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Abstract

Nowadays, installed capacity of renewable energy sources is increasing at a high rate and even higher increase is
expected in the future. In order to accommodate renewable energy sources, integration of gas, electricity and district
heating network is a promising solution. This paper provides a coordinated operation and analysis of electricity,
district heating and natural gas system with integrated wind farm. The interactions among different energy sectors
will provide more flexibility required by the future renewable energy system. A nonlinear optimization problem is
presented with focus on decreasing the operational cost and improving efficiency of integrated system, as well as
meeting the demands. Optimal operation is performed for a test case system including constraints of individual
systems and linkages between each of the systems. The test system includes electrical, district heating and natural gas
subsystem with thermal and gas storages, combined heat and power and power to gas units and wind turbine.
Simulation results show that integration of electricity, heating and natural gas system decreases the operational cost
and provides higher flexibility to the system. Moreover, wind curtailment is reduced with integration of P2G.

Keywords: Combined heat and power, electrical system, district heating system, natural gas system, optimal dispatch,
power to gas

1. Introduction

Long-term targets for 2020, 2030 and 2050 for European countries are introduced by European
Commission with the main target of having a sustainable and secure energy system by 2050. Taking
Denmark as example, in 2015, wind power penetration was 50% and in 2014, wind power generation
exceeded demand by almost 1000 h. Danish main goal by 2050 is 100% renewable energy sources (RES)
based system [1]. Nowadays, the installed capacity of RES is increasing at a high rate and replacing
conventional generators. Consequently, mismatch between generation and demand can occur, leading to
unstable system. In order to realize the long-term goal of RES based systems operating in a secure,
reliable and economic manner, the synergy between electricity, heat and gas has to be explored [2].

Extensive studies have been carried out related to integration of energy storages and flexible loads in
order to accommodate the RES including [3]. Furthermore, electric water heater, combined heat and
power (CHP) and heat pumps are widely used and an extensive literature can be found for linkage
between electrical power system (EPS) and district heating system (DHS). In [4], the optimal dispatch of
EPS and DHS of urban area with increased RES is performed with the aim to decrease operational costs
of both systems. Authors of [7] introduced and compared two methods, decomposed and integrated, for
combined analysis of EPS and DHS where optimal dispatch of EPS is considered only. Optimization of
operation of DHS with thermal storage in pipelines is presented in [8] and optimization of supply
temperature and mass flow rate in DHS with minimization of operational cost and losses is presented in
[9]. When it comes to natural gas system (NGS) and EPS, basic principle of modelling of NGS, and
optimal power flow of EPS and NGS is presented in [10]. Moreover, the link between NGS and EPS used
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to accommodate RES is power to gas (P2G) unit which has a fast response to changes in generation and
demand according to [5, 6]. Furthermore, it can convert excess electricity from RES to hydrogen or
methane which further on can be stored in gas pipeline or storage for longer periods [5]. The interaction
of NGS and EPS through P2G units is studied in [11]. Steady state analysis of NGS and EPS system with
units P2G and CHP is presented in [5]. Based on the work done in mentioned papers, the interactions
among different energy sectors should provide higher flexibility required by the future RES system while
minimizing the operational costs and losses. One of the prominent solutions to balance the renewable
production and increase flexibility would be to integrate EPS, DHS and NGS with energy storages and
coupling components. In this paper multi period optimal operation focused on minimizing operational
costs of all systems and detailed constraints of integrated network are presented. Firstly, mathematical
models are used to describe the DHS including demand, thermal storage and heating source like CHP
units. In DHS, temperature of water is important parameter that must be maintained within permissible
operational limits and the effect of water temperature on DHS is further on explained in Section 2.2.
Secondly, mathematical model of NGS including gas source, P2G unit and gas storage is developed.
Finally, integration EPS, DHS and NGS including their components and links, and analysis of
interactions between electricity, gas and heat is conducted. Further on, optimal operation strategy of
integrated energy system is developed. Optimal operation including mathematical models is performed in
software General Algebraic Modeling System (GAMS) and results are additionally verified through
MATLAB Yalmip toolbox and MATPOWER toolbox.

