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Abstract—In this paper a model for maximizing exergy effi- The energy supply chain from production over transmis-
ciency in multi-carrier energy systems is introduced. Basg on  sjon and distribution to final consumption generally ineslv
modeling concepts developed in the project “Vision of Futue several energy carriers. The project “Vision of Future Byer

Energy Network”, e.g. the Energy Hub concept, exergy is mod- N . . -
eled in the context of energy systems that involve multiplerergy Networks” (VOFEN) at ETH Zurich aims at systematically

carriers such as electricity, natural gas and heat. In the cotext a_lnalyzing multi-carrier energy systems in order to design o
of this integrated consideration of multiple energy carrigs, the timal structures for future sustainable energy systemsiéto

exergy approach allows to take into account the quality of for the representation of power flow, conversion and storage
different energy carriers. Hence this modeling approach povides of multiple energy carriers have been developed within the

the possibility to identify from a system perspective how tle . .
available energy content of different energy carriers can b project. Among them the Energy Hub model is the key

exploited as efficiently as possible to satisfy a given demarfor ~concept [4].
final energy carriers. In order to illustrate the proposed exergy Previous applications of exergy analysis have addressed

analysis method, we compare it with a previously developed the operation of chemical plants [5], sustainable building
cost optimization and apply both methods to an example syste  jaqi0n (6] [7], the analysis and optimization of power as
consisting of an electricity and natural gas system interconected ; .
by Energy Hubs. well as combined heat and power (CHP) generation [8], [9],
and the balancing of electricity supply and demand [10].
Even industry sectors and whole countries have been ana-
lyzed using exergy as comparative measure [11], [12]. In
this paper, the exergy approach is applied to multi-carrier
) o ) . energy systems. The exergy concept describing the qudlity o
Making more efficient use of energy is considered one @ferent energy carriers is integrated as additionaleciin
the crucial levers to increase sustainability of energyesys. nio the modeling tools of the VOFEN project which enable a
Efficiency measures can make important contributions t@cogystematic description of interactions between multiplergy
with the growing demand for energy on a worldwide scalgyrriers. The contribution of this paper is the formulation
and to mitigate climate change. Several studies have foshti ¢ 5 generic modeling framework that allows the analysis
energy efficiency opportunities for a number of countrigs [1o¢ exergy efficiency in multi-carrier energy systems from a
The energy strategy of ETH Zurich [2], which formulates @ystems perspective taking into account the physical ptiese
vision of a transformation path for the energy system in thg ihe energy networks.
21 century, also emphasizes the importance of an efficientthe remainder of this paper is organized as follows: Sec-
conversion of primary energy carriers to final energy cesrie i || describes how we model exergy efficiency in multi-

These conversion processes involve a number of differenlirier energy systems. In section 11l the optimizationigten

energy carriers of diverse quality. for maximizing exergy efficiency in multi-carrier systens i

In order to characterize the quality of different forms ofy . jated. The proposed method is illustrated in sectién |

energy, exergy is a meaningful measure. Exergy is derivggiding several application examples. Section V conetud
from the Second Law of Thermodynamics and describ

Index Terms—Exergy efficiency, multiple energy carriers, En-
ergy Hub, cogeneration.

I. INTRODUCTION

the available useful energy. In contrast to the First Law of paper.

Thermodynamics stating the conservation of energy, exergy

accounts for the irreversibility of conversion proces3dtere- II. M ODELING OF EXERGY EFFICIENCY IN MULTFCARRIER
fore, the exergy concept can be used to identify how the ENERGY SYSTEMS

available energy content of different energy carriers can b The following section describes the various “building
exploited as efficiently as possible. Considering exergg ispjocks” constituting the overall framework for maximizing
powerful approach, which has already been introduced @l legyergy efficiency in multi-carrier energy systems. Gergral
frameworks and directives related to energy planning [3]. oyr approach takes a multi-carrier optimal power flow assasi
This work was supported by ABB, AREVA T&D, Siemens, and thei@w (in the following abbreviated MCOPF) as formulated in [13].
Federal Office of Energy. The MCOPF relies on so-called Energy Hubs. In that, we first

Thilo Krause, Florian Kienzle and Goran Andersson are wlith Power gytline the basic theory of Energy Hubs, followed by a short
Systems Laboratory, ETH Zurich, 8092 Zurich, Switzerlagdnail: {krause, . ducti h . f | b
kienzle, anderssgi@eeh.ee.ethz.ch. Simon Art is a MSc student at gTintroduction to the notion of exergy. In a subsequent step we

Zurich, Switzerland, e-mail: arts@student.ethz.ch. define exergy in the context of Energy Hubs.



