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Summanypof the delieverable

The main objective of this working package is to develop optimal dispatch and online control
algorithm for integrated energy systems.

Integrated energy systems are systems consisting of more energy subsystems. In this report, district
heating system, natural gas system and electric power system are integrated by coupling components.
The coupling components are linking units between oneore subsystems.

In the first part of the report, mathematical models of integrated energy system, i.e. district heating
system, natural gas system and electric power system, are developed. The models are based on the Danish
case study for 2035 and 2050.

In the second part, the Danish energy system models for 2035 and 2050 are given.

In thethird part of the report, the scheduling of Danish integrated energy system is perfoffirstly,
the dayahead optimal dispatch is developed for integrated Danisérgy systemAs thehigh installed
capacityof renewable energy source is predictidthe future, the dayahead schedule is no longer the
optimal and feasible solutiorof the realtime operation due to the intermittent nature of renewable
energy sourceThus, an optimal dispatch framework for rémhe operation is designed based on model
predictive control. Model predictive control is an online control applied for sterh dispatch Based on
the measured updated values, the future states of the syssrm predicted for a specified prediction
horizon. Model predictive control makes the optimal scheduling for the current time step based on the
measured updated values and future prediction of the uncertainties. Only the first step of the prediction
horizan is applied.

Finally, the reatime scheduling based on the model predictive control ensures the cost and energy
efficient energy system while minimizing the deviation from the-dhgad schedule. Integration of
multiple energy systems provides the fleikty needed for the future Danish energy systérhe summary
and recommendations are given at the end of the document
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0 Maximum gas input to gas storage Mw
o hoh Maximum gas output from gas storage Mw
YO O Downward ramp rate limits %/h
YO Y Upward ramp rate limit %/h
Y'Y Maximum capacity of the gas storage MWh
Y'Yy Minimum capacity of the gas storage MWh
Y Average absolute temperature of gas pipeline K
Y Gas temperature at base conditions K
Y Suctiontemperature °R
@ Offshore wind farm power output MW
w Onshore wind farm power output MwW
(%) Average compressibility factor
@ Resistance coefficient of the gas pipeline (kPa§/(m3/h)?
Variables
) Phase angle of bus rad
o7 Electric consumption of EB and HP MW
o f Electric load shedding MW
(0] Electric consumption of flexible demand MwW
(e} Electric consumption of GC Mw
(6] Electric consumptionf P2G MW
o N Heat power input in the HWT storage MW
o Heat power output from the HWT storage MW
o P Heat power input in the TES MW
o N Heat power output from the TES MW
oY Heat capacitpf HWT storage MW
oY Heat capacity of the TES MW
o 7 Heat power output from EB and HP MW
O Heat power output from flexible units MW
KO) Heat power output from BFP MW
KO) Heat power output from P2G MW
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N Pressure at node n kPa
0 Gas output from gas source MW
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0 Gas importo Denmark MW
0 Gas output from P2G MW
o N Gas input to gas storage MW
o " Gas output from gas storage MW
Y'Y Gas storage capacity MW
Yoo Gas flow in the pipeline MW
@ h Wind spillage of offshore wind farms MW
W h Wind spillage of onshore wind farms Mw
w h Binary variable, 1 if active, otherwise 0
o N Binary variable, 1 if active, otherwise 0
w h Binaryvariable, 1 if active, otherwise 0
o N Binary variable, 1 if active, otherwise 0
@ Binary variable, 1 if active, otherwise 0
w ) Binary variable, 1 if active, otherwise 0
o" Binaryvariable, 1 if active, otherwise 0




Binary variable, 1 if active, otherwise 0
Binary variable, 1 if active, otherwise 0
Binary variable, 1 if active, otherwise 0




1. INTRODUCTION

The installed capacity of the renewable energy sources is increasing at a high rate. In the future
renewable energy based power system challenges in the power system stability and security are more
likely to happen due to fluctuations and variability ohesvable energy sources. Hence, measures on how
to accommodate renewable energy sources should be introduced. One of the prominent solutions is the
integration of different energy sectors to provide flexibility and increase efficiency of the-emdtgy
systems.To achieve stable, efficient and lezarbon energy systems, a sector coupling and new market
regulations are playing an important rolehe mairobjective of this working package is to develop optimal
dispatch and online control algorithm for integed energy systems

We propose a coordinated optimization model for a cooperation of integrated energy systems. The
subsystems included in the integrated energy system are electrical power system, natural gas system and
district heating system. The subsyss are linked with the coupling components providing higher
flexibility to the energy systems. The optimal dispatch framework is based on model predictive control
and designed for online application.