This paper is organized as follows. The second section introduces the mathematical modelling of EPS,
DHS and NGS. Accordingly, linking components of integrated system are presented with corresponding
constraints. In section three, test case of integrated system is presented and analysed. Section four
provides the results of the test case system. Section five gives the conclusion of this work.

1.1. Nomenclature

Notation Description Unit

A\ FPS/DHSINGS Set of nodes in EPS/DHS/NGS

QEPwT Set of electricity demands/wind turbines at node n

QPi/HsIcHP Set of heat demands/ /heat storages/CHP at node n

QES/CRICCIPZGIST Set of gas sources/gas demands/GC/P2G/gas storages at node n

T Set of hours

a;, P 7 Cost coefficients for CHP $/Mwh

Aot Thermal conductivity of pipe m-n W/meC

lgGC Operational energy consumption coefficient of GC g

n®° Compression efficiency of GC g

5, 77? Generating electrical and thermal efficiency of CHP unit j

7 The energy conversion efficiency of at P2G unit

T;,”m Temperature of inlet to node n of pipe m-n °C

Tomt Temperature of outlet of node m of pipe m-n °C
e Minimum/maximum water temperature of inlet/outlet of pipe m-n  °C

c Specific heat capacity of water J/kg°C

¢..CR Specific heat ratio for natural gas and compression ratio

ce* ce,cPe Marginal cost of power and gas supply: CHP, gas source and P2G ~ $/MWh

C T infout Marginal cost of heat input/output to/from heat storage $/MWh

C ST nfout Marginal cost of gas input/output to/from gas storage $/MWh
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C Total operational cost of integrated system $/h

D", Dee® Gas consumption in CHP unit j and power demand in P2G unitk MW

D7, DgY, DY Gas consumption in GC g, gas demand and electric demand MW

E®C GC parasitic efficiency

Gt Gas flow rate in pipeline n-m mé/h

HT™ HIP MM Heat supply and max/min heat supply from CHP unit | MW

H s Heat output of heat storage h to heat network, MW

Hyo Heat output of heat network to heat storage h MW

H Heat demand MW

H S infout, min/mex Minimum/maximum heat input/output capacity of heat storage h MW

HS,,, HS,™"™ Heat stocks and max/min heat reserve in heat storage h MWh

K¢ Constant of GC

LHV Lower heating value MJ/m?

(1 Length of district heating pipe m-n m

My » Moo ™ Water flow rate and max/min water flow rate in pipe m-n kg/s

Pae (pr )™ ™ Gas pressure of node n and minimum/maximum operating limits ~ MPa?

P Power supply from CHP unit j MW

Rures Py Power output of wind unit fand power spillage for wind unit f MW

P Qs Py Qp Active and reactive - output power of generator and load power MW, MVAr

pyin/max | Quin/mex Upper and lower bound of active and reactive output power MW, MVAr
g1 s Qg Gas supply and minimum/maximum gas supply from gas source MW
oG, QE2e minimax Gas supply and minimum and maximum level from P2G unit k MW

QT QST ™ Gas input/output and gas input/output capacity of gas storage s MW

Somt 1 Sam Gas flow rate and transmission capacity of gas pipeline n-m MW

Sgt Gas flow rate through gas compressor g MW

ST, , ST,™™ Gas stocks and minimum/maximum gas stock in gas storage s MWh

T..Z, Suction temperature of GC and average compressibility factor °R, -

\VAVAL Ly Voltage amplitude, voltage amplitude limits, phase angle of busn  kV, rad

Yon Admittance of transmission line n-m p.u.

Z Resistance coefficient of the pipeline kPa?/(MW)?

