1n

※ 퍼지 동적계획법에 의한 격자에서 전원구성문제의

해의 탐색과정
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Year Peak load LP [MW] Base load LB [MW] Hydro [MW] LEP (103Ton) 

2006 48,108 30,340 1,800 --

2011 57,340 34,200 2,000 4,500

2016 69,500 42,500 2,200 5,500

2021 78,200 47,500 2,400 6,500

2026 87,000 53,500 2,600 7,500

Table 1.  Maximum load, minimum load, and hydro plant at standard years

Gen. type

Initial year 

capacity 

[MW]

Fixed charge 

[105won/kW]

AER of fixed 

charge [%]

Marginal fuel 

cost [Won/kWh]

AER of 

fuel cost 

[%]

Annual 

cost rate 

[%]

Nucl 16,715 145.0 2 6.8 1 19

Coal 17,465 100.0 1 13.8 1 17

LNG 14,313 85.0 1 21.5 1 17

Oil 4,308 75.0 1 120.0 4 17

P-G 2,000 45.0 1 0.0 0 13

Table 2. The characteristics of economic input date

Case Study
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Table 3. The capacity factors and the gases emission data of plants

Table 4. Yearly total generating capacities [MW]

Gen.

Type

Capacity

factor

[%]

Fuel consumption

rate ()

[Ton/MWh]

Density ()

[ppm/Ton]

CO2,  SOX,  NOX

Nucl 80 --

Coal 70 0.4030 700   450  500

LNG 65 0.0500 450   200  300

Oil 55 0.0234 600   200  100

P-G 30 --

Year Generation Capacity [MW]

2006 56,601

2011 67,800

2016 88,500

2021 93,000

2026 105,000
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Table 5. Generation mix and capacity in the initial year (2006)

Table 6. Maximum permissible limitation/criterion of the SOx and NOx emission constraints (103[Ton/yr])

Gen. type Generation Mix [%] Capacity [MW]

Nucl 29.5 16,715

Coal 30.9 17,465

LNG 25.3 14,313

Oil 7.6 4,308

P-G 3.5 2,000

Hyd 3.2 1,000

Total 100 56,601

Gases 2011 2016 2021 2026

SOX 40 40 40 40

NOX 40 40 40 40
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Table 7. Aspiration level of total cost, reliability and CO2 in years/stage

Table 8. Weighting factors of membership function

Aspiration 2011 2016 2021 2026

Cost (Z01)

[1012won]
65 120 155 182

CO2 (Z03n)

[103Ton/yr]
125 140 155 170

Reliability (Z02n)

[%]
10 10 10 10

Weighting factors of membership function

Cost 10.0

Reliability 15.0

Load 10.0

CO2 5.0
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(a) Pattern of membership functions of

cost (C) and CO2 emission (A)
(b) Pattern of membership function of          

reliability (R)
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 Membership functions for fuzzy sets of cost and reliability

Fig 3. Membership functions for fuzzy sets of cost and 
reliability
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(1)  Case C0 : crisp and not considering emissions constraints using crisp 

(2)  Case F0 : fuzzy but not considering emissions constraints

(3)  Case F1 : the fuzzy considering emissions constraints

(4)  Case F2 : the fuzzy case considering CO2 emission constraint with -10%  deceased CO2

aspiration level

 Results and discussion

Gen. type

Crisp Conventional method (Case C0)

(minimize total cost)

2011 2016 2021 2026

Nucl 28.5 23.5 23.5 22.0

Coal 39.4 48.5 48.5 47.0

LNG 14.5 17.0 18.5 19.0

Oil 10.4 3.0 2.3 2.0

P-G 3.2 4.7 4.5 7.8

Hyd 4.0 3.3 2.7 2.2

Table 7. Best generation mix for the conventional crisp method (not consid
ering CO2) [%]
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 Results and discussion

Table 8. Best generation mix for the conventional fuzzy method (not consid
ering CO2) [%]

Gen. type

Fuzzy Conventional method (Case F0)

( Not considering CO2 emission constraint)

2011 2016 2021 2026

Nucl 23.5 23.5 23.5 46.5

Coal 44.4 48.5 48.5 21.5

LNG 14.5 17.0 18.5 19.0

Oil 10.4 3.0 2.3 2.0

P-G 3.2 4.7 4.5 8.8

Hyd 4.0 3.3 2.7 2.2
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 Results and discussion

Table 9. Best generation mix for the proposed fuzzy method (con
sidering CO2) [%]

Gen. type

Fuzzy Proposed method (Case F1)

