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Day-ahead scheduling approaches

« Day ahead (DA) market — balancing of supply and demand based on forecasted data
(wind and load)

» Real-time (RT) market — clearing of imbalances using the actual real data

Deterministic models:
= DA clearing based on single deterministic forecast

» Uncertain parameters (wind power production, solar PV, load)

 How to take uncertainties into account?
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Stochastic programming approach

Stochastic — clearing is based on stochastic forecast of uncertain parameters

Interaction between scheduling stage and RT operation

Lower expected system cost (reserves optimized)

Realistic range and probabilities of scenarios are included

11 September 2019 DTU Electrical Engineering Two — stage stochastic day-ahead scheduling for integrated heat, electricity and gas system as MILP model



5th International Conference on Smart Energy Systems

Copenhagen, 10-11 September 2019
DTU #SESAAU2019
e
S d
=
Introduction ...
The interactions
Installed capacity ? among different
of renewable . How to Inteltgrat_iqn of gdas, energy_zectors will
energy sources is —_— accommodate —_ electricity an S5 provide more
iincreasing at a high| renewable energy district heating flexibility required
rate sources? network by the future
renewable energy
system.

Day-ahead scheduling approaches

? el -
~

11 September 2019 DTU Electrical Engineering Two — stage stochastic day-ahead scheduling for integrated heat, electricity and gas system as MILP model



5th International Conference on Smart Energy Systems

Copenhagen, 10-11 September 2019
DTU #SESAAU2019
e
S d
=
Introduction ...
The interactions
Installed capacity ? : among dlfferent_
of renewable . How to Inteltgr?t_lq? of gdas, energy_zectors will
energy sources is — accommodate e electricity an > provide more
iincreasing at a high| renewable energy district heating flexibility required
rate sources? network by the future
renewable energy
system.

Day-ahead scheduling approaches

How to take Stochastic
uncertainties into === programming =—= —_— —
account? approach

11 September 2019 DTU Electrical Engineering Two — stage stochastic day-ahead scheduling for integrated heat, electricity and gas system as MILP model



5th International Conference on Smart Energy Systems

o1
= Uncertainties in IES and description of the
stochasticity

» Wind and PV solar power production, demand, fuel prices,...

» Consider all possible scenarios! Huge number of scenarios to represent realistically future
states of the uncertain parameters!

Large model Computational burden
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2. Mathematical models of two-stage stochastic programming approach

» Electrical power system

« District heating system

* Natural gas system

» Coupling components for integrated multi-energy system
* Linearization
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“Two-stage stochastic DA scheduling for integrated multi-
energy system under wind generation uncertainty

1. Uncertainty: Wind power output
2. Stochasticity described as generated scenarios based on historical data

3. Two-stage stochastic optimization problem

s First (DA) — operating points of generating units and scheduled wind power output
determined and dispatched

% Second (RT) — realization of wind output power and accommodation of uncertainty
through reserves
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Electrical Power System (EPS) — DA stage
» DC optimal power flow
Nodal balance equation
Variables -+£'£ ) ZA: 5, (5051 ~ 0,1 ) VieT,VneA™

IJjCHP,min < PthHP,DA < PjCHP,maX,

VieQ™ VteT
5™ er, =0, VteT
Pj(’:t}Ellj’DA _ Pj(’:tHP,DA S RLD](.jHP, \v/] c QCHP ,\v/t c T

PP PRI SRLUTY, Vje QT VreTl

]st_l
max DA DA max EPS P Power supply from CHP unit j
-Pr<B, (82 -0 )<P Vn,me A" VieT
nm T nm n,t mit | — T nm 2 ? ? WfDJA Power output of wind unit f (DA)
DA max WF D¢ Power demand in P2G unit k
< < i
0< Wfat - szt ? vf €Q ? VteT DY Electric demand of EPS
B Susceptance of transmission line n-m
o) Phase angle of bus n

n,w,t

Rl,[)jc"'P Downward ramping rate limit of CHP unit
RLUI.CHP Upward ramping rate limit of CHP unit j
P/.CtHP"“i“/‘mx Min/max power supply from CHP unit j

W/’.“fx Nominal output power of wind unit f
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Electrical Power System (EPS) — RT stage