A. The Energy Hub Approach The entries of the coupling matrix() are the converter

In the industrialized part of the world, industrial, commercoupling factors. Each coupling factor relates one paeicu
cial, and residential consumers often require various $orrfiPut to & certain output incorporating the specific coreers
of energy services provided by different infrastructurBg- efficiencies. For a more detailed discussion on the definitio
ically, coal, petroleum products, biomass, and grid-bourﬁHOde””g and use of Energy Hubs the reader is referred to
energy carriers such as electricity, natural gas, andictistd13]; [17]_- ) o )
heating/cooling are used. In terms of the conversion and!n section Il we will optimize an interconnected network of
storage of the different energy carriers, various intésast Energy Hubs, first focussing on cost-efficiency and aftedwar
may arise as for instance observed in co- or tri-generatifiximizing the exergy efficiency of the systems. The notions
facilities [14], [15]. Using e.g. CHPs or microturbines & i Of exergy and exergy efficiency are briefly sketched in the
possible to produce electricity and heat out of natural &®llowing subsection.
bio gas, biomass etc. Together with the deployment of dis-
tributed storagetechnologies such muIti—carriereneyg;esns B. Definition of Exergy and Exergetic Efficiency
are characterized by complex dependencies. One concept tflz icallv. th d . " i | diff
model and analyze these dependencies is the so-calledyEner ypically, thermodyhamic systems contain several difrer-
Hub approach, where “an Energy Hub generally represeﬁt@ energy carriers, where a common basis for comparison

an interface between energy producers, consumers, and |§néeqw_red. On(_e (_:omprehenswe concept to devel_op such a
comparison basis is exergy. Generally, enerffy ¢onsists of

transportation infrastructure.[16]” From a system poirit 0 d h is the th ticall
view, an Energy Hub provides the functions of in- and outpu('f',xergly () and anergy {) where exergy 1s the theoretically
able part of energy, thus quantifying the amount of work

conversion and storage of multiple energy carriers. Fig. Up able f th q . ; on th t
displays a schematic picture of an exemplary Energy Hup, dvanable from a thermodynamic system. ©n the conlrary,

anergy is energy which cannot be used. Equation (3) describe

ENERGY HUB this basal relation.
electricity @ electricity E=B+ A 3)
L A well-known example of anergy is the (unused) waste heat of
natural gas mT - combustion processes. It has to be noted that exergy is alway
- — >

related to an exergy reference environment which is nogmall
the standard atmosphere. Thus, exergy is the available work
from a thermodynamic system which is brought to equi-
librium with its surrounding exergy reference environment
Consequently, exergetic efficiency denotes the portiorhef t
available work which is actually used. According to [18] for
single device or a system, the exergetic efficierrag defined

Formall, a hub can be described througRY the exergy flowing into the systen(...) and the exergy

district heat
istrictheat &

heat
L=

Fig. 1. Example of a hybrid Energy Hub that contains an dledtr
transformer, a gas turbine, a gas furnace, and a heat exahfid.

a set of energy carriersa,3,... € & = fow being actually usedH;,):
{electricity, natural gas, heat, ...}, where each Bused
energy carrier may be a hub input and/or a hub output. )= gse 4)

The set of input powers (output powers) is defined by
P.,Ps,...,P, (La,Lg,...,L,). As described in the aboveAlternatively, according to [19] the exergetic efficiency o
example, specific technologies inside the hub allow for the device is calculated using first- and second-law thermal
conversion of energy carriers. A simple conversion devi@dficienciesr,, 1 andn: 2 and the mechanical efficieney,

with one input and one output can be described as follows:

