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Optimal Coupling of Energy Infrastructures

Martin Geidl, Student Member, |EEE, and Gran Anderssori€llow, IEEE

Abstract— This paper presents a framework for integrated Electricity Electricity
modeling and optimization of energy systems with multiple energy " @ J >

carriers. Based on the concept of energy hubs, a generic steady
state model for describing conversion and storage of multiple en- @
ergy carriers, such as electricity, natural gas, hydrogen, or disict Natural gas : N ¢
heating, is developed and used for system optimization. Besides i
operational optimization of energy flows, the optimal structure ¢ ‘
the system is investigated. Mathematically, the problems are statie e &?) ———————
as (mixed-integer) nonlinear programming problems. An example
demonstrates the use and potential applications of the proposed
method and highlights its features. Fig. 1. Example of an energy hub for the supply of a commerciad.loa
Electricity and natural gas are provided at the hub inpug; Itad requires
electricity and heat. The hub contains a gas tank, an etattriansformer, a
I. INTRODUCTION gas turbine, a furnace, and a heat storage.

Nowadays common energy infrastructures such as electric-

ity, natural gas, and IOC‘T"' district heating systems, aret'lylo and/or stored. An energy hub represents a generalizatier-or
planned and operated independently. Motivated by Ollﬂterel.%nsion of a network node in an electrical system. Fig. 1 steow
reasons, a humber of recent publications suggest an itgegr

o ; . . i as'mple example of a typical energy hub which interfacesgner
SySteT“ View mcludmg '.’““'“p'e energy carriers, instead ?rﬁfrastructures with a commercial load. Electricity andunal
focusing on a single carrier (see, e.g., [1]-[7]).

. ’ . as are delivered by the networks. These carriers are denver
Various tools have been developed for the integrated aBalyg y

; i . ’and stored within the hub in order to fulfill the requiremeuits
of energy systems employing multiple energy carriers, Wh'(fhe load, which demands electricity and heat.

are commonly denoted "multiple energy carrier systems” or There are a number of examples of real facilities that can be

timrl:m]:iﬂmer styit]en:rs .tlnr par:dcular,r(tj?r? Lnt;grat'?randllnp.za— tmodeled as energy hubs, for example the supply of industrial
on ot the system structure and coordinated optimal Opera plants (steel works, paper mills), power plants (co- argktri

were ir_1vestigated. The authors (.)f this paper contribL_Jte@deo_ eration [9]), or the supply of big building complexes (shiogp

field with appr_oa_che_s for operational power flow OIOtImIZEitIOmalls, airports). The energy hub can be regarded as a general
as well as optimization of the system structure [6], [7]. Ste modeling concept to describe the interactions betweeardifit
approaches are based on the concept of “energy hubs”, wh'é rgy carriers in an energy system

can be considered functional units where multiple energg-ca Combining and coupling different energy carriers in energy

ersare converted,_stored, and_ d'ss'pat?d [8]- This p_ap_eep_ts hybs keeps a number of potential advantages over convahtion
some recent achievements in modeling and optimization 8 ergy supply:

hubs: - .
ener?y | ) .S f st inth hub model « Increased Reliability: Energy hubs generally increase the
+ |hclusion ot storage in the energy hub mode. availability of energy for the load, because it is no longer
* Implementanon of mgltl-perlod optimization, thereby en- fully dependent on a single infrastructure [10].
abling to anress optlmal storage utilization. . « Increased Load Flexibility: Redundant paths within the
* Determ!natlon of optimal hub Iayoutg by selecting the hub offer a certain degree of freedom in supplying the
best-fitting glements from a S_et of available converter and load. Hubs can thereby substitute for unattractive energy
storage de‘_"ces 0 Pe placed in the hub. ] carriers, for example at high-tariff times.