The development of optimal dispatch and online cohfar integrated energy systems is performed
in three steps.

Firstly, a mathematical model of an integrated electric power, natural gas, and district heating
systemss developed and aoordinated optimization model fointegrated energy systems is propab
Integrated energy systems are systems consisting of more energy subsystems. In this report, district
heating system, natural gas system and electric power system are integrated by coupling components.
The coupling components are linking units betwee or more subsystems

Secondly, awo-stage stochastic programming approach is formulated for integrated ranérgy
system including the uncertainty of wind power production. In the first stage, scheduling of generating
units is performed, whileccommodation of wind power production according to scenarios of the wind
realization is realized through reserves in the second stAde/o-stage stochastic daghead scheduling
for integrated multienergy system is formulated. Stochasticity of the utaiety of wind power
production is represented through realistic scenarios and assigned probabilities generated by scenario
generation method.Scenario generation algorithm is based on historical observations and provides a
more advanced approach to chatadze stochasticity of wind power. To reduce computational burden,
scenario reduction algorithm is executed.

Thirdly, as the installed capacity of renewable energy sources has been increasing, a mismatch
between production and consumption is more frequémthe realtime due to the intermittent nature of
renewable energy sourcedMoreover, the dayahead schedule iso longer the optimal and feasible
solution for the reatime operation Therefore, in order to settle the power imbalances in the fi@ak
and to achieve energy efficient system, new solutions should be propddex proposed methods to
couple several energy systems, and to implement model predictive control intdimealscheduling.
Moreover, the model predictive control is performed thiglu deterministic approach and stochastic
approach.Thus, an optimal dispatch framework for rdmhe operation is designed based on model
predictive control. Model predictive control is an online control applied for stexrn dispatch. Based on
the measued updated values, the future states of the system are predicted for a specified prediction
horizon. Model predictive control makes the optimal scheduling for the current time step based on the
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measured updated values and future prediction of the uncettag Only the first step of the prediction
horizon is appliedStochastic model predictive control explores the flexibility and synergytedrated
energy system and investigates the benefits of stochastic model predictive control basetme=al
schedling used in thentegratedenergy system.

A linear problers areformulated by considering the balancing equations and subsystems constraints.
The moded aresolved by MOSEK in MATLaRI Cplex in GAM$he proposed methods have shown the
following benefits.

1 The subsystems linked with the coupling components provide higher flexibility to the energy
systems Sctor coupling though power to gas unit shows a great potential of increasing the
efficiency of theelectric power systemand utilization of excess wind power.

1 The proposed integration of mulénergy system and stochastic method indicate the
improvements in efficiency, flexibility and security of integrated energy systems. As a result,
total expected cost is reduced andsexves are optimized.

1 The realtime scheduling based on the model predictive control ensures the cost and energy
efficient energy system while minimizing the deviation from the-dhgad scheduleThe
stochastic model predictive control has shown the @age in utilization of excess wind by
powerto-gas units, increase in energy efficiency and cost savings.

1 Model predictive control aims to explore the possibility of enesjgrages to provide
balancing energy, to reduce the operational costs in-timak, to increase flexibility by
integration of various energy subsystems, to decrease the deviation from thaluzad
schedule and to increase the provision of reserves by P2G, electric boiler and heat pump.

1 Integration of multiple energy systems provide tfiexibility needed for the future Danish
energy system.

The deliverable is organized as folloBgcond section demonstrates modeling of integrated energy
systems. Moreover, the integrated energy system is divided into subsystems and subsystemsedre link
with coupling componentsThe mathematical models of integrated energy system, i.e. district heating
system, natural gas system and electric power system, are developed. The models are based on the Danish
case study for 2035 and 205The Danish integtad energy is modelled in Section 3. The optimal
scheduling and operation of integrated energy system and methods used are explained in Section 4. Least
but not the last, the summary of the results is given in Section 5. Finally, the summary of theaneghort
recommendations are given in Section 6.



2. MODELLING THE COORASTED OPERATION OHEGRATED ENERGY
SYSTEMS

Theelectric power systemEP$modelislisted in Equations (1(18). The natural gas system (NGS) is
summarizedin equations (19§42). The district heating system (DHS) modelling is demonstrated in
Equations (43}]63). Finallylinking units modelling is summarized in Equations-(68).