2. Mathematical modeling

2.1. Modeling of electric power system

Optimal power flow studies have been performed for a long time where the main objective is to supply
the load reliably and as economically as possible. The power flow study in this work is optimal AC power
flow. The goal of this study is to obtain generators active and reactive power and voltage angle and
magnitude on each bus. Active and reactive power flow balance equations for every bus in the EPS in the
form of equality constraints are shown in (1)-(2) with the operational limits of the variables in (3)-(4)
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[12]. To further on expand the power flow balance equation regarding CHP, P2G and wind turbine, (5) is
presented with its operational constraint in (6).

Pes =P =M 2V cos(d; -5, - 4)) @
j=1

Q= Qo =M NI, [sin(s, -5, -6,) @
j=1

PGimin < PGi < PGimax (3)

Vimin SVI Svimax (4)

> P+ 3 (Ra—REY)-
fEQXVF

ieQCH?
" ®)
- Z DPZG,k,t - Z Del*z? = Z |Vn”Vn||Ynm|Cos(5n _6m _enm)l VteT,Vne AP
kEQﬁZG eeQED meQ,
0<R¥ <Ry, VFieQ" vteT (6)

2.2. Modeling of district heating system

DHS consists of supply pipelines delivering heat from the heat source to the heat demand and return
pipelines coming back to the heat source. As previously mentioned in Section 1, temperature of water is
important parameter. The supply temperature varies from 70°C to 120 °C, while return temperature is
lower depending on the heat extracted by the heat load [7]. DHS model consists of hydraulic and thermal
model. Variable in hydraulic model is mass flow, while thermal model includes supply and return
temperatures and heat power delivered by the heat source. 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 and it is shown in (7). 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 is as presented in (8). The heat power being positive means releasing power
to the system, while negative indicates heat loss or heat being consumed by the load. Further on, the
equation for temperature drop is provided in (9) where 4 depends on diameter and heat transfer coefficient
of the pipeline. In this work a constant of 0.4 is taken for A. The heat loss of each pipeline is due to the
heat transfer along the pipe from high water temperature to the ambient temperature. In this work ambient
temperature of 10°C is chosen. The total heat loss of DHS is the sum of the heat losses in each pipeline.
The temperature drop equation is applicable for both supply and return network. Furthermore,
temperature mix equation shown in (10) is used when there is more than one incoming mass flow to the
node. The temperature of mass flow going out of the node is then calculated based on the temperatures of
incoming mass flows [7]. The operational limits for DHS and heat storage balance equation are presented
in (11)-(16). Temperature lower and upper limits for DHS in this work are 30°C and 80°C respectively.

D My =0,YmneA™® vteT )

meA,

Y OHGP+ X (HIPT R )= 3 Hit=com (zm —Ton ), VmneA®® vieT (8)

mnt ~ “mnt
jeaStP seQhS leQht
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Zmn,t bmn
Tomt —Tone =€ T (rom a0 ), VM N E A Ve T 9)
Tomy 2 M = > (mnmyt nmt) vm,ne A°® vteT (10)
meA, meA,
HEPm < HOP <HTP™ vj e Q%P vteT (11)
HS, .. = HS, +(HZ™ —HP"),  vheQ™ vteT (12)
H psinoutmin. < HSinfout o pHsinuma gk @ OFS vt e T (13)
HS™ < HS, < HS™, VheQ™ vteT (14)
me' <m,, <M vm,ne AP vteT (15)
Trl:éom Amin < T::;O‘m < TIH/OUI omex Vm ne ADHS VteT (16)

