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Abstract—The operation and optimization of integrated elec- network, but at the same time provides opportunities for
tricity and natural gas systems is investigated. The coupligs consumers and local energy production units.
between these different infrastructures are modeled by engy Another changing aspect within the current power system

hubs, which can convert and store different types of energyln truct is that Vi | based |
previous work, the interaction between three interconneatd hubs structure 1S that energy supply 1S no longer based only on

has been analyzed. In order to take into account predicted sgem  €lectricity networks, but other energy carrier networks;rs
behavior and operational constraints, a model predictive ontrol ~ as gas, hydrogen or local heating networks, must be taken int

approach is proposed for optimal operation. In this paper, he account as well. The utilization of DG units, so-called coe a
hubs, representing residential areas, are also connected & grid. tri-generation plants [1], which couple different typesrdfas-

The energy exchange not only between hubs but also betweent t . - = | . bined t
hubs and the grid is investigated. The hubs contain solar PV ructures is increasing. For example, micro combined hedt a

installations wherewith they have the ability to feed in enegy to  POwer plants 4CHP) produce simultaneously electricity and
the grid. Simulations are presented where the proposed schee heat by consuming gas, therefore coupling electricity, ayab

is applied to the hub system. Operational costs are comparefdr  heat networks. This increasing coupling between the iddizd
system operation with and without renewable infeed. systems gives rise to pursue the integrated control of abver
Index Terms—Power system optimization, model predictive of such systems. Due to the availability of the various eperg
control, multi-carrier energy systems, energy hub, nodal ices  carriers, consumers are more flexible in their purchasirdy an
make decisions depending on criteria such as costs, félabi
|. INTRODUCTION system emissions or a combination of them.

OST of today’s energy infrastructures evolved during In order to investigate these aspects an appropriate mod-

the second part of the last century and are traditiona®fing framework of the energy network is needed. Several
based on hierarchical electricity networks, where eleityri conceptual approaches for describing systems including DG
is produced in centralized power plants with accordingrynits and various infrastructure systems have been examine
high production ratings. Within this scheme, energy otedin Besides "energy-services supply systems” [2], "basic glinit
by centralized production on the higher voltage levels [8], "micro grids” [4], and "virtual power plants” (VPP), so
transported and distributed to consumers on the lower geltacalled "energy hubs” [5] are proposed to address these kind
levels, resulting in unidirectional energy flows. Howewie Of systems. The latter formulation has been establishefirwit
perspectives of an optimal operation of the power systene hdf¢ project "Vision of Future Energy Networks”, which was
changed in the last years. The energy production chandfi§ated at ETH Zurich. The energy hub approach is a general
more and more from centralized units to diverse distributéBodeling framework which allows to model the power system
production units. Such units, e. g., photovoltaics, winitrm With respect to the aspects discussed above. Energy systems
combined heat and power plantsQHP), waste and wood are considered to consist of a number of interconnectedygner
incineration plants etc., can also be located at lower geltahubs, which represent the interface between the consumers
levels. Furthermore, the installations of renewable eneeg and the power supply infrastructures of the different eyerg
sources are promoted by receiving a feed-in tariff to colrer tSyStems.
high installation costs. Incentives for this trend are, agst 10 determine the optimal operation of the multi-carrier
others, the desire to quit dependency on limited fossil gnerenergy system, an optimal power flow (OPF) problem is
resources, increased energy trading and exchange due tos@i¥ed. Since storage devices with dynamic behavior are
on-going energy market liberalization and the increasethso Presentin the considered system, an optimization overiphelt
awareness to utilize more sustainable and environmentdifjie steps is necessary to handle the dependency between
friendly energy sources. The lower level distributed gatien consecutive time steps. To optimize the operation overipielt
(DG) units are able to feed in energy at different locationd a time steps, we apply model predictive control (MPC) [6],
at different voltage levels, which leads to bidirectionaiyer [7], Wherewith system dynamics, forecasts and operational
flows within the distribution as well as within the transnigss COnstraints are taken into account explicitly. In our apetion,

network. This evolution complicates the operation of th&e use MPC to determine the actions for the individual energy
hubs, which give the best predicted behavior, e.g., minimal
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as well as bounded geographical areas, such as whole towns

energy hub H, and cities, can be modeled as energy hubs.
P Tl
power supply el E loads
networks : 3 B. Hubs in Energy Systems
_P_”_ T — e mlie Lm