2.10peration of Electric Power System

Thenodal balancing equation fdEPS ish®wn in (1). The generation includesomass fired plant
(BFR and onshore and offshor&ind farm WH. The consumption side includes electric demagmulyer
to gas P2Q, heat pump HP, electric boiler EB and flexible demand in terms of demand respofiBR)
units. Denmark has a number of interconnection with neighboring countries, and therefore, import and
export are considered. Production limit of BFP is shown in (2). Consumption of P2G, EB, HP and DR is
limited by (3}(6). Wind spillage of offshore ammhshore WF are limited in ({8). load shedding limit is
illustrated in (9). Equation (10) limits the transmission line capacity and (11) notes the reference bus angle.
The ramping rate of BFP is limited by ramping rate limit (RRL) #{1@AR)Import &ad export have the
maximum capacity allowed and the limits are shown in{1%). As addition, binary variables are included
to ensure one process takes place at the certain time step. As addition, to ensure one process is available,
(16)(18) are listed.
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2.20peration of Natural Gas System

The nodal gas balance equation is illustrated in (19). The gas production consists of gas source
and P2G, while consumption considers damand.Interconnection for gas exchanged injection and
extraction to and from the gas storagee considered as wellThe gas source maximum limit is given in
(20). Equation (21) and (22) illustrate the maximum allowed limit for import and exporsoEgmations
(23)(25) ensure one process takes place at a time. State of energy of the gas storages is represented by
(26). Equation (27) limits the capacity of the gas storage and(223)limit the gas rate injection and
extraction to/from the gas st@ge respectively. Similarly, (3(B2) allow one process to occur, either
injection or extraction to/from the gas storage. Pressure at the reference node is given as a constant as
shown in (33). In order to control the flow in the pipelines, gas compressitio (CR) is given as shown
in (34). CR is given as a ratio between the discharge and suction pressure. The gas flow rate and pressure
are limited by its maximum limits as shown in (35) and (36) respectively.
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The general flow equation for the gas pipeline is as illustrated in [(B72] It represents the
relationship between gas flow, pressure and pipeline parameters. Equation (37) expresses pipeline
parameters through a paramet@s . Value ofd depends on gas pipeline length and diameter. Firstly,
the unit forcd  is kR?/(m?3h)2. To obtain® , Eq. (38) is presented

Nk n & & Y i HeRrNm (37)
(38)
The Equation. (37) can be rewritten to (39).

Nk Ng © Y 5 Hebvm (39)

The unitford is (m¥/h)/kPa and calculation dd is shown in (40)The parameters are given later
on in Section 3.

oy
6 508 P

m R Hemx v m (40)

Additionally, the gas system includes gas compressors (GC) and the expression for the GC
consumption is given in (41).

Y HH QB m (41)

The gas compressor consumption is calculated for each pipe containing gas compressor, and
therefore, the Y}, is the gas flow of the pipeline. is calculates as shown in Eq. (42)
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2.30peration of District Heating System

The district heating systefDHS}onsists of the supply and return pipelines. Supply pipelines deliver
heat from the heat source to the heat demand, while the return pipelines are pipelines tlumhr® the
heat source. The important parameter is the water temperatufée water temperature must be
maintained within the certain limitationsThe DHS model consists of hydraulic and thermal model.
Hydraulic model represents the continuity of the floence, Equation (43) demonstrates that the mass
flow entering thenode equals to the mass flow leaving the nodes and the mass flow consumption, i .e.
demand, at that node. The thermal part of the DHS model consists of few equations. Firstly, the
temperature drop is illustrated as the heat loss along each pipeline due to the heat transfer between the
high temperature water in the pipeline and the ambient temperature (&condly, the temperature mix
equation demonstrate the multiple flows entering the ¢h& leave the node with the common mixed
temperature a shown in (45). Lastly, the heat balance equation is presented imgtédsfor specific
heat capacity of water. However, due to large and distributed number of heating areas. The nodal heat
balance equation from (46) is demonstrated as heat balance equation for district heatirng(BieA).
Hence, DHS is divided into DHA andheai®a is balanced as in (47). The heat production consists of EB,
P2G, HP, heat generated from BFP and flexible heat producers notadiashe flexible heat producers
consist of solar based heating, gas boiler, oil boilers, waste heatEgteation (48) limits the heat
production from flexible heat producers and (49) limits the heat production from BFP. Equatio«{83p0)
demonstrate constraints for heat storages. The considered heat storages are hot water tanks (HWT) and
thermal energy storaged ES), such as pit or tank. HWT are located near the combined heat and power
(CHP) plant. TES are larger seasonal storages. The specification can be faufidthanstate of energy of
TES and HWT are shown in (50) and (55f)eetively. The maximueapacityof TES and HWT are limited
by (51) and (58) respectively. The injection and extraction to and from heat storages are represented by
(52)(56) and (59)63).
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2.4Linking of Integrated Energy Systems