2.3. Modeling of natural gas system

NGS consists of loads, pipes, gas compressors (GC), storages and P2G plants. While natural gas is
being transported, there is a gas pressure loss due to the pipeline and gas friction and energy loss due to
the heat transfer between gas and environment along pipelines. Therefore, compressors are integrated in
the system to compensate for the losses and to keep the gas flowing. In that way, a part of transported gas
is used to power the compressors. Other than gas source supply, P2G units are integrated which are using
surplus electricity to produce hydrogen. For modelling purposes of NGS, following equations are being
used. Firstly, (17) is pipeline flow equation with fixed gas pressure at reference node to 1MPa each hour.
Secondly, nodal gas flow balance is shown in (18). Further on, in (19) energy consumption by GC is
provided. As mentioned, DHS has storages to optimize electricity and heat production. Meaning, in cases
of overproduction, CHP decreases its generation and while heating demand is high, the heat is provided
by the heat storage. Therefore, balance of gas storage is shown in (20) and operational limits of NGS
variables are presented in (21)-(26).

i = P2 =Zom (Snm,t )2 . Vn,meAN® vteT a7
Z Q Z ( STout STln) Z szs
geQ®s seQs’ keQP?® (18)
- Dt - > D - > DA =) S, YmneAS vteT
deQnGD QEQSC jeQ‘n:Hp meA,
T,
Dyt = A°Sg =Kz {EGC GC}LC‘:J[(CR)% —1}55,0, Vg eQ® vteT (19)
k
ST, _ST50+Z( - Q) Vs e O Vi eT (20)

Q;_;S,min < QGS < QgGS,max, Vg c QGS , Vt c T (21)

gt —
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Q:’ZG,min < Q:%G < QEZG,max' \v/k c QPZG , \v/t c T (22)
0 S QSSI,inlout S QSST,inlout,max, VS c QST , Vt c T (23)
(Pr)™ < Pre <(Pa)™, VNeA™ vteT (24)
S <S L SSmx. vmne AV VteT (25)

ST™ < ST, <ST™, VseQ™ vteT (26)

In order to obtain MW as unit for gas flow, as presented in notation, conversion from m%h to MW
must be performed. The equation is presented in (27) and the reason for that is as follows. During
combustion process of hydrocarbon fuel, a water is released as by-product. The heat in water vapour that
is generated cannot be recovered and due to that lower value of heating power, LHV is used [5, 13]. LHV
considered in this work is 37.26 MJ/m? according to [5].

LHV

S, =G, ——
nm,t nm,t 3600

(@7)

Accordingly, the unit of energy consumption in GC in (19) is horsepower (HP) and conversion from
HP to MW must be done. Firstly, m%h must be converted to million standard cubic feet per day
(MMSCFD) where 1 m%h equals to 8.47-10* MMSCFD in order to obtain HP. Lastly, 1 HP equals to
746-10° MW.

2.4. Modeling of coupling components — combined heat and power and power to gas

There are two linking components in this work, CHP and P2G. CHP is consuming natural gas for
generating electricity, where a byproduct is heat used for DHS. Therefore, a relationship between
electricity and heat generation can be obtained. Moreover, gas consumption of CHP unit based on
electricity and heat generation can be calculated as shown in (28)-(29). The #¢ and #" in this work are set
to 0.3 and 0.5 respectively [14].

Pj?tHP = D??Pnj_e’ Vj € QCHP,Vt eT (28)
HE?P — DEIHPU?y Vje O wteT 29)

P2G is a unit 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 gas demand [2]. The energy necessary for obtaining hydrogen is
lower than for obtaining methane according to [15]. Therefore, in this work, methanation process is
considered which is leading to lower efficiency of P2G of 0.5. The relationship between gas production
and consumed electricity of P2G is shown in (30).

P26 —pPeDPC vk e QP VteT (30)

2.5. Objective function

The objective is to perform optimal dispatch which is allocating generation among every generation
unit and storage maintaining the total cost minimized. Therefore, the objective function is shown in (31).



