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ABSTRACT

The optimization problem of multi-carrier energy system has attracted
considerable attention of worldwide researchers and engineers. It iswell
known that there exists a complex coupling relationship between energy,
product and emission which has a significant impact on the performance
of multi-carrier energy. Inthisrespective, an “Integrated Hub” concept is
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developed which synthetically consider the interaction between energy,
product and emission. Based on the proposed integrated hub structure,
the network model for multi-carrier energy systemisbuilt and furthermore
the mathematical formul ation for optimization of thissystemisdescribed
in detail. An example case is illustrated to verify the performance and

capability of the proposed approach.
© 2013 Trade SciencelInc. - INDIA

INTRODUCTION

With therapid devel opment of co-generation and
tri-generation technol ogies, thetraditional energy sys-
tem evolvestoward so-called multi-carrier energy sys-
tem characterized by interconnecting different energy
typesincluding e ectricity, natural gas, cod, oil, biom-
assand other possible energy resource. Inmulti-carrier
energy system, variousenergy carriersact mutualy and
may be converted from one type to another. For ex-
ample, using CHP (Combined Heat and Power), itis
possibleto produced ectricity and heat s multaneoudy
out of natural and biogas. Dueto the complex interac-
tion between different energy carriers, themodedingand

optimization problemfor multi-carrier energy sysemhas
attracted considerabl e attention of worldwideresearch-
ers and engineers nowadays and a number of novel
concepts have been devel oped such asbasic unitg®,
micro grids?, hybrid energy hub™, energy hub!“! etc.
Among them, the energy hub concept arise enormous
interest and thefurther research work iscarried out. By
using energy hub, anumber of aspectsof energy sys-
temareandyzed and discussed (e.g., maximizing exergy
efficiency®™, pricing of multi-energy network flow(®,
predictive control™, CHP optimized sd ection®, mod-
eling and optimization of renewabl€? etc).

Itiswel known that energy systemistheimportant
part of thesociety system which closely relatesto eco-
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nomic and environmental system. Other than the cou-
pling relationship between different energy carriers, en-
ergy systemhasacomplicated interactionwith product
and emission. A variety of energy activitiessuch asex-
ploitation, storage, transmission, conversion, distribu-
tion and consumption are performed for product manu-
factureand meanwhileacertain amount of emissonmay
bereleased. In addition, based upon the emergency of
renewable technologies (e.g., biomass generation,
waste-hest recovery), thereleased emission or useless
byproducts can be converted renewable energy re-
source. Fromthispoint of view, the optimization prob-
lem of energy system not only takesinto account the
interdependenceof variousenergy carriers, but aso has
ahigh correlation with product manufactureand emis-
sonrdesse. Thusitisnecessary tofacilitating theinte-
gration of product and emission aspectsinto multi-car-
rier energy systemmode in order to plan and dispatch
energy resource much more scientifically and reason-
ably. In this paper, based on the extension of energy
hub structure, thefactorsof product manufactureand
emission rel ease can beincorporated into multi-carrier
energy system and hence aso-called integrated hub
concept isdeve oped which synthetically considersthe
interaction between energy, product and emission. By
using themodeling schemaof integrated hub, the net-
work modd for multi-carrier energy systemishbuilt which
extendstheenergy anaysisscopefromtheonly inside
of energy system toward to theinteraction between
energy, economical and environmental system. Inor-
der to optimizethe proposed network mode of multi-
carrier system, themathematica formulation for opti-
mizationisdescribedindetall. At end, anexamplecase
isillustrated to verify the performanceand capability of
the proposed approach.