In order to couple the various subsystems, linking units are introdu¢ld relationship between
heat and electricity generation from BFP is shown in (B4@.conversions from electricity to gas and heat
through linking unit P2G are shown in (65) and (66) respectively. The HP relationship of electricity and
heat is shown ir{67). Lastly, the relationship between EB electricity input and heat output is shown in
(68).

0 A 6 'Oy (64)

0r - Moy (65)



(66)

(67)

(68)



3. DANISHNTEGRATEBENERGY SYSTEM

The Danish energy system consists of EPS,ad® DHS. The system data is presented for future
scenarios for 2035 and 205Dhe system is converted to gystem to decrease the computational burden
[1]. Parameters and data is further on based on the subsystem it belongs to.

3.1Electric Power System

The parameters for electric power system are giirethis subsection. The EPS system is on pu bases.
Base power is 1000MVA and base voltage is 400kV. Line data can be findlive retwork model is
shown inFigurel. The distributed aggregated demand and onshore wind farms are not listed. However,
the listing can be found further in this section.

.
‘C PoLAND

Figurel. Network model for EPS in 2035

3.1.1 Biomassfired power plants

In 2035 and 2050, there are #® combined heat and powemits and the data is presented Trable
1. The CHP units are biomass baseits [4]. In the future, it is expected that coal and gas fired power
plants will be phased out by 2038]. The ramp rate limi{RRL}s 10%/min.
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Tablel. Parameters for CHP urf#]

YEAR 2035 2050

Bus | AW i foabTed o [l okl o
5 0 700 0 179
8 0 358 0 92
16 0 1493 0 220

3.1.2 Offshore and onshore wind farms

The installed capacity afffshorewind farmsfor 2035is shown inTable2. The maximum output
power of onshore wind farms in 2035 can be foundTable2 as well. The onshore wind farms are
aggregatediue to its disperse location3 he entire installed capacity of offshore wind farms is 5798 MW,
while for onshore is 5414 MW. Summing up to 11212MW in total of installed wind poaacity
According to planning results [i], the maximunaggregategower output of onshore and offshore wind
power is 5165 MW and 5724W respectively. In addition, according[&], the maximum output power
reached by offshore wind power is 5722 MW, while for onshore is 5361 MW. Therefwieore wind
farmsare proportionaly scaledo reach 5361 MW and presesd inTable2 in the last column

Table2. Parameters for installed capacity of offshore wind farms and maximum output powesraghore wind farms in 2035
(4]

Bus f:“'m’f ool e 7ol b
1 120 150.77 156.49
2 1100 108.556 112.67
3 205 445.39 462.28
4 - 356.85 370.38
5 400 241.49 250.65
6 2312 250.35 259.84
7 - - -

8 300.39 311.78
9 - 1070.80 1111.43
10 - 247.78 257.18
11 - 91.62 95.09

12 - 56.20 58.335
13 - - -

14 304 133.45 138.51
15 757 391.75 406.61
16 600 136.40 141.57
17 - 1076.96 1117.83
18 - 106.25 110.27

The installed capacity of offshore and onshore wind farms in 2050 is shoWabla3. The entire
installed capacity of offshore wind farms is 12785 MW, while for onshore is 6164 MW. Summing up to
18949MW in total of installed wind power capacity. According to planning result§, the maximum
power output of onshore and offshore wind power is 5679 MW and 12560MW respectively. In addition,
according tg[6], the maximum output power reached by offshore wind power is 12560 Mg for
onshore is 6057 MW. Therefore, a proportional scaling of onshore wind farms to reach 6057 MW is
performed and presented iffable3 in the last column.
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Table3. Parameters for installed capacity of offshore wind farms and maximum output power of onshore wind farms in 2050
[4]

Bus f:“'m’# ool tme 7o b
1 130 165.77 176.810
2 4320 119.35 127.303
3 224 489.71 522.305
4 - 392.36 418.476
5 - 265.52 283.197
6 4951 275.25 293.580
7 - -

8 - 330.28 352.266
9 - 1177.36 1255.73
10 - 272.43 290.571
11 - 100.73 107.440
12 - 61.80 65.9089
13 - -

14 400 146.72 156.496
15 2160 430.73 459.406
16 600 149.97 159.957
17 - 1184.13 1262.95
18 - 116.81 124.594

3.1.3 Interconnections

The interconnectioabetween Denmek and neighbouring countries apeesentedfor 2035 and 2050
in Table4.

