SINTEF

Experiences with incorporating
power loss in shared tunnels into
the hydro unit commitment

Hydro Power Scheduling Workshop, 12 September 2018
Jiehong Kong, Research Scientist

SINTEF Energy Research



Outline

e Background of Short-term Hydro Optimization Program (SHOP)

Determination of the unit PQ curve

Methods for incorporating power loss in shared penstock
e Numerical results

e Conclusion

SINTEF



Short-term Hydro Optimization Program (SHOP)

Objectives

e maximize the profit by exploiting the options of buying and selling in the markets

* minimize cost for covering a load

Inputs

e Deterministic electricity price, inflow and/or load for each time period (hourly / minute)
* Detailed description of watercourses, plant and unit configurations

e Different alternatives for coupling to mid-term planning (independent water value, water-value functions...)
Main results

» Reservoir trajectories, water flow among hydraulic objects

e Traded volume against the market (for bidding)

e Plant and unit production/consumption schedules (for energy delivery)
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e Optimal distribution of ancillary services
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Available extensions

+ Head optimization on
reservoir level |
= Start reservoir in meter |

* Residual reservoirs =" intakes

_~ = Creek intake
_— = Multiple creek

~

Q / L

L A w Physical overflow
b " model

s Overflow cost for
each reservoir

* Lose spill

* Reservoir constraints in meters
! = Tactical reservoir limits

» Discharge and
production |
s Oneormaretime Mu|ti—ﬂ§jﬂfl
steps | constraints
= Penalty variables

Plant constraints in
MW and m3/s
» Block generation

v
s Pelton turbines Ay
with needle _,:* = xv'
combinations .~ () |

* Modeling of ;_.f‘-\ =

forbidden zones | [

Cut corrections

lunction gate in series

Gate ramping

Ramping over several time steps
TTXY input format

* Time dependent start cost

+ Flexible MIP

» Dynamic flexible MIP

# Generator priorities

+ Time variant maximum
production for generators

# Polynomial efficiency

——| description
{ ,.f ' = Reserve constraints on area
DA level

Reserve schedule on generator
| 1 level

+ Soft min/max constraints

+ Dynamic PQ segrmentation

* Commaon outlet

Value of water in transit
Feeding fee

Contracts

Multiple load and markets
Marginal cost curves
Shared ownership

» Pumping in connection with a
junction

* Tide dependent plant head
* Junction below plant

refine the results

Unit Commitment Mode

* The solution strategy involves two modeling
modes and employs an iterative procedure to

e Commercial solvers CPLEX & GUROBI
Open Source solver CBC

Unit Load Dispatch Mode

Unit commitment
decision

Estimate reservoir
trajectories

Build and solve MILP model
based on the result of
previous iteration

Build and solve LP model
based on the result of
previous iteration

v

v

Update reservoir
trajectories

Update reservoir
trajectories

eet the convergence
criterion

eet the convergence
criterion
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Core equations in plant module in SHOP

Mathematical formulation SHOP input
GENERATOR gen eff curve PLANTOO01 1
_ GEN( ) TURB( NET ) NET #Id:Number;Reference;Pts;X unit:¥ unit
Pit = G - 1; Pit) N hit i) - hit " - Qig 16650 10 1MW 3
# x value; vy _value;
60 100
120 100
GENERATOR. turb eff curves PLANT001 1
#Id;Number;Reference;Pts;X_unit;¥Y unit
16650 1 185.000 3 M3/5 %
# x value; y_value;
28.12 86.7321

GENERATOR turb eff curves PLANTOO01

30.45 87.9022 . .
32.78 88.9688 #Id:;Number;Reference;Pts;X unit:;Y unit
* * 16650 1 210.000 3 M3/5 %
35.11 89.9450 # x value; v value;
37.45 90.8441 - =
30.45 88.7725
39.78 91.6794
32.78 89.8497
42.11 92.4643
35.11 90.8355
44,44 93.1870
37.45 91.7435
46.77 93.7495%
39.78 92.5871
49.10 94.0401
42,11 93.3798
51.43 94,1492
44 .44 94.109¢
53.76 93.9694
46.77 94.6777
56.10 93.5836
58.83 93.0964 49.10 94.9712
51.43 95.0813
53.76 94.8998

56.10 94.5101



Core equations in plant module in SHOP

Mathematical formulation SHOP input

GENERATOR attributes PLANTO001 1
#Id Type Penstock Nom prod Min prod Max prod Start cost

MIN < < pMAX =

; . . , ; . . 24839 0 1 120.000 60.000 120.000 0

P;% Wit < Pit < Piy Wi ¢
GENERATOR min p constr PLANTO001 1
# Id number starttime time unit period data type y unit npts
0 0 20161108060000000 HOUR 8760 -1 MW 1