Ana Turk et al: Optimal operation of integrated electrical, district heating and natural gas system in wind dominated power system 7

T CHP

n' [Ny n nhs ) :

H CHP CHPy\2 CHP CHP HST,in HS,in HST,out HS,out

Ct:man;{Z:laj+ﬁij +7,(P®) +hzl(ch H: )+zl(cs MY SN Tty )}
t= J= =] 5=

(1)

I,‘T nGS nST nP2G
GSA~GS GST,inAST,in GST,out ~ST,out P2G~P2G
+ {zcg Qe + X (CETMQI +CETHQT M )+ X €y }
s=1 k=1

t=1 | g=1

3. Integrated electricity, district heating and natural gas test case system

Test case of integrated 4-bus EPS, 6-node DHS and 5-node NGS is presented in Fig. 1. Electricity,
heat and gas demand and wind power generation data are provided by Danish transmission system
operator, Energinet. Time interval of obtained data is 1 h and simulation period of 1 day is chosen in
January. The data is converted in per unit system where base values of power and gas pressure are 1 MW
and 1 MPa respectively. Additional data for test system is presented in Table 1 and Table 2 according to
[4, 5, 6]. The operation of integrated test case model is solved by solver IPOPT in GAMS.

Table 1. Values and limits of variables and parameters

51| ] B4 Parameter/Variable Value
W(Iijd (H fHPY H:S,in/ou\ ’ Q:ZG Y ans)min Opu
e Hsrr‘nin,STsminy H;)HP,max,QgGS‘max 0.1 pu, 0.1 pu,1pu, 7.7 pu
B3 —— PLI P Q= H:S‘in/om QETioutymex 0.1 pu, 0.1pu, 0.1pu
Ha4 H5 H6 ! s
min .~max 1 kg/S, 3 kg/S
m-".m
HS DHS mn mn
e G)—=) @ HS?, ST, HS™  ST™ 0.5,0.5,0.9, 0.9
Y. T, 0.09+0.1577j, 530°R
g = = e 7.7, E® K ¢, ,CR 0.95,0.85,0.99,0.0854,1.3,1.414
Gas compressor a’ ! ! 1k
N1 o B e N5 Ly, Ly L, Ly 400, 300, 200, 300 m
Gas load 210200 Zos Zas 0.0280, 0.0373, 0.0186, 0.0202
C)—' N4 NGS Vmin’Vmax’ PCHP,miny PCHP,max 095’ 105’ O’ 1

Gas source
Storage

Fig. 1: Test case of integrated EPS, DHS and NGS.

Table 2. Values of marginal cost of each generating unit and storage

. &s .
Parameter aj lBj 7]_ ChCHP CSHST,m CSHST Lout Cg CSGST,m CSGST Lout ckPZG

Marginal Cost (/Mwh) | 50 13 02 4 2 16 8 10 2 2

4. Results of optimal operation of integrated system

In Fig. 2.a) optimal generation of EPS based on lowest operational cost is shown. Generation is
including active output power of wind turbine and CHP, while demand is including electricity demand of
EPS and electricity consumed by P2G for electrolysis and methanation process. As it can be noticed, in
moments of surplus power of wind turbine, P2G uses excess electricity and converts it to gas. The wind
power production is the highest in the morning and evening and accordingly the overall demand is higher
that period due to electricity consumption of P2G. Accordingly, there is a wind spillage from 0.025pu -
0.1pu for last four hours of the day. By considering higher limit of 0.2pu of gas supply from P2G, the
wind spillage would be zero. Therefore, it can be observed that the optimal operation of EPS is obtained.
Optimal operation of DHS generation and thermal demand are shown in Fig. 2.b). Heat demand is
including only heat load (red curve), while blue curve is showing heat demand and losses. Thermal loss
during 24 hours is 10.3%. In this work, the heat is provided by CHP and heat storage. The heat provided
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by heat storage is almost constant during entire day. Therefore, the storage balance is dropping as seen in
Fig. 3.b). Initial value of the heat storage state is 0.5, where at the end of the day decreases to 0.167. It is

not reaching the minimum permitted limit of the storage capaC|ty by the end of the day
0.5 1 0.4

,
cHP - ED P26
.P .P wr” WTsplII "D D~"+D

1
~

e 0.3

o
w

0.2

o
N

0.1

Generation and demand [pu]
o

0
2 4 6 8 10 12 14 16 18 20 22 24 2 4 6 8 10 12 14 16 18 20 22 24
time [h] time [h]
(a) (b)

Fig. 2. Generation and demand: (a) EPS (b) DHS.