gi The considered system (Fig. 2) consists of an integrated
electricity and natural gas system, where the two systems ar
connected via energy hubs. This setup illustrates two hubs,
Eig- 1. Example of an energy hub containing:@HP device, fumace and gctyred as described above, connected to the supply grid
eat storage. Hub is connected to electricity and natural pgaver supply .
networks and supplies electrical and heat loads. The hubs represent an aggregation of households. The gas
pipeline network is modeled on a single pressure level. The
electricity network covers both the low voltage level and th
energy usage can be adapted to fluctuations of energy pringsdium voltage level, as indicated with the transformehe T
and of load and renewable input profiles. hubs H; and Hy are connected to the low voltage level,
The reminder of this paper is organized as follows. Sectigng. 400 V, at buse$ and 6, respectively. The aggregated
Il presents the basic design concepts of energy hubs and Hasuseholds are assumed to have photovoltaics (PV) installe
they are used in energy systems. The mathematical modelTbiese are modeled as renewable infeBgdsand R, at buses
the considered hub system is given in Section Ill. Section I¥ and 6, respectively. Depending on the prices and loads, the
presents the MPC control approach for the optimal operatiproduced solar electricity can be used either for supplyiieg
of the system. Results of simulations applying the proposedn loads or can be fed back to the grid. On the higher voltage
approach to the hub system are presented in Section V. 8ectivel (bused, 2 and3), e.g., 16 kV, two local generatonléf‘2
VI concludes this paper and outlines directions for futur@ndpe%, which may be waste incineration plants or biomass
research. processing units, are available for supplying the hub loads
The generato:Pchl, located at busl, e.g., 60 kV, represents
Il. SYSTEM DESIGN CONCEPTS the grid and is modeled as infinite bus with no generation

The basic concepts of the energy hub as a single unit afd COnsumption restrictions. The gas supply is offered by
of energy systems considered as interconnected energy hébsadjacent gas network/, where compressorsC(y, for

are explained in the following subsections. Here, an irtegt  (¢,.f) € {(1,2),(1,3)}) within the pipelines enable the gas

the energy consumption of the hubs. Two different methods
for measuring the consumed energy, which will be discussed

A. Hub Concept in more detail in section V-C, are indicated.

Combining infrastructures means coupling them at certain_, . . .
. .This system setup takes into account the increased penetra-
nodes, thereby enabling exchange of power between preyi;

ously separated systems. These couplings and intera S n of distributed generationsCHP and local generators) and

X . , of renewable infeed (PV). Each household, or hub respégtive
be described by means of the energy hub, with which Storaé’eecides autonomously when to produce electricity locailly v

of different forms of energy and conversion between them ca HP, when to feed energy back to the grid and when to
be formulated [5]. Figure 1 shows an exemplary energy hu

H; which consumes or delivers electricifjf, and consumes consume energy from higher network levels. The traditional
K st ower system model, where electricity generated with e¢ntr

H - - ' -
natural gash; at the input and supplies energy to electnca@ed units flows to the consumers’ level, evolves to a model

IdoaQS Le,idan(? heat Icf)adsLh,z-. The hub _conta:jns g‘C?Pt with active network nodes where consumers play an important
evice and a furnace for energy conversion and a heat storage . - optimizing the operation of the system.

for energy storage. The electricity produced using giGHP
can either be used to supply the electrical load or can be fed
back to the grid (arrows). The heat produced, by he@HP
and furnace, is used either to supply the heat load or to fill up
the storage. If the produced heat is not sufficient to cover th
heat demand, the storage is used for support. The coupling
provided by theuCHP device increases the redundancy in In this section, the mathematical model of the system
supply and offers the opportunity of optimizing the energgetup introduced above is described. The equations for powe
supply, e.g., supplying the electrical load yi&HP which is conversion and power storage within the energy hubs, and
particularly lucrative at high electricity import prices. for power transmission between the hubs are formulated. The
The energy hub concept enables the integration of aguations are defined for time stépas we consider the
arbitrary number of energy carriers and products (such agtimal operation over multiple time steps. A discrete time
conversion and storage units) and thus provides high flayibi stepk corresponds to the continuous tirh@', whereT' is one
in system modeling. Single power plants or industrial bogg  hour.