In the fgllowmg sections, the concept of energy .hl.JbS IS, Synergy Effects: Energy hubs process various energy car-
shortly reviewed and a mathematical model for describirg th rjers, each of which showing specific characteristics. Elec
steady-state energy flows through energy hubs is presented. tricity, for example, can be transmitted over long distance
This model is then used for hub optimization, both in terms  \yith comparably low losses. Chemical carriers can be
of operation (optimal energy conversion and storage) aakpl  stored employing relatively simple and cheap technology.
hing (optimal hub layout). An example demonstrates thecbasi So far, the energy hub concept has been used for greenfield
features of the approaches. design studies [8], the characterization of trigenerapitants

[9], and the conception of fuel cell systems [11].
Il. THE ENERGY HUB CONCEPT

Ref. [8] presents the concept of energy hubs, which can be [1l. M ODELING
identified as units where multiple energy carriers are cdade |, this section, a steady-state model for describing energy

The authors are with the Power Systems Laboratory, ETH Zugoi92 flows th_rOUQh energy hUbS_ IS presen_tEd' MOdelS_ for energy
Zurich, Switzerland{geidl, anderssgr@eeh.ee.ethz.ch. conversion and storage are integrated into a generic ehelgy
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Converter
cluster . . . .
The converter coupling matrix C describes the mapping of the

P, L., powers from the input to the output of the converter cludtee

entries of the coupling matrix are converter coupling festo
as defined in (1). Each coupling factor relates one particula
input to a certain output. The coupling matrix can be assumed
constant or as a function of the powers.

model, which can be applied to any configuration of converter IN contrast to single-input single-output converters, doe-
and storage elements. The model is based on the followi\‘%rter coupling factors are in general no longer equal toggne
assumptions and simplifications: efficiencies when considering multiple in- and outputs.c8in
. The system is considered to be in steady-state the total input of an energy carrier may split up to several
Within enerav hubs. losses occur onlv in con.verter ar nverters, so-calledispatch factors are introduced that define
* storage eler%nts ’ y He dispatch of the total power input to the elements coimgprt

. - T this carrier. Fig. 4 outlines this concept. The total inpotml
« If not mentioned explicitly, unidirectional powerﬂowfromp splits up toN' converter devices. The dispatch facto
the input to the output of the converters is assumed. o SP P ’ b b2

« Power flow through the hub is characterized through eﬁpecﬁy how much of the total input poweff, flows into

. converterk:
ergy, power, and efficiency only.

Fig. 3. Converter cluster with multiple in- and outputs.

Pak :Vosza (3)

wherek = 1,2,...,N. Due to conservation of power, the
A. Converter Model . : ; . )
dispatch factors must fulfill the following requirements:
Consider a converter device as indicated in Fig. 2(a) that
0<v,, <1 Va,Vk (4a)

converts an input energy carriarinto another carriefs. Input
and output power flows can be considered to be coupled: Z Vo, =1 Va (4b)
k

Lg = CaﬁPa (1)

where P, and Lg are the steady-state power in- and outputsEj' Storage Model

respectivelyc, s is theconverter coupling factor which defines ~ Consider the storage model in Fig. 2(b) which comprises a

the coupling between input and output power flow. In thgiorage interface and an ideal storage. The relation batwee

simplest case, this factor corresponds to the convertiexgly- Power exchang€), and internally stored energy,, is stated

state energy efficiency, which can be assumed constant or & 40llows:

function of the converted power. OQu = Q0 = dE,/dt ~ AE, /At 2 B, (5)
Converter elements or combinations of different energy con

verters may have multiple in- and outputs. A general modahere

covering multiple inputs and outputs can be stated accgrdin et if Qo >0 (charging/standby)
to Fig. 3. Summarizing all power inputs and outputs in vextor €a 1/es else (discharging) (6)

P andL, respectively, enables the formulation of multi-input

multi-output conversion analogous to (1): eq Can be considered the storage efficiency, including the
efficiency of the storage interface, which converts the gyner
carrier exchanged with the system into the carrier stortt-in

= Lo : (2) nally?

Lw Caw o Cuw Pw

La Caa o Cua Pa

1we use the same subscriptfor power and energy, even if the storage may
—— o
L P P convert one energy carrier into another one.