Lﬁ == Ca_’ﬁPa (1)

Y =M1 Meh,2 + Mm (%)

where 7, o depends on the temperature at which heat is

The device converts an energy carrier) (into (5), where transferred from one reservoir to another, and is also known
input and output powers are coupled through the coupligg the Carnot efficiency:

factor (c.,s) given by the converter's steady state energy
efficiency. Accordingly, an Energy Hub can be modeled as a
combination of different converters covering multiple amd
outputs. Equation (2) provides the mathematical desonpaf Example: A CHP device converts incoming natural gas power
the Energy Hub. of 70 kW to 24.5 kW electric and 33.6 kW thermal power. The
latter is used for room heating. In this case, the mechanical

T — Tref Tref
= arnot = ~=1- 6
Nth,2 = NC t T T (6)

La o, o e W, Pa . . . . .
I Caa B, Cw, P (electric) efficiency of the device is:
B Ca,8 €88 " Cup B @) L5 kW
=1 . . . 24.5
e 7
Lw Caw CRw "' Cu,w Pw

L 4 e 1see, e.g., [18], p.340.



Conversion to heat is performed with a first-law thermals natural gas, the following approximation is common: Thei
efficiency of: exergy is described by the lower heating valueHd(V.je.)

33.6 kW —0.48 8) and the mass flowri¢). The product of the latter two equals
70 kW ' the chemical power flow:

Assuming that the heat leaving the device with a temperature . )

of T = 353 K is transferred to a room, the second-law chem ~ Pehem = 110 - LHVehem (13)
efficiency depends on the temperature of the exergy refereqgis approximation is valid as long as the combustion presluc
environment. Let the environment be a cold winter atmosph&{ier an environment where the pressure does not show
with T;..; = 258 K. Then, the efficiency relative to the coldgyireme deviations from the standard pressure. This is the

Nth,1 =

winter environment is: case for most combustion processes being the reason why this
Neho =1— 258K _ 59601 (9) approximation is commonly used. Finally, the exergy of heat
' 353 K depends on the temperature of the transferred l&aarid on
Applying (5), the exergetic efficiency amounts to the temperature of the reference environmént (). Table 1
ives an overview of the corresponding exergies:
Y = Nn1 Men2 + NMm (10) J P g J

=0.48-0.2691 + 0.35 = 0.4791 (11) Incoming exergy | Used exergy
The simple example above showed how to calculate the exergyElectiicity | B = Py BoM = L
efficiency of a CHP device. In the next subsection we will Natural gas| B}, =~ Peper, | NO gas output
adopt the framework for determining the exergy flows related =1iv- LHV hem
to Energy Hubs. Heat no heat input BYUl = Lpeqs - (1 — ?)

. . X TABLE |
C. Exergy in the Context of Multi-Carrier Energy Systems oy eryiew oF INCOMING AND USED EXERGIES FOR THIENERGY HUB IN

In order to use (4) to calculate the exergetic efficiencygiti F'G- 2. FOR THE ABBREVIATIONS, PLEASE SEE THE TEXT ABOVE
necessary to know the exergy flowing into a system as well

as the used exergy. To further detail this concept, we use an _ _
exemplary Energy Hub as depicted in Fig. 2. The above section described the Energy Hub as basal

modeling principle, followed by an introduction to the rwots

hub H; of exergy and exergetic efficiency, where in a last step these
electricity Semr Leg,i electricity concepts have been adopted for the use in conjunction with
B Energy Hubs. Subsequently, section Il presents the castd
cHP multi-carrier optimal power flow problem (MCOPF) as well
natural gaquaSﬂi ’7 . —| Lheat,i heat as the quel for the maximization of the exergy efficiency in
i ' " multi-carrier energy systems. It has to be noted that the fol

lowing MCOPF formulation is based on the research already
Fig. 2. Energy hub comprising a combined heat and power (Gi¢Rice present_ed, €.g. In [13]' [17]' qu the sake of r_e.adabllltgd a.n

and a furnacesS.; ; denotes the electricity input (apparent powd?),s ; the t0 provide a better understanding of the modified modeling
gas input.Le;; refers to the electric load,cq,i to the heat load. [17]  framework in terms of exergy analysis, we include a synopsis