IIl. M ODELING



B. Energy Transmission Network

4 As described above, electricity networks and gas pipeline
1 networks serve as interconnecting energy transmission net
‘:75 I works. Both are modeled by power flow equations: nodal
R M, M power balances of the complex power are formulated for the
C, \\ ® AC electricity network [9], [8], nodal volume flow balances

> \s v H

are defined for the pipeline network [8]. The gas pipeline is

, ; modeled as being composed of a compressor with pressure
L, I‘". P RS i ,,‘ amplification pi,. and a pipeline element. The transformers
‘ -—*----L*_if_i_i____f_if_f_’_i —————— fél----L., are modeled as ideal transformer with a series reactance [9]
) For a more detailed description of the energy transmission
networks, see [8].

4

Fig. 2. System setup of two energy hubs connected to theysgpipl Active
power is provided by generatoSi, G2, Ga, natural gas by the adjacent IV. CONTROL

natural gas networlN. Both hubs have a renewable infe&] and Rs. . . .
9 ? For the optimal operation of the system introduced above

a centralized, supervisory controller which measures aii-v
ables and determines all actuator settings is implemeiftesl.
goal of the controller is to determine control variabig#) in
For both hubsH; depicted in Fig. 1 the outputk;(k) + such a way that the total operational costs of the system are
M; (k) and inputsP;(k) correlate as follows [5], [8]: minimized while satisfying the system constraints. In orige
appropriately take the dynamics of the storage devicestand t
L (k) | Ceeyi Cgeyi PeHi(k) characteristics of the electricity and gas networks intmaat,
Lins(k) + My (k)| = . Al pigy [ @ -
h,i h,i Ceh,i  Cghyi i (K) we propose a model predictive control (MPC) approach. Next,
' we shortly explain the basic idea of MPC, then the control
problem for the introduced system setup is formulated and
where the electrical load.. ;(k) and the heat load., ; (k) finally the derivation of the nodal prices as outcome of the
combined with the heat storage flaw, ;(k) are supplied by optimization is explained.
the electricity PY; (k) and gas hub inpup,’; (k). For this, the .
appropriate conversion between energy carriers is defiged4 Model Predictive Control

A. Energy Hub

L;(k)+M; (k) Ci(k) P;i(k)

the coupling matrixC;(k): Model Predictive Control (MPC) [6],[7] is a control strateg
which uses an internal prediction model to find those actions
Ci(k) 1 vg,i(k)nge'ff @) that give the best predicted system behavior over a certain

L0 v (BG4 (1 — v i (R))ng, prediction horizon with lengthV. MPC operates in a receding
horizon manner, i.e. at each time step new measurements of

The elements of the coupling matrix are composed of converige system and new predictions into the future are made. By

efficienciesr) and dispatch factors. The efficiencies of the sing MPC, actions can be determined that anticipate future

{CHP device are defined b (gas-electric) andgif (gas-  events and changes, such as increasing or decreasing energy

heat), the efficiency of the furnace is given ’l?g)ﬁ,z‘ (gas-heat). prices.

In cases where an input, such as the gas i)t is diverted  Figure 3 illustrates the procedure schematically. At each

to multiple converter devices, a dispatch factgr;(k) (0 < discrete control stege, the MPC controller determines the

vg.i(k) < 1) determines how the gas is divided between thgontrol settinggi(k) that give, according to the given objective

pCHP and the furnace. As the dispatch factqr;(k) is @ function, the best predicted performance of the systemhier t

control variable, different input vectors can be found tilfu next N time steps. The tilde over the variable represents that

the output requirements. This reflects the degrees of freedoariable over the whole prediction horizon &f steps, i.e.

in supply which are used for optimization. (k) = [a'®, ... uTk+N=D T The control variables for
Apart from conversion units there is a heat storage presethie current time step, u(k), are then applied to the system.

It is modeled as an ideal storage unit in combination with Bhe system proceeds to a new statg;+ 1), where the whole

storage interface [5]. The thermal power exchafndg; (k) is cycle is repeated with updated system measurements.

defined as the difference between the actually stored energy

En (k) at two consecutive time steps, plus some standBy Problem Formulation

energy losse’S"; which must be covered at each time period For the system under consideration, the control objecive i
(ngg > 0): to minimize the energy costs for electricity and natural gas
. consumption:
My (k) = En 1 dEn; 1 AEp; N—1 3
MM T e ens dt en; At J=3"3" ¢S (k+1)(PS, (k+1))?
L ([ Eni(k) = Eni(k—1) stb 1=0 ig=1

= ' . EM ). 3

en,i ( At T P ®) +N(k+DPE(k+1), (@)