INTEGRATED HUB STRUCTURE

Integrated hub extendsthe performance of energy
hub toincludenot only thevariousenergy activities, but
also product manufacture and emission releasein such
away that waste or byproduct recovering can be con-
Sdered effectively. Integrated hub can beconsidered a
basic unit that synthesi zes the performance of energy
activity, product manufacture and emission recovery.
Inside agenericintegrated hub, energy carrier can be

converted (e.g., gasturbine, gas-fired boiler, etc) or
distributed (e.g., transformer, heat exchanger, etc) or
stored (e.g., fuel cdll, battery, gastank, etc) in order to
satisfy the energy consumption required by product
manufacture duringwhich acertain amount of emisson
may be rel eased and consequently causes environmen-
tal pollution. With respect to emisson management, in-
tegrated hub providesboth sol utionsincluding cleaning
emisson viadecarbonization, desulfurization, denitrifi-
cation, etc on one hand and recovering emission or
byproduct via the renewable technologies such as
waste-hest reus ng, biomassgeneration, etcontheother
hand. Integrated hubs can serve asinterface between
theinteraction of energy, product and emission. Inte-
grated hub interconnectswith different grid-bound en-
ergy carier, for exampledectricity, naturd ges, districted
hest which are converted and/or conditionedinthe hub.
The generated energy isthen consumed for product
manufacture and theremainder energy can betransmit-
ted back to energy carrier grid. Meanwhilethereleased
emission can be controlled for environmental ly com-
patible management or energy recovery. All theactivi-
tiesabout energy converson, productsmanufactureand
emisson controlsare performed withinintegrated hubs.
Inthisregard, theintegrated hub concept hasan attrac-
tive capability for depi cting thecomplex coupling rela-
tionship between energy, product and emission and
hence providesthemeansto andyzehow thiscoupling
rel ationship influencesthe performance of multi-carrier
energy.

A smpleexampleof integrated hubisshowninFg-
ure 1.Energy carrier set, # ={en,h,..} canbedefined
inwhiche, n and h representselectricity, natural gas
and heat power respectively. Material/product set and
emission set are also defined as M ={ab,,.} and

E ={st,..} repectively inwhich different materid/prod-
uct or emissiontypesareincluded. Theindex for inte-

grated hub isstated asnv ={1,2,3,..n}. InFigure 1 pe,

Prand P" respectively indicatethe energy feed from
each energy carrier infrastructure such as el ectricity,

natural gasand hest power. B" isthen partitioned into
two branches according to the proportion of 4" and

1- 4. One part is converted to electricity and heat
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s multaneoudy viagasturbine equipment and the other
can be used to generate heat power viagas-fired bailer.
Thegenerated energy power isthen supplied to satisfy
theenergy consumption demand for manufacturing prod-

uct p andc, which are denoted by T¢ and T" respec-
tively. Meanwhiletheremainder energy Te and T can
beddivered back toenergy carrier infrastructurefor other
hubs utilization. Mz refersto raw material that canbe

dispatched inaccordancewith A2 for repectively manu-

facturing product M? and M¢. Duringthe product manu-

facture, the generated high-temperature byproducts or
emission can betransmitted to heat exchanger for recov-
eringthehegting va ue contal ned intheseindusiry wastes

indicated by P™. For environmental consideration, the
wasted emisson Ws needsto be converted totheenvi-

ronmental ly-competi ble rel eased type Wt viagpplying
severa control technologiessuch asdecarburization,
desulfurization, dentrification, etc. The conversion effi-
ciency of avariety of equipmentsfor energy generation,
product manufacture and emission control arerepre-

Distributed heat

sentedbyn . §* and §¢ indicateenergy intensity of pro-
cessing equi pment which respectively Specifiesthecon-
sumed amount of el ectricity and heet for manufacturing
per unit product b and c. Theheet recovery efficiency

of processing equipment termed R® describestheaval-
ably recovered heat per unit electricity consumed for
manufacturing productp, . Thereleaseintensity of pro-
ng equi pment denoted by = specifiestheamount

of emisson sinorder to manufactureper unit productc.
Accordingtothestructureand function of integrated
hub, the mathematical model can be achieved asfol-
lowswhich comprisesthreetypes of equationsrespec-
tively specifying energy balance, material balanceand
emission balance.
Energy balanceequations (1)

T+ T = Reng + RO
T 4T = R + RN (LA Jgg + R

TE-QEe, -G RU=TERE ()
Material balanceequations(2):

MP = Maigne, Mg = Ma(1- 22 ) @
Emission balance equations(3)
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We =My W =Wt ®
Fromtheaboveequations, it can beseenthat within
the structure of integrated hub, energy, product and
emissionelementsareinterrelated closely and interact
on each other in such away that any change of one
dement may haveadgnificantimpact onthe other two.