) ) of the previous work also in this paper.
Although in the later OPF formulation the apparent power
Se1; is considered (see (12)), we neglect the reactive pow, [
s g : IT . M AXIMIZING EXERGY EFFICIENCY IN MULTI -CARRIER
(jQe.1.;) Tor exergy efficiency calculations. The exergy concep
o X S : ENERGY SYSTEMS
takes into account irreversibilities of conversion preess

where reactive power can be seen as being reversibly flde- Multi-Energy Carrier Optimal Power Flow

tuating in the system. We furthermore assume lossless-transin order to formulate the multi-energy carrier optimal powe
mission inside the hub. For short distances, e.g. in a houseigw (MCOPF) a set of hub number${] has to be defined,
in a building complex, this simplification appears reasd@ab yith i,j,...€ H={1,2,...,Ng}. Each hub{) is character-
Seri = Pui + jQeri (12) ized by a coupling matrix;), by the power inputsik;) and
the hub loads I;). The network power flows are denoted by
With the hub displayed in Fig. 2 and the assumption om,. The termG, (P;) refers to the set of power flow equations
reactive power and hub-internal lossless transmissios, #f the hubs and the different networks (e.g. electricity and
incoming as well as the used exergies for electricity, r@turgas)® The hub input power might be constrained with lower
gas and heat have to be defined. First, electridity ) is pure Jimits P, or upper limitsP;. Networks flows are also likely to
exergy (B1';). The same applies for the electricity load at thge constrained by lower flow limitg,, and upper flow limits
output C.;; and B%*). For chemical energy carriers, suchF,. With the above nomenclature it is possible to formulate

el,i

2In [20] this value is recommended for exergy-based evalnatof heating 3We refrain from presenting the flow equations as this exceleesscope
systems in Germany. The reason is that heating systems déde designed of this paper. In [17] the flow modeling of electricity and gastworks is
for this temperature. described comprehensively.



the multiple-energy carrier optimal power flow as follows: For the formulation of the exergy maximizing objective func

Minimize tion three steps can be identified: 1) quantify incoming gxer
f(Pi,Fy) (14) 2) quantify used exergy 3) apply (17). In the end this leads
_ to: .

SUbJeCt to - PBused N Zie?—t ZI{GS B;nﬁ (20)

L; — CiPi =0, VieH (15a) Bin ZiGH ZKGL Bgz@d

Ga(Pi) =0, Vae& (15b) In the application example below we will formulate the exerg

and maximizing objective function for the system depicted in

P, <P, <P, VicH (16a) "9 3

Fo<Foa<Fo, Vael (16b) IV. APPLICATION EXAMPLE

The objective functionf(P;, F.) is also dependent on thep System parameters
network flowsF, as the line utilization causes losses, which

have to be covered by additional generation. In complianceln.th.IS ?ectlpn, thﬁ_ pres_ented methodtfor exergy T_ﬁl;?ncy
with the optimal power flow in electricity networks, themaximization in mufti-carrier energy systems is applieato

problem defined in (14) to (16b) yields marginal costs of tHgSt system. The results are then compared with the corre-

different energy carriers at the different hubs, i.e. aeysof tsplf nd:cng I‘Eil;HSFC_)f agcot?t Opt't?'w:'ont' The fctr;]osgn sy;ﬂ;ertn '
locational marginal prices. aken from [17]. Fig. 3 shows the structure of the investda

networks. The system parameters are given in Table Il. The
B. An Exergy Maximizing Formulation of the Optimal PowefYStEM consists of an electricity network (upper part of Blg
Flow Problem a natural gas network (lower part of Fig. 3) and three equally
. o . designed energy hubs with the structure shown in Fig. 2.