Table4. Interconnections in 2035 and 2054]

YEAR 2035 2050

Bus  Country- Link name ||~E"H"JJ = |Pi'ﬁﬂ+'il - FE'M“J - ||fj‘£ﬂﬂ+°ﬂ =
4 Norway-DKW-OSL 700 700 700 700
7 Great BritainViking 1400 1400 1400 1400
6 GermanyDKW-DE (West coast) 500 500 500 500
9 GermanyDKWDE 2500 2500 2500 2500
15 GermanyKontek1 585 600 585 600
16 PolandPolen link 600 600 600 600
18 Sweden@resund 2500 2500 2500 2500
1 SwedenKonti-Skan 740 680 740 680
4 Norway-Skagerrak 1632 1632 1632 1632
6 NetherlandsCobra 700 700 700 700

3.1.4 Electricdemand

The demand is aggregated based on data providgd]inThe demand provided is shownTiable5.
The entireaggregated demand provided equals 4025.2MW as given in the first colurable 5.
According to thg6], the aggregated demand for 2035 is expected to be 6407a4dhnual maximum,
while in 2050 is expected to be 7100MW. Therefore, proportional scaling is perfaomedch 6407MW
and 7100MW in 2035 and 2050 respectively. The results are shown for eadbor®2G35 and 2056n
Tableb.



Table5. Aggregated demand4]

YEAR 2020 2035 2050
Bus o U= o 1= o 1=

1 117.5 187.03 207.256
2 84.6 134.66 149.224
3 347.1 552.51 612.245
4 278.1 442.67 490.537
5 188.2 299.57 331.963
6 195.1 310.56 344.134
7 0.00 0 0.00
8 234.1 372.64 412.926
9 834.5 1328.36 1471.96
10 193.1 307.37 340.606
11 71.4 113.65 125.941
12 43.8 69.72 77.2582
13 0.00 0 0.00
14 104.0 165.54 183.444
15 305.3 485.97 538.514
16 106.3 169.20 187.501
17 839.3 1336.00 1480.43
18 82.8 131.80 146.049

3.1.5 Flexible Iad, heat pump, electric boileand P2G

The flexible load is aggregated and placed in the Danish systeonding to the planning resulf4].
Theflexible demand is including flexible load providing demand response and vehicle te@rnology.
The maximunaggregatedpower consumption thdlexible demand can provide is 2380MW in 2035. The
maximum poweiconsumption limits for each buee shown inlrable6.

Additionally, flexible demand is taking into account electric boilers (EB) and heat pumps (HP) which
can also provide a part of demand respenbut mainly are used to provide the heat to the DHS. This are
larger units compared to household HP and EB. The maxiaggregated consumptioby EB and HP is
1989MW in 2035. The maximuaggregatedoower consumptionlimits for EB and HP are 263MW and
1726MW respectively. In EPS, another consumer considered is powgas (P2G) and maximymower
consumptionlimits are provided ifTable6.

Table6. Flexible demand, EB, HP, and P2G maximum power consumption in[2D35

Buslo " 4+ o" tx o" Lgx 0" b6
1 69.47 7.677 50.38 128.52
2 50.02 5.527 36.27 -
3 205.2 22.67 148.8 80.07
4 164.4 18.17 119.2 27.65
5 111.2 12.29 80.69 -
6 1153 12.74 83.65 30.42
7 - 0 0 93.32
8 138.4 15.29 100.3 -
9 493.4 54,52 357.8 -
10 114.1 12.61 82.80 -
11 4221 4.665 30.61 -
12 25.89 2.861 18.78 -
14 61.49 6.795 4459 -
15 180.5 19.94 130.9 -
16 62.85 6.945 4558 -
17 496.2 54.83 359.89 -
18 48.95 5.41 3551 -