# time v

20161108060000000 65

GENERATOR max p constr PLANTO001 1

# Id number starttime time unit period data type ¥y _unit npts
0 0 20161108060000000 HOUR 8760 -1 MW 1

# time v

20161108060000000 95
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Core equations in plant module in SHOP

Mathematical formulation

MIN (1. NET
Q¢ (hi,t ) " Wit < (it

<

Qi (hix") - wi

20161108060000000 51.43

SHOP input
GENEEATOR turb eff curves PLANTO00L1 1
#Id;Number;Reference;Pts;X_unit;¥Y unit
16650 1 185.000 3 M3/S5 %
# x _value; y value; GENERATOR turb eff curves PLANT001
A VA 86.7321 #Id;Number;Reference;Pts;X unit;Y unit
30.45 87.9022 16650 1 210.000 3 M3/S %
32.78 88.9088 # x value; y_value;
35.11 89.9450 30,45 88.7725
37.45 90.8441 32.78 89.8497
39.78 91.6794 35.11 90.8355
42.11 92.4643 37.45 91.7435
44 .44 93.1870 39.78 92.5871
46.77 93.7495 42 .11 93.3798
49.10 94.0401 a4.44 94.1096
51.43 94.1492 46.77 94.6777
53.76 93.9694 49.10 94.9712
56.10 93.583¢6 51.43 95.0813
—fa 83 93.0964 53.76 94.8998
56.10 94.5101
GENERATOR min g constr PLANTO001 1
# Id number starttime time unit period data type y unit
0 0 20161108060000000 HOUR 8760 -1 M3/5
# time v
20161108060000000 40
GENERATOR max g constr PLANTOO1 1
# Id number starttime time unit period data type y_unit
0 0 20161108060000000 HOUR 8760 -1 M3/5
# time vy

npts
1

npts
1



Core equations in plant module in SHOP

Mathematical formulation

pic =G -0 (pie) 0 VR (R, qie) - RYET - qie e SHOP is formulated as a MILP model
PMIN Wit < Pit < PMAX Wi ¢t

M,N NET AKX [ NET * How to convert the nonlinear & nonconvex
(h ) wlt<qlt<Q (h ) Wi ¢

hydropower production function into a concave
piecewise linear unit PQ curve?

e How to take all the limits into account?
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Determination of the unit PQ curve

Step 1: Update the Trajectory of the Reservoir and Calculate the
Gross Head of the Plant

A3
280 - — ]t jferation in T mods
&
j s+ = Ind iteration in TTC mods
> B7R
5'; s o w3 teration in TG meods
B 876 g
= S, dth iteration n UC moda
l\.:-. \-ﬁ-—-——
2 874 = + = 5thiteration in UC mode
o]
o 573 = = == ]zt iterztion in Closs-in mods
————— 2nd iterztion in Closs-in mods
g7l
o 2 4 & § 10 12 14 16 18 20 X 24 #Rarrases 3rd iterstion in Closa-in moda

Time period (hour)



Breakpoints
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Determination of the unit PQ curve

88

Efficiency (%)
8

86

84

ceee®-oo H1 =170 meter

El: Turbine efficiency curves with constant discharge limits

Best point when H3:

51.43 m3/s, 95.08 % 58.83 m3/s, 94.02%

Best point when H2: _/’::I;\\'

3 0 H H
51.43 mds, 94.15% /,e""b"":‘:‘
Best point when H1: ,«"‘,-' i

51.43 md/s, 93.22%

Minimum point when H3:
28.12 m3/s, 87.59%
Minimum point when H2: 3":

28.12 m3/s, 86.73%

Minimum point when H1:
28.12 md/s, 85.87 %

58.83 m¥/s, 93.10%

Maximum point when H1:
58.83 md/s, 92.17 %

10 20 30 40

Discharge (m?/s)

50 60 70 80

-=0=-H2 =185 meter  ——8=— H3 =210 meter

Maximum point when H3:

Maximum point when H2:

Step 2: Determinate the Head-dependent Minimum Water

Discharge QLA/’tI N ' Best Efficiency point Q

Discharge Q{** of the Unit

BEST

it~ and Maximum Water

E2: Turbine efficiency curves with variable discharge limits

Best point when H3:
51.43 md/s, 95.08 %

Best point when H2:
51.43 md/s, 94.15%

Best point when H1:
51.43 m3/s, 93.22%

(e}
[}

(]
iy

<o}
N

Minimum point when H3:

Efficiency (%)
8

88 30.45mifs, 88.77% i/
Minimum point when H2: &g
o6 28.12m3s, 86.73% &
Minimum point when H1:
84 30.45 m3/s, 87.03%
0 10 20 30 40 50