Nodal balance equation

VieT,Vne A™ Vo
. s . =0, VteT
Variables REF !
PR 4 (ROUPY — ROUPD )= POPPA — (RO —ROVP) < RLDS™, Vje Q" VieT Vo
CHP,DA CHP,U CHP,D CHP,DA CHP,U CHP,D CHP . CHP
Wind powe PPN 4 (REUPY _ ROUPD) _ pOOA (RO _RUPD )< RLUT™, Vje QM VieT, Vo
| wer
. . __pmax RT _ RT max EPS
realization Py <B, (85, —0o8 )<Pm, VnmeA™ vieT
under o<wr" <wk . vfeQY VieT
. f.o,t f.o.t° Y .
scenarios w Constraints
0< D> <D VteT,Yao

linking DA and
RT variables

0< RSV <SRIPP™ Vel Vo

0< RSP < RIPPM 7 e T Vo

PthHP,mm < PthHP,DA n ( RCHPU _ R_CHP,D) < I)thHP,max NteT Vo

J,m,t J,m,t

CHP,U pCHP.D
R; R;

Jou 24% 0 Upward and downward reserves of CHP unit j in scenario w
W;f":lf, Power spillage for wind unit f
W;f;t Wind power output realization in RT stage
DFPshed Load shedding in RT stage
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District heating system (DHS)

DHS consists of supply pipelines delivering heat from the heat source to the heat demand
and return pipelines coming back to the heat source

Water temperature - important parameter
DHS model consists of hydraulic and thermal model

Hydraulic equation presenting continuity of flow demonstrates that the mass flow
entering the node equals to the mass flow leaving the node and mass flow consumption at
that nOde m,, . Water flow rate in pipe m-n

Z m,,, =0,Ym,ne A" VteT

mel,

11 September 2019
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District heating system (DHS)

* Thermal model consists of nodal heat balance equation, temperature drop and
temperature mix equations
» Heat balance of DHS consisting of heat source, heat load and storage:

CHP HS.in HS.out in out DHS
>, H 7+ (HSJ —-H_, )— c-m,,. v(z'mm —z‘mn,r), Vmne A7 VteT
JjeQ ?P se QI,;I S l

» Temperature drop :
o The heat loss of each pipeline is due to the heat transfer along the pipe from high water
temperature to the ambient temperature.

T ot
65
- Amn:f‘['mn I-:é_.-”
in a CMypy 1 out a DHS . ’
. T, =T . =e "\t -7 ), Vmne AT NteT
H) heat supply from CHP unit j E E B B
H®™ Heat output of heat storage h to heat network
ha .’__, Heat storage
H[o" Heat output of heat network to heat storage h
H™  Heat demand /\m%
r,.. Temperature of inlet to node n of pipe m-n Ta -
36
7o', Temperature of outlet of node m of pipe m-n )
ir
I" 3

"  Ambient temperature

¢ Specific heat capacity of water
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District heating system (DHS)

« Temperature mix equation

\Vm,ne AP VteT

» Heat storage balance

HS,out HS. HS :
HS, ., =HS, +(H>™ -H"), VheQ™ viel 5., Heat stocks in heat storage h
» Operational limits
HYm < gEPR < g e QO Ve T Minimum and maximum heat supply from CHP unit j - "
A p . ‘ P . o - - ) T n 54 TO!JI T in 65 Tou;
H JiSmloutmin: < prHSineutDA o priSinoumax -y p e OFS r e T Minimum and maximum heat input/output capacity of heat storage h 4 s 4 265 < s 6
HS™ < HS,' <HS™, VheQ"™ vteTl Minimum and maximum heat reserve in heat storage h Tﬁm‘ "
m;‘;" < ms:’t <m Nm,n e AP VieT Minimum and maximum water flow rate in pipe m-n m4,v
in/out,min in/out, in/out,max .. . ) ) Heat source Heat load
Tm]z tmin Tm’/’,ttDA < Tm; X mone AP Ve T Minimum and maximum water temperature of inlet/outlet of pipe m-n = e ..___I eat sorage
m36
n / out /\
?_:11 1;: out
. 36
>~ >
our out ir
11 (AP 2 s My I," 3
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Natural gas system (NGS)

NGS consists of loads, pipes, gas compressors (GC), storages and P2G plants

Pipeline gas flow equation
pi:z _pj:_.z :an (Snm_.t )2 > Vn,m € ANGS’VI eT
Nodal gas flow balance
> 05+ (Q§f=°“t—Qif’i“)+ > 0> DT> DT> DF=>S ., VmneA" Viel
keﬁim

geﬂgs se QiT de QED g Qgc Jje QEHP mel,

Energy consumption by GC is provided

L -1
D;f = /?;CS;C =K°Z, |:L:||: % :||:(CR) o —1:|S§f, Vge ) VreT

GC _ GC
E c -1

n

Gas storage balance

5.t 5.t

STS__I =STs:o +ZI:(QSI,1‘H _ ST:out)’vS EQST,VIET
t=1

oM <o <O, Vge Q¥ vreT Minimum and maximum gas supply from gas source

OFomin < QP < QPO ke O YieT Minimum and maximum level of P2G

k.t

- , Maximum input/output capacity of the gas storage
0< QST < ST e OFT r e T put/output capacity 9 9