In regards to 2050 he maximumaggregatediexible consumption powets 4264MW in 2050. The
maximumconsumptionlimits at each bus for the flexible demarate shown inTable7. The maximum
demand consumed by EB and HP is 1433MW in 2050 which is 556/€l\tldesn 2035 The maximum
aggregatedconsumption limits for EB and HP are 59MW and 1374MW respectively. In EPS, another
consumer considered is pow#s-gas (P2G) and maximum limits are providedable7. The allocation
of demand is based on the planning resy4tks

Table7. Flexible demand, EB, HP, and P2G maximum power consumption in[2D50

Busf[o " 4+ oM U5 o " U4 o " Do
1 124.470 1.722 40.108

2 89.6189 1.240 28.878

3 367.692 5.087 118.48

4 294.598 4.076 94.929 -

5 199.365 2.758 64.241 344.68
6 206.674 2.859 66.597 585.40
7 0 0 0 284.52
8 247.988 3.431 79.909 -

9 884.007 12.23 284.85 104.02
10 204.555 2.830 65.914 -
11 75.6358 1.046 24.372 618.22
12 46.3984 0.641 14.951 -
14 110.169 1.524 35.500

15 323.412 4474 104.21

16 112.606 1.558 36.285

17 889.092 12.30 286.49

18 87.71 1.21 28.26

3.2Natural Gas System

3.2.1 Pipeline parametersand conversion to pu system

Further on, NGS parameters are presented in this section. The Danish NGS isdobgvicherginet.
The maximunflow of the pipelines is in #h. In order to obtain the NGS system in pu, the base power of
1000MVA and base pressure of 1MPa are considered.

According to Equations ($740), the pressure drop equation requires a parameier . 6 in
(m¥h)/kPa @n be catulated and according to Eq. (3%he parameter®d can be obtained. The
parameters are presented ihable8. Y andr] are based on normal cubic meter conditidid$.[ is also
called relative density of natural gas. The relative density ranges from 0.55 [@]0li this work] is
taken as an average tfie values reported ifi8]. “"Yis average of the temperature reported [8]. & is
based on10]. Energy loss in Danish NGS is around 0.05% of the total gas comsuripirefore, the
efficiency-; can be set to a higher valyél]. The diameter for each pipeline is converted in meters
and the length is in kmQ is calculated as shown in Equatif@®). "Q isfriction constant and equals
to 0.0094071].

9 2 (69)
—

0 s in (n¥/h)/kPa anda conversionis used to obtain (MW)/kPa. The conversi@ shown in
Equation(70). UCV is upper calorific values, or so called Wobbe index. In equatiaiCitienit isMIm?
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[1]. TheUCVcan also be found in kWh/ffrin which case 3600 can be omitted and only conversion to
MWh/m?3is acquired.

“y %

YO ® (70)
o@EmM

The upper Wobbe index is from 14.1 to 15.5 kWHA[@. In terms of MJ/rf, it ranges from 50.76 to
55.8 MJ/nt. TheUCMn this work is obtained as average frondifferent mixtures of gas composition in
Danish NGS and value is presentedable8 [8]. Lastly, conversion to obtain puterms of pressure and
gas flow is acquired.

Table8. Parameters forg

Parameter Value Parameter Value
F 75.54 I 295.65 K
N 273.15K AL, 0.95
- 101.325 kPa ty o 0.9995
a 0.6094 ucv 53.644 MJ/m®

3.2.2 Gascompressorand conversion to pu system

In the NGS, it is common to have gas compressor. In the Danish NGS, there are three gas compressors.
The gas compressor can consume either gas or electfidify As shown in Equationsi(#and (42, the
gas compressor consumption depends highly on compressor ration and gas flow in the pipeline. Initially,
the gas flow is represented in volumetric gas flow rate in million standard cubic feet of gas per day
(MMSCFD) and the consumption ofwpressor is given in brake horsepower (BHP). Therefore, the initial

equationis presented in Eq71).0

Theparameters used in Equation (4are shown ifrable9. U
flow unit isMMSCFDYis based on the average tempdure, the values 0O , & and—

6 "00

oy
o _

0 ®

® p

isthe volumetric flow rate of gas in MMSCFD.

A .