- PH(k) = [PH (k), PH,(k)]T denotes the electric inputs
control system measurements e (k) = [Peq(k), Poa(k)] p

noUts of the hubs,
P - Pi(k) = [P, (k), P (k)]" denotes the gas inputs of
the hubs and
- En(k) = [Epni(k),Ena(k)]T denotes the energy con-
MPC controller tents of the heat storage devices.
control | optimization Equation (7) represents the difference equations of theagto
actions - devices. The equalities (8) summarize all power flow equa-
del - objective, tions of the electricity and gas networks as well as the hub
MOdE!  [prediction constraints  equations. The inequality constraints (9) comprise limitshe

voltage magnitudes, pressures, changes in compressngsett
Fig. 3. lllustration of model predictive control, showingtéractions between dispatch factors, power limitations on hub inputs and knoih
system and controller. storage contents and storage flows.

The optimization problem (6)—(9) is a nonlinear program-
ming problem [10]. In general, the solution space is non-

whereic indicates the generator and, andq” define the conyex and therefore finding the global optimum cannot be
time varying prices for electricity generation (modeled 8§uaranteed applying numerical methods.
guadratic functions) and natural gas consumption (modaded

linear functions). This objective is minimized by determm

the optimal operational set-points of the system: C. Nodal Prices
T For each of the hubs we want to investigate the operation
u(k) = [(PS)T(k) Pg(k) vg(k)] , (5) costs that appear within the simulation period. For thig, th

nodal prices or locational marginal prices (LMP) for the

electricity and gas system have to be determined. These are

- PO(k) = [P (k), P (k), Pos(k)]T denotes the active ohtained by applying the KKT optimality conditions [11]. It
power generation of all generators, should be noted that these conditions are, strictly speakin

where

- P; (k) defines the naturgl gas import and only valid for convex optimization problems. However, we
- vg(k) = [vg1(k), vg2(k)]" describes the dispatch factorsassume a convex subspace at the optimum, which as stated
at the gas input junctions. above is not necessarily a global optimum. The Lagrange
The overall control problem is finally stated as function for the optimization problem (6) - (9) is stated as
min J(x(k +1),z(k), a(k)) (6) L = J(P)+ Agp(P) + php(P), (12)
subject to whereP € {P, PS¢} andgp andhp denote all equalities

and inequalities which are dependent Bn i.e. the power

xX(k +1) = £(x(k), 2(k), u(k)) (") flow and volume flow equations of all nodes of the electricity
g(x(k),z(k),u(k)) =0 (8) and gas network, and the operational limits (e.g. line ciapac
fl(i(k), z(k),u(k)) < 0. 9) limits), respectively. The first KKT condition requires thell

partial derivates of the Lagrange function with respecthi® t
In addition to the control variablea(k), an algebraic state optimization variables are zero:

vector z(k) and a dynamic state vectot(k) occur in the or  0J(P)

optimization problem. The dynamic state vector include$ va —=——" A=y 20 (13)
ables for which dynamics are explicitly defined, i.e. thergge oP a?P
contents of the storage devices. The algebraic state vector A=——pu (24)
includes variables with no dynamics defined: oP
The Lagrange multipliers\ correspond to the marginal cost
x(k) = [Eh(k:)]T (10) or marginal benefit of power generation at that bus and some
2(k) = [VT(k) OT(k) pT (k) pL. (k) cost term for hit operational limits, such as congestion].[12

Assuming that there are no active inequalities, i.e. no hit

H\T H\T T
(Pe) " (k) (Pg) " (K)] (11) operation limits, they term is zero. In this case we identify

where the nodal pricesr as marginal costs of the respective energy

- V(k) = [Vi(k), Va(k), Va(k), Va(k), Vi (k). Ve(k)]™ and Carmier ata bus.