(CO2 reinforcement mix)

2011 2016 2021 2026

Nucl 46.5 48.5 48.5 48.5

Coal 17.4 23.5 23.5 23.5

LNG 14.5 17.0 18.5 19.0

Oil 10.4 3.0 2.3 2.0

P-G 7.2 4.7 4.5 4.8

Hyd 4.0 3.3 2.7 2.2
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 Results and discussion
Table 10 Best generation mix for the other proposed 
fuzzy method 

(considering CO2 with -10%  deceased CO2

aspiration level) [%]

Gen. type

Fuzzy Proposed method (Case F2)

(CO2 10% more reinforcement mix)

2011 2016 2021 2026

Nucl 46.5 48.5 48.5 48.5

Coal 17.4 23.5 23.5 23.5

LNG 14.5 17.0 18.5 19.0

Oil 10.4 3.0 2.3 2.0

P-G 7.2 4.7 4.5 4.8

Hyd 4.0 3.3 2.7 2.2
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 Results and discussion

Constraints Satisfaction Level

Case C0 Crisp and Minimize cost and not considering CO2 ---

Case F0 Fuzzy and not considering CO2 1.0000

Case F1 Fuzzy and considering CO2 emission constraint 0.8984

Case F2 Fuzzy and -10% Aasp 0.5093

Table 11. Satisfaction levels for 
cases 
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Conclusions

 New approach for the long-term generation mix with multi-criteria considering

air pollution constraints, which are not only SOX and NOX but also CO2 emission

limitations, under the uncertain circumstances is proposed using a Fuzzy

Dynamic programming.

 The effectiveness of the proposed approach is demonstrated by using it to determi

ne the best generation mix problem of the KEPCO-system, which contains nuclea

r, coal, LNG, oil and pumped-storage hydro plant in multi-years.

 A result of the CO2 emissions constraint is the recommendation of nuclear or LN

G power plant construction shown available. This in turn increases the total cost o

f the BGM.

 The proposed approach can be generalized to handle other emissions constraints s

uch as those on SOX and NOX.

 This approach can accommodate the operation of pumped-storage generation whi

ch has a relationship with operation of nuclear power plant with some strict for lo

ad following.
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Thank for Your Attention !

Everybody Loves 

Hydro Energy & 

Energy Survival 

DNA! 
ORCID ID : 0000-0003-0867-6251

Ta Panta rhei, “everything flows”

Heraclitus – Greek philosopher
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부록 (선행연구)

Nuclear

Coal

LNG

Hydro

Oil

P-G Storage

Efficiency

Load   L (Lpn)

1. 최적전원구성문제의 정식화

그림.1 최적전원구성모델의 개요
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1.1 목적함수

),(    
1 11 1

inin

N

n

NG

i
ininfin

N

n

NG

i
iniincin yxFyfKxdKZMinimize  

  



단,

i : 전원종별의 표시하는 번호(원자력:1, 석탄화력:2, LNG:3, 석유화력:4, 양수발전: 5)                       

N: 총 연구대상년도 수[년]

NG: 전원종류
Kcin= ((1+eci)/(1+r))n T

Kfin= ((1+efi)/(1+r))n T

eci: i번째 전원의 건설자재의 피상물가상승율(apparent escalation rate)

efi: i번째 전원의 연료비의 피상물가상승율(apparent escalation rate)

r: 할인율(discount rate)

T: 연구대상년도의 간격[년] 

din: n 년도에서 i번째 전원의 건설비 단가[won/kW]

fin : n 년도에서 i번째 전원의 건설비 단가[won/kW]

i: i번째 전원의 년경비율
xin: n 년도에서 i 번째 전원의 건설용량 [MW]

yin: n 년도에서 i 번째 전원의 발전량 [MWh]
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1.2 제약조건

1) 부하수급제약조건(Installed capacity constraint)

N~1n     )1()(
1




nn
P
n

NG

i
inin HYDRLxx

단,

Rn: n년도의 공급예비력기준 [p.u]

HYDn: n년도의 수력발전기용량[MW]

2) 수급에너지제약조건( Energy constraint of demand)

NnCFHYDVLLy Hnn
B
n

P
n

NG

i
in ~1   8760  2/8760)(

1




단, 

LP
n:  n 년도의최대부하[MW]

LB
n:  n 년도의최소부하[MW]

Vn:   양수발전원의양수에의한증가된부하량[MWH]

CFH: 수력전원의년평균설비이용율[p.u]
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3) 전원별설비이용율제약조건 (Production energy constraint of generation system)