6'Y p 0 AQd m (71)

is the constant usewhen the gas
are based

on assumption for centrifugal unit according [tb0]. Compression ratid@) ‘Y is the ratio between the
discharge and suction pressure. The value is usually arountid].a he compressor ratio in the pipelines
with no compressor equals one. In this work, the valu® 6fis 1.143 and it is obtained by ratio of
maximum and minimum pressure ranges. The detailed pressure ranges arenedplaither in this
subsection.

Table9. Parameters folf 7 §

Parameter Value Parameter Value
Ly ¢ 0.0854 T 0.85
I 0.95 1 13
B 532.17 °R Ed 1.143
0 0.99 .. ._.. 8.496e4
Br — 745.7e9 | T 6.7109e4




As the entire integrated system, including NGS, is in pu system, the gas compressor consumption
should be converted to pu system. the Equation (72) introduces several new parameters in order to obtain
pu consumption. Firstly, in Equation (71) the power is in HP and 1 HP equals to ®8NaVie Therefore,
additional term appears in Equation (72). As mentioned, the flow should be converted from MMSCFD to
m3h. From ni¥/h the flow is converted to MW, and further on obtained in pu which is also an input to the
Equation (72). Hence, the base power is used to convert to MW and Eq. (70) is used to obtain m3/h. As
the last step n¥h are converted to MMSCFD and the value of @gion is noted a¥ and
shown inTable9. The final consumtion of gas is shown in Eq. (7D and“Y are gven in pu
system.

il ® oY Yo Q Q

¢ ¢
¢

(e} 0 @

QB m (72)

3.2.3 Nodes and pressures

As mentioned earlier an@ccording to Equation (36), the operational pressure limits should be
accounted forThe Danish natural gas transmission system is operated-&D Tar. The main distribution
pipelines are operated at 180 bar while distribution systems argerated atfour bar[12]. The maximum
pressures in Danish gas transmission system are based on the data provided by Energinet. The minimum
pressures are therefore at most pipelines at 70 bar. The exceptions are those whose maximurimgperat
ranges are lover. It can be noticed in Equation (3®at the square of pressure ¢®nsidered. Ifequation
(33), the reference node is situated at the gas source node and the pressure at that point is 8 pu. Hence,
l  is 64.The Danish transmigsi NGS is shown Figure2. The placement of Rz corresponds to 2035.
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Figure2. Danish gas transmissiogystem
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3.2.4 Gas sourcegas storage, P2G and gas interconnections

The maximum gas input from the gas source, as well as import and export of gas, and the gas storage
capacity limits are given {13, 14] The maximum operational limits aralculated based on conversion
whereUCWequals to 12.1 kWh/m(43.56MJ/nd). Exception is the gas imported from Germany where the
UCMs 11.2 kWh/m (40.32MJ/m).

Due toUCWalue different in this worland the data provided in M\Whe conversion toriginal n¥/h
is performed and further on, the maximum values are obtained by applying UCV that equals to
53.644MJ/m. Theinitial data according td13], the data recalculated in #h and the data converted
back toMW is showrin Tablel0. The gas storage capacities and P2G maximum output is sbo®635
and 2050 is showin Table1l1. The placement of P2G is based on the placement assumption in EPS
according tq4].

Table10. Danish NGS data according [tb3] and recalculated value for 2035 and 2050

Parameter | Node: numbername Value (MW)[13] Value (ni/h) Value (MW)
FLE 1-Nybro 16500 1363636,36 20319,70
[ ﬂ Te 26- Ellund 10000 826446,28 12314,97
48- Dragar 3799 313966,94 4678,46
it 26-Ellund 7700 687500.00 10244,51

48- Draggr 600 49586,78 738.90

BRI 19- LI.Torup 1820 150413,22 2241,32
52- Stenlille 2390 197520,66 2943,28
[ # 0Bt e 19- LI.Torup 4000 330578,51 4925,99
52- Stenlille 4100 338842,98 5049,14

Tablell Danish NGS data for P2G and storage capacity

YEAR 2035 2050
Parameter Node: numbername Value Node: numbername Value
|E wTe 21- Ellindshgj 89.97 25- Skjoldelev 241.27
17- Karup 56.25 15- Brande 409.78
18- Viborg 19.36 2 ¢ Varde 199.16
15- Brande 21.30 31- Hgjby 72.82
2-Varde 65.33 30- Koelbjerg 432.75
14 19- LL.Torup 4965GWh 19-LI.Torup 4965GWh
52- Stenlille 5855GWh 52- Stenlille 5855GWh

The minimum operational limits, such &, " B " and"Y"Y are set to zero for all nodes

where units areplaced The initial values of the storage capacitiestf@ simulatiors are set to the half

of the maximum capacity values. The maximum flow in the pipelines is provided by Energinet. As the flow
changes after the distribution of gagcurs the data from[12] is used to approxintaly the maximum

flow in the pipelines. 1112], the yearly load profiles for different M/R stations can be found. At Varde,
the flow is always one directi@h as the source is situated at Nybro and it can reach up to ibmit#/h.