NETWORK MODEL FOR
MULTI-CARRIER ENERGY SYSTEM

Thenetwork model for multi-carrier energy system
can be established in the way that anumber of inte-
grated hubsare connected viadifferent energy carrier
infrastructure. Eachintegrated hub perfformsasanode
inthenetwork model and receivesenergy carrier from
thegrid-bound energy infrastructure, which canbecon-
verted or conditioned to the energy type demanded by
local production, and meanwhiletheremainder canbe
delivered back to energy infrastructure. Inaddition, in-
tegrated hubsare al so connected each other because
of the appropriate up-down-stream production chains
induding therecovery of byproducts. Notethet there-
leased emissionisredistically processed localy and
usually unnecessary to transport between different
nodes.

With respect to the network framework of multi-
carrier energy system, energy flow, materia flow and
emission flow equations can beformul ated asthefol -
lowing, whi ch specifiestheinput and output rel ation-
ship between each node.

i Pa = iTla ,aeH={en,h,.} )

=1 I=1

M/ =iMf' BeM={abgc,..} ®)
=<

M7 =iMf, 6 e E={st,.} ©
j=1

Equation (4) isenergy flow fomulationwhichindi-
catesthat for each particular energy carrier, theenergy
amount of injectionto al thenodesfrom theinfrastruc-
ture equal sthewhol eremainder retumning tothegrid.
Equation (5) ismateria flow equation stating that the
products manufactured within upstreeam node j canbe
delivered to m number of downstream nodesactingas

feedstock for thefurther production. Similarly, equa-
tion (6) indicatestheflow of emission betweenupstream
and downstream nodes.

MATHEMATICAL FORMULATION
FOROPTIMIZATION

Although the optimization of multi-carrier energy
system correl ates consumption cost, product profit, ex-
ploit availability, performancereliability, emisson pro-
cessing and other aspectswhich have different mea-
surement basis, aunified optimal objectivecanbees-
tablished from the economic perspectiveasshownin
thefollowing equation.
minimize

S=Y Y ReCe+2 I WC;-D D TCe-3. > ¥¢Cp (1)

aeHlieN SeEieN aeHlieN peM’ieN

The optimal objective is to minimize cost
portfolio swhichisdetermined by cost of energy con-
sumption (|c:) and cost of emission processing (¢; )
subtract revenue from feedback of theremainder en-
ergy power (C: ) andsellingfinal product (;; ). More-
over, equations(1)-(6) constitutethe constraintsfor op-
timizationmodd.

CASE STUDY

In order to illustrate the proposed modeling ap-
proach, acasestudy can beprovided asshownin Hg-
ure2. Without loss of generality, themulti-carrier en-
ergy system is composed of four integrated hubsre-
spectively connecting with different energy carrier in-
frastructure such asel ectricity, natural gasand distrib-
uted heet. For reasonably reducing the complexity of
computation, al thegeneratorsineectricity grid canbe
concentrated to asinglenodedenoted by | HLwhichis
responsiblefor delivering eectricity power tothegrid.
Naturd gasissupplied fredly mearwhil edistributed heet
is constrained in the scope of thesystemwhich means
that none of any amount of heat can be obtained from
the outside of the system. Each node can receive any
energy carier type and then convert or conditionthem
for energy demand of local production and furthermore
theremainder energy can bedelivered back to energy
infrastructurefor other nodeuse.
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Fig.2 A case study composed of four integrated hubs