NnNGiCFxxy iininin ~1  ,~1    8760)( 

단, CFi: i 전원의 년 평균설비이용율

4) 초기년도설비용량제약조건(Capacity constraint in initial year)

NGix
iEXi ~1    1 

단, EXi: i 전원의 초기년도 용량

NnNGixxx ininin ~1  ,~1     11  

5) 전원용량년도별상태제약조건 (Constraint of mutual relationship between existing

generator and new generator capacity (state equation) 

6) LNG화력발전원의에너지제약조건 (Energy constraint of LNG thermal plant)

NiLEPy n ~1     min3 
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各 時間帶

斷面마다

可能解로된

후보안선정

각 단면별

最適電源

構成案

탐색

各 時間帶

斷面마다

最適案 결정

,       ,       ,   
C


L


R


F各 時間帶의 선정

各 時間帶의 결정  tX
D



※ 퍼지 동적계획법에 의한 전원구성문제의 해석과정
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상정부하수준 (state1)

전원구성 
(state2)

기준년도
대표년도 
(state)

n+1n

※ 퍼지 동적계획법에 의한 격자에서 전원구성문제의

해의 탐색과정
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Year Peak load LP [MW] Base load LB [MW] Hydro [MW] LEP (103Ton) 

2006 48,108 30,340 1,800 --

2011 57,340 34,200 2,000 4500

2016 69,500 42,500 2,200 5500

2021 78,200 47,500 2,400 6500

2026 87,000 53,500 2,600 7500

Table 1.  Maximum load, minimum load, and hydro plant at standard years

Gen. (1) (2) (3) (4) (5) (6) (7) (8) Density [ppm/Ton]             

CO2 SO2 NOx

Nucl. 16,715 145.0 2 6.8 1 19 80 -- ----

Coal 17,465 100.0 1 13.8 1 17 70 0.4030 700        450         500 

LNG 14,313 85.0 1 21.5 1 17 65 0.0500 450        200         300 

Oil 4,308 75.0 1 120.0 4 17 55 0.0234 600        200          100 

P-G 2,000 45.0 1 0.0 0 13 30 -- ----

Table 2. Maximum load, minimum load, and hydro plant at standard years

{(1) Initial capacity [MW]; (2) Fixed charge [105won/kW]; (3) AER of fixed charge [%];

(4) Marginal fuel cost [Won/kW]; (5) AER of fuel cost [%]; (6) Annual cost rate [%]; 

(7) Capacity factor [%]; (8) Fuel consumption rate [Ton/MWh]}

2. 간단한 사례연구 (환경성을 고려한 경우)
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Gen

Type

Conventional method

(Base Case: Case 0)

Proposed method (Case 1)

(APC reinforcement mix)

2006 2011 2016 2021 2026 2011 2016 2021 2026

Nucl 29.5 37.7 31.1 27.6 24.8 37.7 43.6 38.9 34.9

Coal 30.9 26.5 33.1 35.9 38.6 26.5 21.9 24.7 22.2

LNG 25.3 21.7 22.0 22.3 22.2 21.7 20.8 22.3 28.5

Oil 7.6 6.5 6.0 5.9 5.8 6.5 6.0 5.9 5.8

P-G 3.5 4.5 5.0 5.6 6.0 4.5 5.0 5.6 6.0

Hyd 3.2 3.0 2.8 2.7 2.6 3.0 2.8 2.7 2.6

Table 3.  Best generation mix for the conventional and proposed methods.[%]

Construction Cost Operation Cost Total Cost

Conventional method 3,463.10 7,751.29 11,214.39

Mix with CO2 APC 4,065.65 7,221.03 11,286.68

Remark(Difference) 602.55 -530.26 72.29

Table 4. Total cost evaluation of best generation mix in the two cases. [Billion Won]



국립경상대학교 전력계통연구실 113

※ 기존의 방법

2006년 2011년

2016년 2021년

2026년
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※ 제안 방법

2011년 2016년

2021년 2026년
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※ 최대부하에 대한 감도해석
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※ 유연성과 경제성의 관계
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※ 건설단가에 대한 감도해석
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※ 연료단가에 대한 감도해석
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년도

[P.U]

설비이용율

[원/KWH]

상태

X 2

X 1

종합발전단가

41.0

43.0

44.0

2030

2016

2011

2006

40.0

0.70

0.69

0.68

0.67

42.0

설비이용율

종합발전단가

원자력증가
SS

SS

※ 종합발전단가 및 년설비이용율의 변화