Discharge (m®/s)

cece@--o H1 =170 meter -=0 - H2 =185 meter

Maximum point when H3:
56.10 m¥/s, 94.51 %

Maximum point when H2:
58.83 m?/s, 93.10 %

Maximum point when H1:
53.76 m3/s, 93.04 %

60 70 80

—o— H3 =210 meter



Determination of the unit PQ curve

P
Step 3: Equally Partition the Interval between the Minimum Water
Discharge and the Best Efficiency Point into sPOWN Segments.
Step 4: Equally Partition the Interval between the Best Efficiency
Point and the Maximum Water Discharge into s0F Segments.
e Step 5: Add the Optimal Operating Point q; , Resulting from the
Breakpointindices 0 o § L

Previous Iteration as an extra breakpoint.
Breakpoints QNN QEET q; QMAX Q

11



Determination of the unit PQ curve

Breakpointindices Rl O <P

i BEST * MAX
Breakpoints QMIN Q:t it Qi

Instead of predefined, the breakpoints are computed in  Step 6: Calculate the Corresponding Power Output of Each
a dynamic sequence with their corresponding net head  Breakpoint



Determination of the unit PQ curve

Step 7: Make Sure the Slope of Each Segment Non-increasing by
Eliminating the Nonconcave Breakpoints

P
é ) ) L) L) L) L)

Breakpointindices 0 g § 4"

Breakpoints QM QEET i QI Q
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MAX
P;
pMAX
Pi,t
Ps,i,t
Ps—l it

PiMIN PiMIN

Determination of the unit PQ curve

Breakpoint indices 0 s-1 g FO PN P
i MIN 0 BEST * MAX
Breakpoints QM Q1 Qi QFf aie it
. . AMIN AMAX
Constrained limits QM QM
14

Step 8: Define the Final Operating limits based on most restrictive
rule

SMIN
Pit = Py rwis+ Vsit st
S=1“"'§D0WN+§UP
SMAX
Pit < P " Wit
__ AMIN
Qi = Uit Wi+ ds,it
—-DOWN _UP
s=1,...,5
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Core equations in plant module in SHOP

Mathematical formulation

hNET hNET

It

it — Hg An " | Qi T 2 q;’ ¢
i'ely\{i}
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SHOP input

Upstream reservoir

\\\\\\\\\\\T’//////l//,
Shared penstock Gross head
|
Plant
Gl G2
R —
Outlet line

## PLANTO001
PLANT attributes PLANT001
#Id;Water course;Type;Bid area;Prod area;Num units;Num pumps;

24800 0 0 1 1 2 0

#Num main seg;Num penstock;Time delay;Prod_ factor:Outlet line;
1 1 0 0.000 672

#Main tunnell loss

0.000

#penstock loss
0.001




Core equations in plant module in SHOP

Mathematical formulation

* The determination of the unit PQ curve precedes
the optimization. The operating status of other
units remains unresolved.

RNET — pGRoss _ g (g 4 0 ’ * How to account for loss in shared penstocks,
5 ’ o & ‘ involving not only the flow through the unit but
also the flow of all the other units that are
 — SELL
Z Pit = Pt connected to the same penstock?

16
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Methods for incorporating loss in shared penstock

. : 2
Method 1: Set power_loss /pq /previous ANET — pGROSS 0 a
) L,
 Directly includes penstock loss in the PQ curve of the unit. i' €L \{i}

e Uses the optimal results obtained in the previous iteration.

Method 2: Set power_loss /pq /proportional z Dit Z App. = pSELL

* Directly includes penstock loss in the PQ curve of the unit. LEl nen

e Assumes that all the units connected to the same penstock always operate at the same fraction of their allowable
capacity range.

Method 3: Set power _loss /busbar

e First excludes the penstock loss in the PQ curve, causing over-estimated power generation for the given discharge.

e Then subtracts the sum of power loss for each unit, which is equal to the sum of power loss in each penstock, from
the plant energy balance constraint, i.e. busbar.

* The sum of power loss in a shared penstock is a cubic function of the total flow through the penstock,@@qh.-i,sEF
approximated by a convex piecewise linear function.