Operational limits  —
P < P2 < (D' )™, Vne AV WieT Minimum and maximum operating limits for gas pressure

—S™ LS <S™ VmneA"P\VieT Maximum transmission capacity of gas pipeline

ST™ <ST <ST™, Vse(T VieT Minimum and maximum gas stock in gas storage

—

2
pn,/
Z

nm

nm,t
QGS

g,
QST,in/out

st

P2G

k.t

GD
Dd,t

CHP
D

Jst

GC
Dg,f
ST,

Gas pressure of node n
Resistance coefficient of the pipeline
Gas flow rate of gas pipeline n-m

Gas supply from gas source g
Gas input/output of gas storage s

Gas supply from P2G unit k
Gas demand

Gas consumption in CHP unit j

Gas consumption in GC g

Gas stocks in gas storage s
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Coupling components

Combined heat and power (CHP)
Relationship between gas consumption of CHP unit based on electricity and heat generation

PCERDA = PHRDA, e (Riff — RSP ) = (D;fgﬂ ~DIFP)pe, Ve QYT VieT,Voe®
HESS = paeosy) (HEERT 2% ) (DA™ —DE™ )y, vy e @ Wre TV e ©
oA RT

Power to gas (P2G)
Converting electricity to hydrogen using electrolysis or methane through methanation process.

The hydrogen can be used as fuel in industrial and transport sector, while methane can be used in all natural
gas pipelines and for meeting the gas demand

QﬁG,DA — U:ZGDﬁﬁ’DA Qf:EfGD% +(R§§,G; u _R,}:ich) _ "?,EEGDS;;RT: \sz e QPEG:,VT = T,\Ufﬂ) = @
DA RT

L h
1; 7?_,. Generating electrical and thermal efficiency of CHP unit j

,7:3“ The energy conversion efficiency of at P2G unit
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Optimization problem — Objective function

IES mathematical model — non-linear — no guarantee a global optimum can be reached

Linearization: NLP —» MILP
Minimize (system cost in DA) + (expected system cost in RT)

subject to:

Equality and inequality constraints for EPS, DHS and NGS and linking units in the first and
second stage

» Focus on decreasing the expected cost and improving efficiency of integrated system, as well as meeting the demands

» The objective is to perform optimal scheduling which is allocating generation among every generation unit and storage maintaining the total
expected cost minimized
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Scenario generation method

Calculate ECDF of measured historical data
for each power bin:

The historical data

Find historical data of pairs in the data box The data box gives

forecasted and are sorted into power approximation of the ECDF for measured values for each forecast bin is obtained

measured wind bins based on the distribution for a Based on historical observations
power output each bin forecast specific point fOFe > Characterizing the uncertainty of the wind power

| ———
s Distribution?|

Not assuming any theoretical distribution

Create covariance matrix: STEIENE CRUEEIED Ui TS ST Obtain values of wind
' random vector while is applied to N
power for all the

> Representing correlation between obeying normal scenarios of random .
wind power at two periods - scenarios

temporal correlation distribution ~ N(O, %) vectors
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Scenario reduction

Backward-reduction algorithm
— Reduced scenarios should be as close as possible to the original generated scenarios
— Aggregate similar scenario

— Based on probability metrics - creating a new initial scenario set consisting of the
preserved scenarios and assigning new probabilities to the preserved scenarios

/000

— . forecasted

—«— measured

6000 L

| A

3000 L /‘\/
//

2000 L / /

=%

0 5 10 15 20 25
time [h]

reduced scenarios

Wind power [MW]
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Integrated multi-energy test case system
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Test case of integrated multi-energy system

Bl B2 B4 06 | /A N i

. Fa 7 R

wmd |
0.5 | i N,
I I EPS

Scenario 1 P=0.136
Scenario 2 P=0.128
= Scenario 3 P=0.11

Scenario 4 P=0.058
—— Scenario 5 P=0.128
Scenario 6 P=0.144

Scenario 7 P=0.062
Scenario 8 P=0.11
— — —Scenario 9 P=0.062
Scenario 10 P=0.062

03 |

CHP @_ 02 L

0.1 |

wina power [pu]