0(k) = [01(k), 02(k), O5(k), 4(K), 05 (K), s(k)]T denote 29 (15)

the voltage magnitudes and angles of the electric buses, oP

respectively,
- p(k) = [p1(k),pa(k), ps(k)]T denotes the nodal pres- V. CASE STUDIES

sures of all gas buses, The proposed control scheme is applied to the system
- Pinc(k) = [Pinc1(k),pinc2(k)]T denotes the pressuredepicted in Fig. 2. Firstly, the control variables and oecur

amplification of the compressors, ring operation costs are presented and secondly, the system



having a fixed pressure value of 1 p.u. Further details about
the coefficients and simulation parameters used can be found
in [8].
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B. Control Variables

s - m m s = Based on the profiles specified above the total operation

Time step k costs are minimized for a simulation df;,, = 24 time

20 ‘ ‘ ‘ ‘ steps, where one time step corresponds to 1 hour. The length

| of the prediction horizonV can be varied betweeN=1, i.e.

| no prediction, andV = 24, i.e. making a prediction for all

mm 24 time steps. Choosing the prediction horizon lenyjtlis a
trade-off between control performance on the one hand and

¥ 2 5 computational effort on the other hand. For this appliagtio

we consider a prediction horizon length &f = 3 to be

2a ‘ 1 adequate. Accordingly, an optimization for 3 time steps is

| run, at each time step implementing the control variables

ﬂ for the actual time stef, proceeding to the next time step

|

Loads [p.u.]

Prices [m.u./p.ﬁ]

)
T

I
T

N
T

R Input [p.u.]

k + 1 and starting the procedure again with updated system
25 measurements. Running this scheme for the entire simolatio
period [1 ... 24], total operation costs of 1.4688% m.u. are
obtained.
In Fig. 5 the evolution of the active power generation of all
Fig. 4. Dally profile for electricall.; and heat loadd.y, ; (upper plot), - generators and the natural gas import is shown. The active
prices for electricitygG  and natural gas consumptia® (central plot), and . h .
renewable infeedk; (Iower plot). power generation evolves proportionally to the difference
between electrical load and renewable infeed~.€L. ;— R;).
Around noon, the amount of solar power is sufficient to supply
operation with and without renewable infeed is compared. Toe electrical load and some electric energy can even be
solve the optimization problems, the solv&nopt through exported, which is indicated by the negative value of geoera

o

o
o

10 15
Time step k

the Tomlab interface [13] in Matlab is used. G1. The natural gas import evolves similarly to the heat loads.
Apart from supplying the heat loads, gas is also used for
A. Smulation Setup covering the heat storage standby losses, for filling up the

Each hub has a daily profile of load demands, energy priCstorage devices before the heat load peaks and for supgortin

and renewable inputs. Here, we assume these forecasts tt%zeeexpensive electricity consumption. At time steps winere
10le INputs. Here, L . N4t is required, or no solar energy is available, (timesstep
perfect, which is an idealization. However, it is believéaitt

. . . 1—2and19-—24), all gas is diverted to theCHP device since
the following results are representative even in the presen . . . . . :
of small forecast errors. The electrical and heat load f.lelectncny gained internally vigCHP is cheaper than by direct

' ' B "Hmort from the grid. The heat thereby produced is stored

(Fig. 4, upper plot) are standardized profiles of a househo . S
obtained by aggregating several households. The eleytric!imd later used as heat supply. During the remaining time, the

. . . lectricity system is not dependent on the gas networkgsinc
prices vary during the day, showing a peak around noon, whjle . . . " i ! ;

. . e renewable input is available "for free” during operatio
gas prices are assumed to be constant during the day. FO
both hubs there exist renewable infeeds which are obtaiped stems. This decoupling is also visible in the behaviohef t

PV installations within the hub area, i.e. within the housldh storage contents (see subsection V-D).
aggregation. At huli,, the solar production starts one hour In Fig. 6, the net imported and exported amount of electric

. 1 ;
earlier than for hultl,*. The loads and renewable infeeds arEower for both hubs is shown. The imported and exported

given in p.u. (per unif) values and the price coefficients a Sower corresponds to the difference between hub input and
described in m.u./p.&.for electricity and in m.u./p.u. for gas renewable input:

consumption, where m.u. refers to monetary units. ,
Regarding the electricity network, buds modeled as slack P™(k) = P (k) — Ry (k). (16)

bus, i.e. having a fixed voltage angle and voltage magnitudg,ce the solar infeed at hul, starts one hour earlier, hub

(Va(k) = 1£0° p.u.). GeneratoG, represents the grid, which iy - gtarts to export earlier and also earlier to import again. At

can deliver and consume (unlimited) active power to and frog, o step6, the renewable infeed,; at hubH, exceeds the
the hub network. Buses and3 are PV buses, with specifiedg|actrical load demand. ;, and therefore hul; can export

voltage magnitude and net active power. Buses and6 are  gome electric energy in the morning.
modeled as PQ buses, with specified net active and reactive
power. Regarding the gas network, buserves as slack bus,C. Hub Operation Costs

q‘act, this additional renewable infeed decouples the two

1These renewable input curves were obtained from solar measnts at As derived in SeCF'On IV the _nOdal prlce_s of all elggtr_|0|ty
Mont Soleil, Switzerland. and gas buses are directly obtained by solving the optimizat
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Fig. 7. Nolal prices for electricity buses (dashed line) dodgas buses