At Ellindshgij, the flow isne directionalas well and very low. Herning and Terkelsbgl have bidirectional
flow during entire year reaching 30000G/mand 700000r¥h respectively. At Hgjby, the flow is positive
towards the Zealand reaching 40@6%h. The maximum flow is multiplied for each pipeline with value

of 2.86 to reach higher maximum flow rate in the pipelinksorder to have a linear model, Equation 37

is linearized by piecewise linearization as suggestétisn
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3.2.5 Gas demand

The gas demand on each node is obtained in the following manner. The hourly demand data for
different regions can be obtained [4]. The demand is separatéd Fyn, greater Copenhagen, Aalborg,
Dong East, Dong West and Jylland. The division is based on the different distribution companies in those
areas.

Further on, the yearly consumption on TJ basis was provided by Danish Energy Agency and it is shown
in Tablel2. Thenumber of aeas found irf4] andnumber of areas provided dyanish Energy Agency
different. Thus,the proportion of each aregprovided by Danish Energy Agenisy calculatedand
connected to an area provided jd]. The proportion and connections are shownTiablel2. Firstly, the
areas are assigned to the six areas found4inand as shown in third columnrable12. Additionally,

Aalborg area is separately considered as the hourly demand for Aalborg is obtai@dHarther on,
there are multiple areasonnected tdfor Jylland, Dong East and Dong Wesid the proportions of each
area is calculated and shown Trable12 in the last columnThe proportion is multiplied with the data
provided by[4] for each region. The goal is to obtain hourly values for demand according to number of
areas in the first column. Finally, hourly demand for 13 areas is obtained.

Table12. Gas demand on yearly basis of different areas in Danish NGS

Area Value (GWh) Areas connected to Proportions

Fyn 1855.09 Fyn 1 Fyn
Nordjylland 2463.71 Jylland 0.1921 - Jylland
NordVestJylland 5324.93 Jylland 0.4152 - Jylland
NordgstJylland 2980.75 Jylland 0.2324 - Jylland
Storkgbenhavn 8540.89 Greater Copenhagen 1 . Greater Copenhagen
Sydmidtjylland 1076.20 Dong West 0.3363 - Dong West
SydSjeelland 2376.67 Dong East 0.6148 - Dong East
Sydvestjylland 419.286 Dong West 0.1310 - Dong West
Sydgstjylland 540.130 Dong West 0.1688 - Dong West
Sgnderjylland 1164.91 Dong West 0.3640 - Dong West
VestSjeelland 1488.80 Dong East 0.3852 - Dongast
@stlylland 2054.07 Jylland 0.1602 - Jylland

The yearly demand in 2019 was 27302.98 GWh. In 2035, it is expected to have 1999Vh@\tio
between two values is 1.3654. Therefore, the demand for each of the 13 areas is scaled to reach yearly
demand of 19997 GWh. Additionally, the conversion to MW and pu is performe2D50, the yearly
natural gas demand is expected to be 1480&/1G Finally, when appropriate scaling is performed to
obtain the demand of those 13 areas, the demand can be assigned to corresponding nodes in Danish NGS
based on the area location.

3.3District Heating System Areas

The district heating system consists of heat provided by CHP, thermal energy st@rg§e¢snd hot
water tanks (HWT). HWT are used to stahe over production of heat fromCHP In cases of
underproduction of heat by CHP, the heat is provided by the H¥eat is also provided by P2G, EB, HP
and flexible heaproduction units The district heating system is split into areas as mentioned and the
areas are illustrated ifigure3.
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Figure3. Danish district heating system areas
3.3.1 Heat demand

Hourly heat demand profile for 1 year can be foundigh It is aggregatedemandfor entire Danish
heat system The demand is proportionally divided to 13 areas based on the dembochtiondata of
the NGS. It is assumed that the geographical distribution of heat is similar to geographical distribution of
gas. The proportion for each area in Danish DHS is givieablel3.
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