In section Il th_e principles of exergy and_exergy ef‘f|C|enc5‘Lhe hubs are equipped with a CHP plant converting gas to
have been described. In th_e f_oIIowmg we W!Il_adopt the a_bO\Qectricity and heat, and a gas furnace (F) buring gas to
.MCOPF frqmework to optimize exergy efficiency. The '0,'9 roduce heat. The availability of a CHP plant leads to a
IS to f?xplOlT the energyblconterr]lt of c::ﬁerent energ;l/l Ca81€h o 4undancy both for the electricity and the heat supply ef th
as € |_C|er_1ty as possible, where the MCOPF allows tr]Sads because electricity can alternatively be taken frben t
maximization of exergy efficiency not only locally, but fdret network and heat can be produced by using the gas furnace. At

whole supply chain from production over transmission af}ﬂe same time, the CHP plants establish a physical conmectio

distribution to consumption. Considering the above MCOPE veen the electricity and gas network. Two generaighs (

problem it appears obvious that also for an maximizatiofy .y are connected to the electricity network. Natural gas is
of exergy efficiency the constraints of the MCOPF havgsined from an adjacent netwoik at node 1 and delivered
to be Sat.'Sf'ed' Hence, the equations fr_om (158) t0 (16Q) the hub inputs at node 2 and 3 via the connections 1-2
representing the system constraints remain unchangedew%d 1-3 which are equipped with the compressers and

only the objective function has to be changed. Now the aiaq The exerav efficiency of generator U~ . corresponds
is to maximize (), defined in (4) as the quotient of3(..q) (5/13' oy y o1 g <o P

d A dol  f I 0 a nuclear power plant antl;, represents the corresponding
and (Bin). As optimization models are commonly formulateq,, e of 4 coal power plant [21]. The exergy efficiency of the

as a mlnl?u”zatm.n problem the objective function can bgyp ., .. results from assuming flow temperatures of the
written as follows: heating circuit at the three hubsBf = 353 K and a reference
1 Bin temperature of}..; = 258 K representing the lowest outdoor
E = Fused (17) temperature assumed [20].

In a system as depicted in Fig. 3, incoming exergy is simpl
the sum of the exergies brought into the system by t
various energy carriers, where this inflow may originaterfro In subsection Ill-B the necessary steps for the definition of
a connected gas network or additional generation outsidetbe exergy maximizing objective function have been defined
the hubs (for further explanation see the application exam@s 1) quantify incoming exergy 2) quantify used exergy
in section 1V). Hence, we additionally define an alternativd) apply (17). We will now follow this procedure to exemplify
set of energy carrier§ with {a, 3, ..., Nsc} describing the the method.

system inflow. Extending the nomenclature with the above For the hub system depicted in Fig. 3, energy is flowing into

Objective function of the exergy efficiency maximization

considerations, this leads to: the system as electricity and natural gas. As outlined iticzec
in in [I-C, the exergy content of natural gas can be approximayed b
B = E E B; (18) . P
i 4K its energy content. For the case of electricity, it is impaottto
1€H KE

) _ respect the system border. Obviously, electricity entethre
Analogously, used exergy is the sum of the exergies used by, is 100 % exergy, but the generation of this electricity
the loads at the output sides of all hubs: is associated with exergetic losses, depending on the type
Bused _ Z Z BUsed (19) of conversion used. These exergetic losses are introduged b
ey iy S exergetic efficiency factors for the two generatafsg;, and



1 9 TABLE I
@ | EXAMPLE SYSTEM PARAMETERS FOR THE REFERENCE CASE
1

electricity Element data

Set,1 Set,2 el. line 1-2 | Z12 = 0.3 4 50.9 pu, Y12 = j1.5- 1076 pu

el. line 1-3 | Z13 = 0.2+ 50.6 pu, Y13 = j2.5-10~% pu
el. line 2-3 | Za3 = 0.1+ j0.4 pu, Yo3 = j3.5- 106 pu

G1 slack type, V1 = 1/0° pu,ag, = 0 mu,

Ser,3 bg, = 10 mu/pu,cg, = 0.0010 mu/pt?,
1 2

Vg, =037

B |

G2 PQ type,ag, = 0 mu, bg, = 12 mu/pu,

b l_ natural gas Pras.s cG, = 0.0012 mu/p?, ¥, = 0.335
gas,1 pipe 1-2 GHYV - k1 =4.5