. . N (solid lines). Constant feed-in tarif for solar energy (okaotted line).
Fig. 5. Active power generatlonpem of all generators (upper plot) and

natural gas imponPgG (lower plot).

of the hubs. Thereby, we distinguish two models how to
determine the costs regarding the consumed electricity. In

3% Fig. 2 the installed metering devices are marked for both
g 1_2 models. The subscript. refers to the corresponding node,
2 where hubH; is connected to, i.en € {5,6}.
T 05 Ma: feed-in tarif: Two meters, which measure the the re-
£ o newable infeed and the hub input, are installed. This
§70-5 e measurement setting corresponds to the compensation
L : : ’ . = . ] principle that is used in many European countries, such as
Time step k in Germany and Switzerland, for promoting installation
of renewable energy generation. The resulting hub costs
Fig. 6. Imported and exported electric power for Hilp (green bars) and at every time stefk are stated as

hub Hz (yellow bars).
CY (k) = men(k) - Pli(k) = cff - Ri(k)

, , +7gn(k) - Pi(k).  (17)
problem (6)—(9). Figure 7 shows the evolution of all nodal '
prices over the entire simulation period. The nodal pricesMs: Self-supply: In this model only one meter, which measures
all electricity buses: are almost the same, because only small ~ the net imported or exported amount of electric energy,
losses occur on the lines (up to 04 and moreover because IS installed. In this model, the ability of self-supply rank
the generator prices are modeled as quadratic functiores. Th ~ first. Only the net amount of imported/ exported energy
nodal prices (dashed line) evolve according to the imported s charged, independently of the amount of actually

amount of electric power, i.2™® = PH _ R, and become produced energy with renewables. The hub are formulated
zero during exporting periods, i.e. when the renewableeitife as
is equal to or higher than the required load. This is due to Cf(k:) _ We,n(k)(Pe})Ii(k) — Ri(k))

the purely quadratic modeling of the electricity genematio
costs. If no active power is generated, nodal prices become +gn (k) - Pgi(k)' (18)
zero because the marginal prices are linearly dependeifieon t Figure 8 shows the resulting hub costs of Hiib for cost
amount of energy produced. The chain-dotted line represenfodels My and Mg, respectively. When comparing the models
the constant feed-in tarif]* for solar energy. The feed-in tarif one notices above all a difference at those time periodsravhe
is assumed to be the same for both hubs, with a constant vajiwe hubs are able to supply themselves or are even exporting
of 3.5 p.u. The value of this feed-in tarif is dependent on thslectric energy, i.e. time steps 10 - 17. In ModeA Mhe hub
technology and on bilateral contracts with the energy sappl costs are negative, i.e. the hub makes some profit from gellin
Contrary to the electricity system, the nodal prices of the grenewable energy. When the nodal price is zero, meaning
system are different at each bus (solid lines). Losses miththe hub input energy is "for free”, the negative costs are the
the gas pipelines, mainly compressor losses, are conbigleraevenues for the solar energy. The peak at k = 12 arises from
higher (up to 28%). Furthermore, gas prices are modeled age peak in the nodal price (Fig.7), which again arises from
linear functions which implies larger differences betwele@ the electricity load peak at noon (Fig.4). This peak does not
nodal prices due to the constant part within the marginalscosoccur in cost model M. In this model, the hub pays for the
The nodal prices at busare higher than at bussince losses amount of imported energy and therefore the resulting costs
on line 1-2 are higher than on line 1-3. remain positive. The negative peak at k = 6 arises because
Next, we observe the operation costs that occur for ealshb H; can export energy (Fig. 6) at a non-zero nodal price.
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Fig. 8. Hub 1: Hub costs (solid line), gas costs (dashed kme) electricity
costs (chain-dotted line) for (a) Model A (b) Model Ms.

E3 [p.u.]

