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Evaluation the Effects of Start-Up and Shut-
Down Costs of Hydroelectric Generation Units
on Hydro-Thermal Generation Scheduling
Problem

M.S. Javadi *

Abstract

One of the most important issues which affects the power
generation scheduling is the start-up and shut-down costs of
generation units. The amount of fuel consumed by a thermal
unit from starting up until synchronization with the power grid
has been considered as the start-up cost. While the fuel
consumed for maintaining the thermodynamic requirements
have been categorized as shut-down costs. These start-up and
shut-down costs are however for a hydroelectric generating
unit due to independency in fossil fuels. Yet the degradation of
equipment of such units is considerable due to the frequent
start-ups and shut-downs. In this paper, a fair methodology is
provided for estimation of these costs and by implementing a
mixed-integer non-linear programming framework the effects
of implementing these costs in the generation scheduling are
studied. The decision variables in this framework were the
optimum operating points of all generation units in the
planning horizon. Also, start-up and shut-down states for such
generating units are considered as one control variable in the
optimization problem. In order to evaluate the effectiveness of
the proposed model, a typical hydro-thermal test system is
accepted including 9 thermal and one hydroelectric unit.
Different scenarios are evaluated in this paper to assess the
effects of start-up and shut-down costs in the short term
planning. The simulation results confirmed that including
these costs in the generation scheduling can dramatically
reduce the total start and stop actions.

Keywords: Generation Scheduling Problem, Mixed-Integer
Non-Linear Optimization, Start-Up and Shut-Down Cost,
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Table 1- Fixed-cost terms corresponding to each start-up and shut-down action based on EPRI model
(Bureau, 2006)

(Bureau, 2006) EPRI Juao (wlw! o aslg 953 9 g3llely jU 2 55 Col (gailie comed =) Joua

Component Service Life Total Replacement Annual Replacement Replacement
(Year) Cost ($) Replacement Cost ($) (%) Cost ($)
Field Winding 50 350000 7000 13 26.00
Circuit Breaker 35 200000 5714.29 13 21.22
Exciter 45 700000 15555.56 13 57.78
Governor 50 500000 10000 13 37.14
Turbine Runner 50 1500000 30000 13 111.43
Thrust & Guide 50 275000 5500 13 20.43
Seal Rings 20 150000 7500 13 27.86

Table 2- Average start-up and shut-down costs based on EPRI model (Bureau, 2006)
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Fig. 1- A typical Hill Chart for hydro generation unit (Finardi et al., 2005)
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Table 3- Techno-economical data for thermal generation units
us')bb dlib»'s dbba:sl 9 ‘_;A.S OleWb! -y JSJ-?

Unit ai bi Ci pmax [P MUT; MDT; SUi SDi
G 100 2.45 0.12 175 20 5 5 1000 1000
G2 120 2.32 0.10 300 40 8 8 900 900
Gs 150 2.10 0.15 500 50 10 10 1000 1000
Ga 150 3.45 0.11 50 10 200 200
Gs 240 2.84 0.12 75 25 150 100
Ge 150 2.15 0.12 500 50 10 10 1000 1000
G7 100 2.45 0.12 175 20 5 1000 1000
Gs 120 2.32 0.10 300 40 8 8 1000 1000
Go 150 2.10 0.15 500 50 10 10 1000 1000

Table 4- Techno-economical data for hydro generation units
ety eoladl- o8 oMbl -F Joua
Ci Cy Cs Cs Cs Cs \/min \/max
-0.0042 -0.42 0.03 0.90 10.0 -50 80 150
Vlnitial VEnd Qmin Qmax PHmin pHmax A Energy
100 120 5 15 40 500 2.5 500
Table 5- Hourly load factor coefficients and inflow to the reservoir
w35 4 91 (6399 Gl 9 4iligy (S b b -0 Jgs>
Time (h) 1 2 3 4 5 6 7 8 9 10 11 12
Load Factor (%) 67 63 60 59 59 60 74 86 90 92 96 95
Inflow (Mcm/h) 10 9 8 7 6 7 8 9 10 11 12 10
Time (h) 13 14 15 16 17 18 19 20 21 22 23 24
Load Factor (%) 95 95 93 94 99 100 100 96 91 83 73 63
Inflow (Mcm/h) 11 12 11 10 9 8 7 6 7 8 9 10
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Table 6- Operating points of generating units at peak hour by considering the impacts of hydro generation