Energy hubs may contain storage elements at their input amith an efficiencynth. Efficiencies of the storage devices are
output sides, and between converters connecting in- apaditsut ey and ey, for the gas tank and the heat storage, respectively.
(see Fig. 5). The power flowing into the converter equals tfige electrical connection between input and output is asgum
total hub inputP, minus the storage powé},,. At the output to be lossless.
of the converter, the sum of the lodég and storage flow/ is The converters (transformer, gas turbine, furnace) are de-

provided: scribed by the following matrix:
Po=Po=Qa (7a) o | Vg 13
Lg = Lg+ Mg (7b) 0 wnG + (1 —v)ng,
The power flow coupling between the input and the output wfhere the dispatch factar defines which part of the total
the hub is then described by input Py is converted by the gas turbine. The storage elements
L+M=C[P-Q ®) exchange the powers . ’
where M keeps all output side storage powers, @dcon- Qg = ]j;; My = f—: (14)

tains the input side storage flows. All storage influence can
be summarized in an equivalent storage flow vector relatd®w (8) can be formulated:
to the output side. Assuming a constant coupling maix

T GT
superposition can be applied and the equivalent storages flow Le _ flee Vﬂg; Pe (15)
can be stated as L+ £ 0 Vigh 5 — o
M*=CQ+M ©) e
) Alternatively, the hub can be described according to (12).
Now (8) can be written as Therefore all storage flows have to be transformed to ecprival
L=CP - M (10) output-side flows:
This equation enables the transformation of storage flows be Med — igeT B (16a)
tween inputs and outputs of converters. € €g 9
With (5) and (9) we can calculate the equivalent storage eq ynghT +(1— y)ngh ) 1.
power flowsMe® directly from the storage energy derivatives: My = oo Eq + e—hEh (16b)
ME Saa " Swa Eq From these equations, the storage coupling matrix can be ex-
: = oo : (11) tracted: or
MueJq Saw t Sww Ew sze 0
S = GT F (17)
Med S E vigh +(A—v)ngn 1
€g eh

The storage coupling matrix S describes how changes of the-. 0 )
X 12 :
storage energies affect the hub output flows. In other wori@?a Y, (12) can be stated
it maps all storage energy derivatives into equivalent atdtp [ Le Ly ]T =C [ Pe Py ]T - S [ Eg En ]T (18)
side flows. The entries of the storage coupling matrix aredal

storage coupling factors. IV. OPTIMIZATION
Various optimization problems addressing the operation as
C. Complete Energy Hub Model well as the structure of energy hubs are of interest. In the
Based on the previous equations, the flows through an enefgjowing, we discuss two of these problems based on the
hub are modeled by the following relation: following assumptions and simplifications:

« The loads at the hub outputs are inelastic, i.e., they con-
sume constant power within the time period considered.

This fundamental equation is the basis for operational ande Penalties related to the individual energy carriers and

structural hub optimization. The following example demon-  system components are independent and separable from

strates how this model is derived for a given combination of each other.

converter and storage elements.

L=CP-SE (12)

A. Optimal Hub Operation

D. Example Considering a given hub structure, questions related to its
Consider the hub shown in Fig. 1 which contains thresptimal utilization arise, for example how much of which
converters and two storage devices: transformer, gasnerbienergy carrier should be consumed, and how should energy
and heat exchanger; gas tank and hot water storage. Heeconverted and stored internally? Consider for examge th
transformer’s steady-state energy efficiency is denglgd’he energy hub in Fig. 1. The heat demand can either be met by
gas turbine is characterized by its gas-electric and gas-heonverting natural gas in the furnace or in the gas turbihe. T
efficienciesng,” and 5], respectively. The furnace operateglectricity load is supplied redundantly as well. An aptva



the converter and storage elements:

P, <v.,PY <P, Vi,Va  (23a)
Q,<QY<0q, vt,¥a  (23b)
I — . My < My <My VE,V¥8 (23
(t—-2) (t—=1) t (t+1) Period E,<EW<E, Vi, Vo (23d)

Fig. 6. Storage energh,, at different time periods. Ec(f)

refers to the energy P . .
stored at the end of periad The characteristics of the dispatch factors (4) represedit a

tional inequalities.
Optimal operation of the hub can now be formulated in the

for optimally dispatching the converters within an energgph following way:>

for a single snapshot of the load is presented in [6]. Inclgdi Minimize the objective function (19)
also the storage elements requires the implementation b mu subject to the

period optimization, because it is pointless to consideragfe « hub equation (21);

utilization at a single time instant. The approach from [§] i « storage energy constraints (22);
now extended by including storage and considering multiple « power and energy limits (23);
time periods. The optimization problem is stated as a nealin « dispatch factor properties (4).