TABLE |
COMPARISON OF OPERATION COSTSm.u. - 103 — ‘ e eyt
00 5 10 15 20 25
Time step k
| R/Model [ RRMa | R,Mg | R, Ma [ R, Ma | noR |

Hub 1 121 111 1.43 111 .76 Fig. 9. Storage contents for system operation with renesvatfeed (solid
Hub 2 1.31 1.17 1.53 1.17 5.98 line) and without renewable infeed (dashed linegsCHP in usage with

CZR [3.5,3.5] | - [0,0] [5.05,5.73] | - renewable infeed (red bars) and without renewable infekg (bars).

eration of the storage devices becomes more important.

. . 0
The measuring method for the gas import does not chan% optimize costs, thegCHP device is operated as much as
between the two cost models and therefore the same cg

curves result for the gas import. Although the hub can pro Sgsmle according the electrical load. For this, the gfera

. vices have to be filled up for supplying required heat loads
from some revenues in modelgyithe overall costs for the_ as good as possible.

err]mre sym::}lgtpn ple:!od are St'tlll flllgher.thThethfeed;jl;fta_rl Figure 9 shows the storage contents for the system operation
chosen n this simufation, IS mostly lower than the NOUa&@r ., “renewable infeed (solid lines) and without renewable

Only during the markEd area, model,Ms more profltgble infeed (dashed lines). The bars at the bottom indicate when
than _mode_l M. This Cha?”ges of course when augmenting ”}ﬁe #CHP devices is in operationd; > 0.5, bar) and when
feed-in tarif. The evolution of the cost curves for hib are not (vg; < 0.5, no bar). If no renewzlble input is available

El_mrzlar ttr? tho?ebo; hur?_{lﬁ The I?OQalhprlr::es at gas bGsaretz. heat storages are filled up before the heat load peaks and are
Igher than at buz which resufts in-higher gas consump IOr]slmptied during the heat loads. In the case of a renewablé inpu

costs for hubHs,. . .
. . . the storage devices are filled up only rarely, for the noort hea
The hub costs summarized over the entire day for d|ffere||atad peaks almost not at all.

feed-in tarifs are presented in Table I. The first two columns,,, .. minimizing the energy costs for the entire simula-
represent the two cases discussed above. In the third colu%h period, total operation costs of 5.96200° m.u. result

the rgnevyablg infeed is .not refunded at alf; = [0, 0], compared to 1.468810° m.u. for the case with renewable
result_mg n h|ghef operation costs. In the fourth colume ﬂ\nfeed. Comparing the evolution of these operation cos& ov
feed-in tarif is defined such that the costs for modal_Me the time steps, one sees that the cost curve evolves propairti

&0 the natural gas import in the case with renewable infeeld an
proportional to the sum of active power generation in thecas
without renewable infeed. In either case, the more expensiv

fordthle hlghgr amoun;_o; eleCtL'IfIal Itr:put athht“;?' BHe%a}uIse energy carrier determines the evolution of the costs, both f
nodal gas prices are higher at htl than at hubil;, HUbHy 4,0 ot costs as well as for the hub costs.

consumes more electricity. The last entry in the table shows
the costs when no renewable infeed is available. As expgected
operation costs are considerably higher.

renewable energy at a tarif oft = [5.05, 5.73] m.u. HutH,
needs a higher feed-in tarif than htib in order to compensate

VI. CONCLUSIONS AND FUTURE RESEARCH

We have presented the application of model predictive
] S control to interconnected hub systems and have analyzed
D. System Operation with/without Renewable Infeed the interactions between hubs and the connected network.

This subsection more precisely distinguishes the two caddsreover, the effects of renewable infeed in residentiabar
of operation: with and without renewable infeed. The systeom overall system operation have been investigated. latiegy
operation without renewable infeed does, not only, causenewable energy decreases the peak loads and thus gdgsitive
higher operation costs but also influences the couplingdsetw affects operational costs and operational limits. However
the electricity and natural gas system. In the case with nenewable infeed causes a decoupling between the two energy
renewable infeed available, more gas is consumed, as elearriers for the considered system setup. Further resedlich
tricity generated viauCHP becomes cheap compared with thaddress the incorporation of electric storage devicesiesin
direct electricity import from the network. Accordinglyjhe the effects of renewable electricity infeed are even more
#CHP is in full operation during all time steps, except in theronounced including electric storage devices. In addjtibe
morning where the gas-heat capacity cannot cover the higystem operation will be compared with the case where the
heat load peak in the morning. At the same time the optimeéntralized controller is replaced with a distributed coltér.
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