Numerical results — Datasets

o © [{=]
S & »

Efficiency (%)
& 8

84
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Upstream reservoir

AN P
Shared penstock Gross head
|
Plant
Gl G2
#
Outlet line

E1: Turbine efficiency curves with constant discharge limits

Best point when H3:
51.43 m3/s, 95.08 % 58.83 méfs, 94.02%

Best point when H2: obeg

3 0 »~ o H
51.43mdfs, 94.15% /'_e.-**-o.:‘f
Best point when H1: //..' “d

51.43md/s, 93.22%

Minimum point when H3:
28.12ms/s, 87.59%

Minimum point when H2: é/."' Maximum point when H1:
28.12mds, 86.73% i 58.83m3/s, 92.17%

Minimum point when H1:
28.12m?3/s, 85.87%

0 10 20 30 40 50 60 70 80
Discharge (m?/s)

58.83m¥/s, 93.10%

ce@.o H1 =170 meter ~ =-0---H2 =185 meter ~ ——e— H3 =210 meter

General Configurations

Qutlet line (Meter above sea) 672
Maximum unit production (MW) 60
Minimum unit production (MW) 120
Unit start-up cost (€) 0

Maximum point when H3:

Maximum point when H2:

Market price/Water value (E/MWh)

4 5 6 7 8 9 1011123 1415161
Time period (hour)

Hourly market price

18 19 20 21 22 23 24

— — Water value 38 € MWh S I NTE F
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Production (MW)

Numerical results — Comparison of Methods

Method 1: Set power_loss /pq /previous

I/O curves built by M1

120 - Theupper bounds for both curves are determined by
maximum efficiency point 58.83 m3/s

100
80
60 Undesired operating zone _,::4 The middle points for both curves are
[ determined by best point 51.43 m3/s
40
20 The lower bounds for both curves are determined
0 by minimum unit production 60.00 MW
0 10 20 30 40 50 60 70 80

Discharge (m?/s)
—e— ]st iteration in UC mode by M1 ==& =-2nd iteration in UC mode by M1

Method 2: Set power_loss /pq /proportional
Method 3 (Default): Set power_loss /busbar

I/O curves built by M2 and M3

120
110 e
= 100 o

® O
o O
LYY
AW
A )

'Y

Production (M
=

60 e
50 e***" Undesired operating zone
40

20 30 40 50 60
Discharge (m?3/s)

—e— 1st iteration in UC mode by M2 2nd iteration in UC mode by M2

2nd iteration in UC mode by M3
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—e— st iteration in UC mode by M3
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Numerical results — Comparison of Methods

M1 M2 M3

el
o

880 < — 880 < — 880 <

N

,
by

=]
=1

-1
=]

o0
2
0

[=))

(=]

[e2]
1
=]
[e2]
1
(=]

n
=]

876 -

o0
=
=

’

7
o0
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=
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ey

o
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Water level (meter above sea)
4
Water level (meter above sea)
Water level (meter above sea)
/
F
4
Market price/Water value (€/MWh)
e
(=]

[e2a]
-1
(3]
[ea]
-1
(3]
=1

(=1
—
()

3 4 5 6 7 8 9 1011 1 13 14 15 16 178 19 20 21 22 23 24

7 - Time peripd (hour)
0 2 4 6 8 10 12 14 16 18 20 22 24 0 2 4 6 8 10 12 14 16 18 20 22 24 0 2 4 6 8 10 12 14 16 18 20 22 24 L

Hourly market price — — Water value 38 € MWh

o
1
[
[e:]
1
[
[e22]
1
o

Time period (hour) Time period (hour) Time period (hour)

M1 M3 |
Production Reservoir Total Profit Production Reservoir Total Profit Production Reservoir Total Profit
Revenue Value Revenue Value Revenue Value

117,588.81 147,118.76 264,707.57 105,467.63 159,807.10 265,274.73 109,365.24 156,070.49 265,435.73

M1 is flip-flop M3 is the best
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Numerical results — Comparison of Modeling Penstock

Upstream reservoir

AN

Ah = a- (g1 + q2)°

/.

Shared penstock
]

Gross

head

Plant
Gl G2
e
Outlet line
S1: Shared penstock

140 140
120 120
= 100 = 100

= =
- = 80

] &
g 60 E 60

= 2
A a %
20 20
0 0

1 23 45 7 W11 1213 1415161718 19220212223 M4

Tnna petrod (hour)

EDischarge of G1 W Discharge of G2

Upstream reservoir

— . 2 2
Ah =« (ql + q- ) Indeptlendentpensltocks

Gl

G2

52: Independent pensiock

R —
Outlet line

Gross

Plant

head

Deviation from the optimal solution of -1,143.06 €

1 23 45

~
g

W11 1213 1415161718 192202122234
T1me-pe-1md(1murj

BDischarge of G1 @ Discharge of G2
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Conclusion

Method 1: Set power_loss /pq /previous

 When the predicted market price for electricity is close to the water value at the end of the scheduling horizon,
the power production is likely to oscillate between iterations

Method 2: Set power_loss /pq /proportional
e Can avoid the flip-flop problem but suggests the units to operate in the same pattern
Method 3: Set power _loss /busbar

* Gives better optimization result but potentially might increase computational time, since the unit penstock loss
should be introduced to unit energy balance constraints to improve accuracy, especially when delivering reserves.
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