constrained problem comprising an objective function gy In general, this formulation represents a nonlinear con-

an_ltilr:neciuallty colnstralr:ts [1215 icall deled i dstrained optimization problem. The solvability of the perh
€ storage elements are basically modeled as outine %)ends on the actual equations used. When the objective
u

5;.:03\'/'5];[}/:;?0””S;]O;aifsglirgegrﬁz z:\etﬁge;i Té(ljnet:g h.UtS)’ % ction is convex and all constraints are expressed aarline
) y b igie equations, then the solution space is convex and the glgbal o

Eef'?ﬁ S tmhelt?_OWﬁr é:onstlijrmpz)tlg?&naT: d;s;;)altchb.f ac:i?/rsak .r timum can be determined using numerical methods. Otherwise
soondse to tL:1e spSmOof t%pe ob'eaz:tic\)/eg ofeeac::r? gri]oeotl:' € B Lumerical methods can be used to search for a solution within
P ) P ' the feasible region, but global optimality cannot be gutsred.

Ny
F=N"F® (p® ,® p® 19
; ( o’ Vo) Za ) (19) B. Optimal Hub Layout
where N, is the number of time periods considered, afds When designing energy hups, a I|m|.ted number OT copverter
and storage elements is available. Different combinatioins

the scalar-valued objective function. _ S L
: L elements will result in different hub characteristics. mder to
An equality constraint is given by the hub power flow equa:

. : . . - obtain the desired hub performance, optimization can be em-
tion (12). This equation contains the storage energy dares : . . .

. - - .. ployed. The problem is to find the optimal selection of eletaen
E,. As indicated in Fig. 6, the change of storage energy with|n . .
a periodt is 0 be placed in an energy.hub from a given set of convert.er

and storage elements. Available elements can be chawsteri
E® — g0 _ pt=1) | psto (20) by technical, environmental, and economic parameters. The

performance of the hub may depend not only on its elements

Here E,(f) denotes the storage energy at the end of pean'odbUt also on the situation outside of the hub, i.e., the supgly
ES® represents the standby energy losses ohtfstorage per infrastructures and the loads. For example, certain el&snen
(03

period (ES® > 0). Merging (12) and (20) yields the hub flowWill perform well in low load situations, while others may be
requiremgm—for each period: advantageous when loads are high. The supply infrastegtur

may be characterized by time-dependent energy priceshigic
LO® = cOp®) _g®) [Em _EtD 4 Estb} vt (21) another aspect to consider. Utilligati.on of a certain elémeay
be profitable as long as electricity is cheaper than natasl g

In order to obtain sustainable Storage ut”ization’ anWa'_ Also the combination of elements is important. Certain devi .
ity constraint can be included in the problem formulatiorigah May perform well only when they are used together with
requires that the storage energies at the end of the lastpefi Others. These considerations yield the conclusion thattuge

the studied time interval are equal to the initial energies: ~ System (supply infrastructures, energy hub, and loadsjohias
considered when determining the optimal hub layout. A multi

EO = EIN) -y (22) period optimization is performed for given loads and energy
prices. The optimization model comprises on/off-type afalés
Inequality constraints are given by power and energy limits assigned to each available element; this integer varidple

2This is an intuitive assumption which could be reconsidergairsst the 3A multi-period approach could also include constraints teglato the
background of a liberalized market environment. Under aedaicumstances, change of a quantity between two periods, such as rampinggmmiup- and
it could be reasonable to exploit the storage more or lessngmg with lower downtimes, etc. [13]. For the sake of simplicity, such limits aot considered,
or higher storage energy at the end of the last period. but can be included in the approach.