The results of optimal operation of generation and demand of NGS are shown in Fig. 3.a). The gas
supply consists of gas source, P2G and gas storage supply while the entire demand (black curve) is gas
load and gas consumption of CHP. It can be seen that P2G is supplying higher amount of gas at the
moments of higher excess electricity from wind turbines. Accordingly, the gas storage is supplying the
gas. The initial value of gas storage capacity is 0.5, and at the end of the day is reaching its 0.1 as seen in
Fig. 3.b). Both, heat and gas storage are effected by EPS. Heat provided by CHP is high during entire day
resulting in almost constant heat supply by heat storage. When it comes to NGS, due to the high wind
production at the last four hours of the day, P2G is reaching its maximum available gas supply of 0.1 pu
as seen in Fig. 3a). In that period, gas storage increases its output reaching maximum permitted output in
order to maintain cost effective system. The behavior can be observed in Fig. 3b) where indication of
increase of gas storage output is observed after intersection of both curves.

o o

—ST—HS

I
~

Gas demand and generation [pu]
State of energy
o o
N w

5 10 15 20
time [h] time [h]
(a) (b)
Fig. 3. Results: (a) Generation and demand of NGS (b) State of energy of heat and gas storage.

Water temperature of the each node in DHS is presented in Fig. 4.a). The temperatures of node 1 and
node 6 are the highest since the heat source and heat storage are connected to that nodes respectively and
the heat is supplied to the grid. The temperature after the heat is being consumed by the load is lower than
temperature at node 5. Therefore, temperature of the node 5 corresponds to the mix of incoming
temperature from load and incoming temperature of 80°C from node 6. Accordingly, a decrease in
temperature at node 4 is seen due to the losses caused by a difference between water temperature in the
pipes and ambient temperature. The same can be observed for node 2 and node 3. Accordingly, by
looking at the heat demand profile in Fig. 2.b), it can be noticed that temperature at node 5 is decreasing
in moment of heat load increase. When it comes to gas pressure in the NGS, it is maintained within secure
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limits and the behavior is similar as temperature behavior in DHS. With higher gas demand, the gas
pressure drops. Fig.4.b) is showing gas flow rate in NGS in each pipe. The positive gas flows for some
hours have pipe 12, pipe 23 and pipe 35. Opposite flow is present in pipe 34 entire day. Meaning, loads at
node 5 and node 2 are additionally supplied by gas storage and P2G in moments of high wind turbine
power output. The opposite flow along the pipe 34 is due to the gas provided by gas storage to the system.

920 . nl

node temperature[°C]

(2]
o
Gas flow rate [pu]

40

2 4 6 8 10 12 14 16 18 20 22 24 2 4 6 8 10 12 14 16 18 20 22 24
time [h] time [h]
(a) (b)

Fig. 4. Results: (a) Temperature at nodes in DHS (b) Gas flow rate in pipelines in NGS.
5. Conclusion

This paper investigates a coordination between EPS, DHS and NGS and provides an optimal operation
of an integrated system with the objective to minimize total operational cost of all three systems. For
simulation purposes, a test case model consisting of CHP providing heat and electricity, gas source, P2G,
wind turbines and heat and gas storages is used. Mathematical modelling of EPS, DHS and NGS with its
coupling components is performed and the integrated model with its constraints is solved in GAMS.
Simulation results show that integration of EPS, DHS and NGS with linking components provides a
flexibility to the system in a way that reduces fuel consumption and fluctuations due to the wind variable
output power. Accordingly, outcome of this work shows that excess electricity can be converted to gas
through P2G unit and, therefore, wind curtailment can be reduced. To conclude, integration of EPS, DHS
and NGS is a prominent solution for providing flexibility to the power system.
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