unit
Mgl (§52)40Up )3 ol woly LI L)) jetiie g Sy sl ) (5,00 0 R W -5 Jga
Reserve Unit G: G, Gs3 Gy Gs Ge Gs Gg Gy H;
506 Without Hydro 175 500 425 50 75 - 175 - - N/A
With Hydro - 300 405.2 50 75 - 175 300 - 94.8
10% Without Hydro 175 300 325 50 75 - 175 300 N/A
With Hydro - 300 405.2 50 75 - 175 300 - 94.8
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Table 7- Optimal operating points of hydro unit based on different start-up and shut-down costs
Saly Zo 9 §3llely Cgliie glaaiy 3o gll @ ool saly bwgi (6551 W At ul] -V Jgs

Scenariol Scenario2  Scenario 3 Scenariol Scenario2 Scenario 3

1 0 0 0 13 0 58.0 0

2 0 0 0 14 0 40.0 58.0
3 0 0 0 15 40.0 40.0 58.0
4 0 0 0 16 40.0 0 54.0
5 0 0 0 17 58.0 0 58.0
6 0 0 0 18 58.0 58.0 58.0
7 0 0 0 19 58.0 58.0 58.0
8 0 0 0 20 58.0 58.0 58.0
9 0 0 0 21 40.0 40.0 58.0
10 40.0 40.0 0 22 0 0 40.0
11 58.0 50.0 0 23 0 0 0

12 50.0 58.0 0 24 0 0 0
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Fig. 3- Operational cost trend for changing the maximum extraction from hydro generating unit

ey 3l JUaskiw! BB (6551 GSTan Ik 55 pd (6151 A1 (610 530500 &g 3B ol pad Wigy —Y S

VAV Gl ) oF 2 ylowd oyl Jlw ¢l sl O ailio Wil
Volume 14, No. 4, Winter 2019 (IR-WRR)



ool
J)‘P d[ﬁ»\g J.f Sy NG
o slaasly JS dluss NH
(cele) 3052 38 NT
Sl 3y sl ause oy Ci s bi @i
P ol ey 3 (6551 Mgl Gi
“teebo ) o slassly 5l w5 cad N
($/MWh) ¢l '
pht el 3 (ol (slasnly 1 o 50 dar 2
Penalty;
($/Mcm)
celo )l oed » (SopsIlL slolis p
(MW) ot o
pHt celw o Jaol S (S wlals b
(MW) Lt
ooy 33 3590 )5y Moy a
(h) Sl soly ole agals oloj Sl L
(h) ol 22ly il oxdy) ploj Sl Ti"
& 35ly 5 Jlaseinl BB (6500 e ;1S Tas
. Energy;
(MWh)j
el o] @l soly g & Ol 2955 o3
Inflowjt
(Mcm/h)
L o
(8) adlao 381 55 gylooype JS a3 Z
Pt colo i (Sl oy Wy (e PG
(MW) it
(MW) ot el ;3 o o sy a5 ol PH
(Mem/h) gl aoly sy (2955 o Qit
(Mcm) JT ..\>|9 o).ob u] x> Vjt
(Memih) ol asly 5l 5y ol Spillage;
($/h) Lm»ls djb&la]) Ao b SUit 9 Sth
($/h) Jlao jl laasly zg,5 aissa SDit y SDjt
pht celus o ladsly Cundy (50l puite lit 5 ljt
pHt celo jo bassly giluilely oyl o Stit 5 Stjt
pht sl 1 jlie I lassly 29,5 syl yuite Sdit ¢ Sdijt
(h) ol 22l (92 5l o olej JS MUTi
(h) il oy (92 slas jl)s plej JS MDTi
(Mem/h) T asly o550 5 o adss e Dischargejt
&lp -V