TABLE |

¢ ||¢
Electricit Electricit A B DATA OF CONVERTERELEMENTS.
4y, Ly Y Converter | Max. input | Efficienciesin % | Installation cost
G © elementt | powerinpu| el. th. }° b, in 1000 mu
9 b A 10 43 43 86 100
. o i B 20 25 55 80 250
Nat. gas Heat E F C 15 32 53 85 300
Tk P D 7 97 - 97 30
& & E 10 98 - 98 40
G H G 7 - 75 75 40
H 10 - 80 80 40
Fig. 7. Hub to be filled with available elements A, B, ..., H.
TABLE Il
DATA OF STORAGE ELEMENT F.
represents the decision whether elemeris used in the hub Charge efficiency in % 90
lavout or not: Discharge efficiency in % 90
y : Min./max. power in pu —3/3
; ; Min./max. energy in pu 0.5/10
I, = { 1 if elementk is used (24) Standby losses in pu 0.2
0 else Installation cosbg in 2000 mu 15

For economic optimization, the objective function should

penalize the cost for energy, operation, maintenance, @nd i . ) _ o
stallation. Installation cost are fixed cost which occurhiet With B and C, option A shows the highest efficiencies and

element is used for the hub. Maintenance and operation cl¥estinstallation cost, but also the lowest rating. Optohas

are normally dependent on the operation of the device. Tse c_Ebe highest rating, but most of t_h§ gas is converted into heat
for energy depend on the operation of the hub as well, whichiitéad of more expensive electricity. Option C has theésgh
determined by the loads. It can be concluded that the ofgectinvestment cost, but both rating and efficiencies are high as
function generally depends on the decision variables asasel well. Elements D fand E are electrical transformers. D is kmal

on the energy and power quantities related to the hub andth@n E, less efficient, but also cheaper. The converters G and

elements: H represent gas furnaces with different properties. Deice
N, smaller than H but more efficient, whereas installationcast

F— F) (P(t)7 ® g® ) 25 equal. Also a thermal storage element could be useq for ﬂb.e. hg

; o’ Ve Has Tk (25) The investment cost for the hub should be depreciated within

10 years. During this time, the hub is intended to meet thergiv
-hour load requirement 365 days a year (beyond these 12
urs, the load can be neglected). Incorporating the Iasita

st of the devices into a 12-hour optimization requiretate

the installation cost to one 12-hour load cycle. This candored

by transforming the total installation cost:

Equality constraints are given by the hub model (21) al
the storage requirement (22). Converter and storage cthpIhO
matrices contain the decision variablgs where every entry o
dedicated to an elemerit is multiplied by I;. Also restric-
tions related to the individual elements include thesegiertte

variables.
The optimal hub layout problem is then basically defined as b, = b (26)
the operational problem in Sec. IV-A, but the model equation Ty~ Ne

include the decision variablek.. If I, = 1, then elemenk where Ty is the depreciation time (in years) and. is the

is considered in the model equations;Zif = 0, the related number of load cycles the hub has to perform within one year

guantities, equations, and constraints vanish. (in cycles per year). In this example we hdljg = 10a and
The problem of optimal hub layout represents a mixedv, = 365 a 1. The total cost for one 12-hour load cycle are

integer nonlinear constrained problem [12]. Both the didjec modeled as the cost for energy plus the transformed instaila

function as well as the constraints may include nonlinggrit cost of the devices used for the hub:

and discontinuities, which results in a nonconvex solution 12

space. Numerical solvers can be used to find a solution, but it TC = Z (atepet + ang) + Z b, - I (27)

cannot be ensured that the global optimum has been achieved. =1 &

The questions to be answered are (a) which elements should
V. EXAMPLE be used in the hub, and (b) how should these elements be op-
Fig. 7 shows an empty hub and a set of available elemergsated in order to obtain minimum total c68C? The problem
The hub is connected to electricity and natural gas networlssstated as outlined in Sec. IV-B, with the additional comist
at the input side, and it has to deliver electricity and hea t that only one element of each category can be used (max. one
commercial load at the output. All elements are charactdrizCHP, one transformer, one furnace). Implementation is done
by different ratings, efficiencies, and installation cesig Tab. | Matlab [14] using the solver “minlpBB” from Tomlab [15].
and Il. The loads to be supplied at the output side and thegygner The answer to the above question (a) is shown in Fig. 9. Ele-
prices at the input side of the hub are shown in Fig. 8. ments A, E, and F should be used. The CHP unit A is selected
The first three potential hub elements A, B, and C aidue to its high power-to-heat ratio and low installationtcos
different combined heat and power technologies. Compar&dnsformer E is used instead of D due to higher efficiency and
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