0 | | | | | | | | | | | |
2 4 6 8 10 12 14 16 18 20 22 24

time [h]
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Results for EPS in the first stage

Generation — active output power of wind farm and CHP
Demand — electrical demand and electricity consumed by P2G

0.5

I
P CHP,DA

04 High wind production

o
w

P2G increases production

Generation and demand [pu]
o o
N N

time [h]

 High dispatched wind production in the first stage
» P2G consumes excess electricity from wind farm and converts it into gas
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Results for DHS in the first stage

Heat generation and demand in DA stage in DHS

0.5
T T T T T T T T T T T T
. H CHP,DA D H HSin,DA D H HSout,DA - -H HL —H HL +H losses,DA H HL +H losses,DA +H HSout,DA
04 |
03 | / 1!
0.2 ) I
0.1
0
-0.1 | | | | | | |
2 4 6 8 10 12 14 16 18 20 22 24
time [h]

Results of DA stage for DHS
» Heat provided by CHP and heat storage
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Results for NGS in the first stage

The gas supply - gas source, P2G
Demand (black curve) - gas load and gas consumption of CHP

Gas demand and generation [pu]

time [h]

Results of DA stage for NGS

« P2G is supplying higher amount of gas at the moments of higher excess electricity from wind turbines
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Results for EPS in the RT stage

.AW+ R CHP,U

-R CHP,D . R CHP,U R CHP,D

Scenario 2
-0.1 | | | |

2 4 6 8 10 12 14 16

01 |

-0.1

Scenario 8

2 4 6 8 10 12 14 16

DTU Electrical Engineering
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V.1

0.05

-0.05

-0.1

Scenario

2 4 6 8 10 12 14 16 18

Scenario 9

8 10 12 14 16

N
E~N
(=2}

-~ AP2G — AP2G-D

U.10

0.1

0.05

0.1

0.05

-0.05

shed

_._‘vav

D

shed

Scenario 7

é é é 16 1é 14 16 18 20 22 24
Scenario 10

2 6 8 10 12 14 16 18 20 22 24
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Results for RT stage — Scenario 10

T \ .
__pED 4p P2GRT _p shed 0.7

.A‘W,,, AP -R CHP,U‘ l:lR CI'/P,D o AW DED =D P&G,RT ___‘DED +D FZG,RT

\ ] \ \ \ \ \ \ \ \
.QGS,RT .sze +R P26U _p P2GD .RPZG,U DR P2GD pGP __pGD 4p CHPRT

Generation and demand |pu]j

: time [h
time [h] 0.5 . . . . . . . . [h]
CHP,RT HSin,RT HSout,RT HL HL losses,RT

W [T [Tt o

T T T
HHL +H losses,RT +H HSout,RT

High wind realization Upward reserves provided by P2G

P2G consumes excess electricity

0.1 1 1 1 1 1 1
2 4 6 8 10 12 14 16 18 20 22 24

time [h]
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Results for RT stage — Scenario 10

T I I T
.AW+ AP.RCHP’U l:lRCIJP,D "'AW DED ___‘DPEG,RT --D

ED ,p) P2GRT

\ .
__pED 4p P2GRT _p shed 0.7

\ ] \ \ \ \ \ \ \ \
.QGS,RT .sze +R P26U _p P2GD .RPZG,U DR P2GD pGP __pGD 4p CHPRT

11 September 2019

time [h]

provided by CHP
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0.4

0.3

0.2

0.1

0.1

T T T T T T
. 1 CHP.RT D 1y HSinRT D HSOULRT  _ L HL | HL 4y lossesRT

T T T
HHL +H losses,RT +H HSout,RT

P2G not providing gas

The excess heat is stored in the storage

4

I
12
time [h]
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Conclusion

Integration and coordination between EPS, DHS and NGS
Stochastic day-ahead scheduling

Excess electricity can be converted to gas through P2G unit
Wind curtailment can be reduced
Low wind realization leads to higher costs and high wind realization to lower costs

To conclude

¢

* Integration of EPS, DHS and NGS is a prominent solution for providing flexibility to the power system.

» Scenario generation is proven technique taking into account temporal correlation of the wind power and
can be applied to estimate future wind power variability and uncertainty.

» Total expected system cost are decreased and reserves optimized.

e Future work ...
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Thank you!
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