3 pipe 1-3 GHV - k:13 =3.0
pipe 2-3 GHYV - ko3 = 2.0
C12,C13 GHV - kg, =GHV - kg, =0.5 pufl

Pyas,3 N slack type,p1 = 1 pu,ay =0 mu,

by = 5 mu/pu,cy = 0 mu/ptf

Fig. 3. Analyzed system with one energy hub at each of the thoeles which

are interconnected via a natural gas and an electricity ar&twirom [17]. CHP NCHPgas,el = 0-35, NCHPgas,heat = 0-48,
Vogp = 045
F nF = 0.85, Up = 0.1
Ya,, respectively. Thus, incoming exergy can be formulated | |gags Leti = 14 50.1 pU, Lpeqr.; = 2 pu
as: ——
| Limitations
Sin Sin Sin Sin Pe, | Fo, nodes 0.9 < |Vin| < 1.1 pu
B = Bl,el + BQ,el + Bl,gas = ’lf) + ’lf) + Pgas,source = rmh =
Gl G2 (21) m = 17 273 0.8 S Pm S 1.2 pU
The used exergy can be derived from the electricity and heat | ©2 0< Pa, <4pu0<|Qa,| <4pu,
at the output of the three hub®((= 3): 0<|Pg, +jQa,| <5pu

Pm
C12,C13 1.2 < oy <138

3
Bt =S (Bat+ Byt (22a)
i=1
3 T C. Reference case
_ , _ tref ), , . . .
_Z (Lelﬂ + (1 T ) Lheat,l) (22b) Fig. 4 shows the simulation results for the reference case.
i=1

The black bars indicate the results of the cost optimizatien
Subsequently, the objective function to be minimized is 48r the objective of minimizing total system costs, wherthges

follows: white bars represent the results for the objective of maziimgi
exergy efficiency of the whole system. For the reference,case

1 f;: + 11;2 + Pyas,source cost and exergy optimization give relatively similar resul
@ i T (23) None of the generators is used to meet the electricity load
>ict (Lel,i + (1 - }—f) -Lheat,i) (see Fig. 4(a)) because they are too costly and their exergy

efficiency is too low. Instead, natural gas is taken from

We refrain from presenting the objective function for théhe adjacent networkV (see Fig. 4(b)) to be converted to
cost minimization problem as this problem is well-known andlectricity in the CHPs of the three hubs. As the gas line from
has been covered extensively in the literature (see e.§, [13ode 1 to node 3 features higher losses than the one from
[17]). node 1 to node 2, hub 1, which is directly connected to the

In the following, the results of exergy and cost optimizatiogas networkV, and hub 2 both consume more gas than hub 3
for the above described example system are compared.(3ee Fig. 4(d)). The hubs 1 and 2 produce more electricity tha
a first step, the data from Table Il are used to generatetheeir own loads consume. Therefore, they export their exces
reference result. Based on this reference case, two sétysitielectricity to hub 3 (see Fig. 4(c)). Fig. 4(e) shows the disp
analyses are carried out to determine the influence of refaetors of the three CHPs, i.e. the percentage of gas thaei u
vant system parameters. The optimal power flow problentsthe CHPs. In hub 1, all gas is converted by the CHP; the
are solved using the fmincon solver available in the Matladas furnace is not used at all. Hub 2 uses only a small part of
optimization toolbox. Due to the non-convex character @f ththe total gas input for generating heat by means of the fernac
problem, it can not be guaranteed that the solution point As hub 3 imports electricity from the network, its CHP usage
indeed the global optimum. is relatively low and the remaining heat load is covered gy th



gas furnace. With respect to total system costs (see Fip. 4(0. Sensitivity analysis with respect to the exergy effigiesfc
and system exergy efficiency (see Fig. 4(g)), both cost agdnerator G2

exergy optimization give almost identical results.
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Fig. 4. Simulation results for the reference case.