Basu M (2010) Economic environmental dispatch of
hydrothermal power system. Electrical Power and
Energy Systems 32:711-720

8 5 ok -7

5 ol (2B slaroly l ity )by Esdse Wlio nl 5
sasly zg i g sililel) claayje 51 B85 i o L Sl
Ol 4 drgi b cES 15 g 300 Mg (yasly 3
a9 5 ulely )k o el ar (ol sy (o)l g e oy o
380 50 syl oy Alas Jio o bauje ol b canl p3Y sy
Jolse o yiage b 0Ll yous lio oyl 10 005 blod GeolisS
Skl e (Byy (@B gps doly ezl p ,)iS,5L
olitul 3)90 J3lg g3 9 (3llel sl o dsa (o33 s EPRI
Slyasd & boppo slaaiyjo (18)5 a5 3 b eopizmod 28513
ot 51 )5 0ol 5 ysiliol i o e pgilisl _ousled
5 ilulely Jbya o @ slads e oygilinl dute pes ool Ol
2L dhge oo Wlus (il Jie 10,5 @)l ol sy g5
My G by p ooad b sladnia b 8BS L
s 3,8 &l (ilodigy dlus S B 5,0 slaasly
Odges bld o8 amd g0 L5 (ooloidy Jae ol (il
15 i ytaby s 3 Gl lasly 295 5 (sjlbl) slaaiyja
Condly 4 S35 @l @) 4 e Sl el
Ol & dagi b3S (0 Jlai 3)90 slasaly Sl At )l 0 300
0855 0l olisS sl (loj oy banly (ol z9)5 9 2959
P Aely zoyd 5 (gililely slaai (iol38l 4 e oud ol slaai
s> ol 3l 3y90 O Sl gl 5 (S8l L Lol gl
4" 0% algs s ly Mgl il 38l & e goudge cpl b dalgs
e lp it Glag )l L) (e s phiany
oUW e oS (gl pope Jdo yo u-’T Sols z95 9 (g3l
zos> 5 Nl sl o (Bly slaaiyze (38,5 5 )3 oS dad e
23,5 o o oligS 33 )3 (I3 y0 0 il)] jud 4 ymie asl
Ssly )b po e slacusdly 4 (ugucme JSO 4 4nab ol
Wi (g3 540l 33l 5> (65l L).».nl.s slcusgize gl oS L;:T
Lol S5

1- Electrical Power Research Institute (EPRI)
2- Optimal Power Flow (OPF)

lh.)a-,s 9 Wales ‘NSM.C &.—w.g)

lsb»‘g
eSe o yaalee Mcm el h
celocls®s  MWh SlglKe MW

IFAY e oF 0 )lows a3,k JUo ¢yl ol o golie oliylios
Volume 14, No. 4, Winter 2019 (IR-WRR)



constrained unit commitment considering hydro-
thermal generation units. International Review of
Modeling and Simulation IREMOS 4(6):3243-3250

Kang C, Guo M, Wang J (2017) Short-term
hydrothermal scheduling using a two-stage linear
programming with special ordered sets method.
Water Resources Management 31(11):3329-3341

Martin B, Deon M, Ron K, Larry K, Dave C, Tom R,
Ron C, Janice B, Farrell W (1999) A method for
calculating production costs for ancillary generation
services. Paper presented at the Waterpower '99

McCalman K (2009) Mt. elbert start/stop costs and
ongoing integration cost studies. Paper presented at
the Slide presentation at the National Hydropower
Association 2009 Annual Conference

Nezhad A E, Rahimi E (2014) Applying augmented e-
constraint approach and lexicographic optimization
to solve multi-objective hydrothermal generation
scheduling considering the impacts of pumped-
storage units. International Journal of Electrical
Power & Energy Systems 55:195-204