According to Equation (1)-(7), the optimization
model of multi-carrier energy system describedin Fig-
ure 2 can beachieved. Therelated model parameters
defining the performance of individua integrated hub
arespecifiedin TABLE 1. Applying Matlab optimi za-
tion tool box, the s mulation results can be obtained. For
the convenience of description, all the parametersand
variablesareassumed dimengonlessquantities.
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which reachesthehighest value, thereexistsand at other
timesthereis. Thissituation can be clearly explained
according to theimpact of cost and profit on the opti-
mal objective. Whenthevaueof islower than 3.6m.u
/p.u., theproduct unit profit of nodel H4 islarger than
that of nodeIH2 () and moreover the product profit of
node | H4 playsakey roleinthetota cost calculation
compared with its emission cost. Therefore, at time

TABLE 1: Themodel parametersof casestudy illustrated (Per unit of energy: p.u., Material and product unit: m.p.u.,

Emission unit: eu., Monetary unit: m.u.).

IH2 IH3

IH4

ne =062, gt =089 ne =062, 7 =064, it =0.65 7 =0.89, % =0.82,

ns =0.62, ny° =0.64

nh =04, nh =08
2 28 S =0.3pu./ mpu
n¥ =0.65 S =034 pu./mpu

n® = 0.74

4 4

n¥ =0.65
S¢ =0.34pu./mpu

S =042 pu./mpu. y¥ =043 R =012

Unit cost

Cp=274mu./ pu. C¢ =3.67mu./ pu.C, =1.23mu./ m.p.u

Cé =216mu./mpu. C¢ =248mu./ m.pu.
Ce =3.67mu./ pu. CM'=3.67mu./ pu.

Unit profit

Raw material amount M2 =34.6m.p.u

Cong dering theimpact of theunit cost of eectricity
on theoptimization results, isassumed to fluctuate dur-
ing the periods of 24 weeksand therelated optimiza-
tion results can be obtained asillustrated in Figure 3.

From theresultsit isnotablethat thetotal cost s

variessimilarly withthefluctuation of Cgthroughout the

periods, whichindicatesthatis affected by greatly. In
theinterva betweenthe 12thweek and 16thweek during

except for 12th-16th weeks, compared with energy
consumption cogt, the product profit hasagreater con-
tributiontothetota cost anditissuggested to apply all
theraw materia to produce productfor the cost mini-
mization. Ontheother hand, when, i.e. & timebetween
the 12th-16th weeks, the e ectricity consumption cost
becomesthe primefactor influencing thetota cost and
itisappreciated for node | H4 to deliver moresurplus
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Figure3: Theoptimization results

dectricity tothegridin order to offset theeffect of higher  power required by node | H3 of which the shortfall one

electricity unit cost on.

Fromthevariation of it can beindicated that when,
theconsumed dectricity innodel H4ismainly supplied
by the grid and with theelectricity unit cost increasing,
node | H4 beginsto use natural gasto generate elec-
tricity to satisfy thelocal energy demand and smulta-
neoudy deliver thesurplusonetothegrid. For example,
at timeduring the 12th-14th week, the surplusamount
of dectrify ddivered tothegridincreasessubstantially.
Thesimilar Stuation occursonwherethevariation trend
of thisvariableisbas caly consstent with. With theelec-
tricity unit cost increasingit issuggested for nodel H2
to increase generation capacity of gasturbine and then
supply eectric power tothegrid for offsetting thegrid
power cost.

Dueto noneof any amount of heat can be obtained
from the outside of the system, the heat need required
by node H3ismainly supplied by the heat capacity of
both nodel H2 and | H4. According to the variation of
and, it canbe seenthat the heat generation substantially
relieson node | H4. In addition, during the periods of
thefirst two weeks and between 12th- 16th week, in
order toredizethetota cost reduction, onthepremise
of self-sufficiency indectricity generation demanded by
local production aswell asthe benefit produced from
the surpluselectric power, node | H4 suppliesthe heat

can bemadeup by nodelH2.
CONCLUSION

Cong dering thecomplex coupling relationship be-
tween energy, product and emission, an “Integrated
Hub’ concept aswell asthe modeling framework for
multi-carrier energy system based onit are devel oped
characterized by synthetically consder theinteraction
between energy, product and emission. The applica-
tion of developed model to acasestudy illustratesthat
the performance of energy systemisclosely correlated
with product and emission.
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