In a next step, the sensitivity of the simulation results to
the exergy efficiency of generator G2 is analyzed. All other
things being equal with respect to the reference case, the
exergy efficiency of generator G2 is changeditg, = 0.78
in order to study the impacts of a generator with a high exergy
efficiency on the system behavior. This does, of course, not
affect the results of the cost optimization because in thiec
only costs are considered in the objective function. Thaltes
of the exergy optimization, however, change significantly.
Maximizing exergy efficiency leads to an electricity proton
of generator G2 (see Fig. 5(a)) and therefore to a reduced gas
infeed from the gas network (see Fig. 5(b)). As the eledtrica
load at node 2 is supplied directly by the generator G2, the
CHP of hub 2 is completely switched off, i.e; = 0 (see
Fig. 5(e)). It may seem counterintuitive at the first glance
that the exergy optimization hardly leads to a higher system
exergy efficiency than the cost optimization (see Fig. 5(g))
This can be explained by the fact that the electricity output
of G2 replaces some part of the electricity that would have
otherwise been generated by the CHPs. At the same time, the
heat output of the CHPs decreases and therefore, the overall
heat production of the gas furnaces has to be increased. As
the gas furnaces have a very low exergy efficiency, this aimos
completely compensates the increase in exergy efficieocy fr
the use of the generator G2. The total system costs resulting
from the exergy optimization, however, are about 10% higher
than the costs obtained by the cost optimization (see Hp. 5(
Hence, in this case the trade-off between costs and efficienc
would be in favor of the cost optimization.
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o - . . H1
A second sensitivity analysis is carried out with respect to g Hi . H3 |
the gas price. Based on the parameters from the referenee ca (€ CHP dispatch factors. (f) Total system costs.
shown in Table Il, ceteris paribus, the gas price is doubled
to by = 10 mu/pu. The results for both cost and exergy 50
optimization are illustrated in Fig. 6. As the changed gasepr "
does not affect the objective function of the exergy optaniz 5
tion, the respective results are the same as in the reference ¢ 30
case. Due to the high costs for gas, the cost optimization % 20
results in a substantially lower gas input from the adjacent S
gas networkN (see Fig. 6(b)). The relatively small gas input 10
to the hubs (see Fig. 6(d)) is mainly used for heat generation 0
in the furnaces. Only a very small amount of gas is used in (9) System exergy efficiency.

the CHP of hub 3 (see Fig. 6(e)). The electrical loads are

exclusively covered by taking electricity from the network

(see Fig. 6(c)). This electricity is supplied by the generat | Il Cost optimization [__]Exergy optimization]

G1 and G2 (see Fig. 6(a)). Fig. 6(f) shows that the costs ot s for for th i o
resulting from exergy optlr_ngtlon aI..e -onIy slightly h'ghegfs' Sl"ices.lmu ation results for for the sensitivity analysigh respect to the
than those from cost optimization. This is due to the fact tha

the higher amount of gas that is consumed in the case of

exergy optimization is used at a high efficiency in the CHPs

(see Fig. 6(e)). Therefore, the increase in natural gagpii V. CONCLUSIONS

mitigated. At the same time, the usage of the generators GIThe exergy approach applied to multi-carrier energy system
and G2 in combination with the gas furnaces in the case of ctisat has been presented in this paper can be used for the
optimization leads to a substantial drop of exergy efficgenglanning of energy systems involving several energy carie
compared with the exergy optimization. In this case, uniike Using this approach, energy system planning is not only
the previous sensitivity analysis, the trade-off betweests performed with an integrated perspective on all relevaatgn
and exergy efficiency would rather be in favor of the exerggarriers and potentially resulting synergies, but the ialf
optimization. the different forms of energy and the efficiency of the diier




conversion processes is also taken into account expliéidy [19] L. Fechter, “Energetische und exergetische Untersnghn an einem

illustrated in the application example, the presented ogkth

allows to assess exergy efficiency on a system level, i.e.

implications of changes of individual system parameters fo

the exergy efficiency of the whole system can be analyz
Furthermore, a comparison of cost minimization and ma
mization of exergy efficiency gives insight regarding threed:-
off between these two quantities. In this respect, futurekwo
may deal with multi-criteria optimization aiming at devping

solutions that offer the best possible trade-off betweestsco

and efficiency.
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