Nilsson O, Sjelvgren D (1997) Hydro unit start-up costs
and their impact on the short term scheduling
strategies of Swedish power producers. IEEE Trans.
Power Syst., 12(1):38-44

Nourali Z, Mousavi S J, Shiri Gheidari S (2018)
Optimization of multipurpose reservoir systems
operation using cellular automata. Iran-Water
Resources Research 14(1):80-91(In Persian)

Reza Norouzi M, Ahmadi A, Esmaeel Nezhad A, Ghaedi
A (2014) Mixed integer programming of multi-
objective security-constrained hydro/thermal unit
commitment. Renewable and Sustainable Energy
Reviews 29:911-923

Simab M, Javadi M S, Nezhad A E (2018) Multi-
objective programming of pumped-hydro-thermal
scheduling problem using normal boundary
intersection and VIKOR. Energy 143(Supplement
C):854-866

Wood A J, Wollenberg B F (1996) Power generation,
operation and control. New York: John Wiley &
Sons

Yuan L, Zhou J, Mai Z, Li Y (2017) Random fuzzy
optimization model for short-term hydropower
scheduling considering uncertainty of power load.
Water Resources Management 31(9):2713-2728

Yuan X, Cao B, Yang B, Yuan Y (2008) Hydrothermal
scheduling using chaotic hybrid differential
evolution. Energy Conversion and Management
49(12):3627-3

U.S. Department of Energy, Western Area Power
Administration and U.S. Department of the Interior,
U.S. Bureau of Reclamation (2006) Replacements:
Units, Service Lives

Power Resources Office (2012) Hydropower O&M costs
from Increased wind generation: Task #1 Literature
Search & Report

Chang G W, Aganagic M, Waight J G, Medina J, Burton
T, Reeves S, Christoforidis M (2001) Experiences
with mixed integer linear programming based
approaches on short-term hydro scheduling. IEEE
Trans. Power Syst., 16(4):743-749

CETAI (2016) Stator Winding insulation life expectancy
and start/stop related aging. CEA Technologies Inc.
(CEATI). Hydraulic Plant Life Interest Group
(HPLIG)

Denver Federal Center, Technical Service Center (2009)
Effects of duty cycle and stop/starts on hydropower.
U.S. Department of the Interior

Delarue E, Cattrysse D, D'haeseleer W (2013) Enhanced
priority list unit commitment method for power
systems with a high share of renewables. Electric
Power Systems Research 105:115-123

EPRI (2001a) Damage to powerplants due to cycling.
California

EPRI (2001b) Hydropower technology roundup report:
accommodating wear and tear effects on
hydroelectric facilities operating to provide ancillary
services: TR-113584-V4. California

Finardi E C, Silva E L d, Sagastizabal C (2005) Solving
the unit commitment problem of hydropower plants
via lagrangian relaxation and sequential quadratic
programming. Computational &  Applied
Mathematics 24:317-342

Gorgizadeh S, Akbari Foroud A, Amirahmadi M (2012)
Strategic bidding in a pool-based electricity
market under load forecast uncertainty. Iranian
Journal of Electrical & Electronic Engineering
8(2):164-176

Helseth A, Gjelsvik A, Mo B, Linnet U (2013) A model
for optimal scheduling of hydro thermal systems
including pumped-storage and wind power. IET
Generation, ~ Transmission &  Distribution
7(12):1426-1434

Iran Grid Management Company (IGMC) (2017)
Generation units' start-up and shut-down cost
executive regulatory. Iran Regulatory Entity (No.
207). Tehran, Iran (In Persian)

Javadi M S, Meskarbashi A, Azami R, Hematipour G,
Javadinasab A (2011) Emission controlled security

YFAY biwms ) F 0 )lowd o3 ylea JUo ¢yl o o golio oliglings
Volume 14, No. 4, Winter 2019 (IR-WRR)

YYY



