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ABSTRACT

In this paper, energy, exergy, economic, and enwrental investigation of a control system for camebiheat and
power system (CHP) system using solid oxide fue(®©FC) and micro gas turbine (MGT) used for marpower
technology in ship propulsion is studied. Wide-riaggthermal, electrochemical, and exergetic caltiolas in the
system are performed in order to get hold of acturthat is validated using available data in litaree. A

parameter study is accomplished based on the ltuglrhte, fuel utilization, working pressure , rai€air flow into

the system, fuel cell current density, stack teatpee, fuel unit cost , capital cost ,and eledtsicprice to

evaluating the total cost rate including investmewsts, operational costs and environmental costsravestigated.
Results show that decreasing of the working pressurd rate of air flow into the system; cause thenemic

performance of the system to increase and the @mviental emission to reduce as well as system chiewe a
high efficiency. To acquire the maximum efficiea@pntrol system is designed to effectively symiheothe SOFC
power and turbine’s rotation subsystem to have ghergy for the ship propulsion. What's more, thecteical

energy cost is obtained 0.09 $RkV and payback period of the investment is abouty8ats.

Keywords: mini gas turbine, solid oxide fuel cell, controlagegy, marine power, economic analysis, envirorieden
analysis, energy system planning

INTRODUCTION

The world’s increasing population, their energy dedy energy cost of exploration and production, #mel
reduction of fossil fuel resources in recent desdud®ve involved much studies in the field of enoisdess and high
monetary efficiency energy systems. So long assailsed as a main source of energy, the cost tihgewell a
barrel of oil becomes greater than the energy comkit; production will stop no matter what thedncial worth
may be. Still majorly of alternative energy souroelging on fossil fuels, fuel cells are consideeesda new tools in
energy production which promising the diminution efivironmental emissions because of using the riaect
potential in the chemical reaction of fuel to produhe electricity. Among the fuel cell systems sbéd oxide fuel
cell (SOFC) has paid more attention due to projfffeziency and consecutively generation of electyicind heat
[1]. The ability of SOFC in being combined with dige power systems and various types of gas twipjelow
environmental pollution, suitable power densitydépendent power system from moving parts, and looustic
noise can play a chief role in the future powenp[&]. The hybrid systems the first time were anpanied by the
Siemens-Westinghouse Company in 1970 [4]. Amondfitse investigations carried out in this conceBq], in
2000 that company set up the first 100 kW fuel pellver plants operating at the pressure of 300vkiHaa 50kW
micro gas turbine, in the national center for foell research at the University of California [4ue to high
efficiency (about 65%), controllability of power tpuit and heat recovery capability the SOFC-GT Hh/lsgistems
have attracted the studies of numerous investigaldre technology of the tubular solid oxide fuell vas studied
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by Singhal [9] and after then different thermodyimaeind mathematical models of SOFC-GT have beeivater
and developed by numerous research groups [10-23].

The goal of the present research is to economitystuCHP system using of solid oxide fuel cell anithi gas

turbine (SOFC-MGT) for concurrent production ofattecal and thermal energies with high efficiencigharespect
to the environmental concerns. Initially a hybrigtem along with its supplementary equipment halsmulated
and then, every noted cycle component has beemtiggmamically analyzed with a complete electrocloahénd

thermal analysis has also been performed for takeckil used for the system. Then over and donke avjparametric
study of the mentioned hybrid system, the effetthe rate of air and fuel flows into the systenoriing pressure
ratio, fuel cell current density, fuel unit cosgaricity price ,and capital cost, on the effindg, power production,
total cost rate, and the rate of exergy destrudtave been examined to find the optimum electecairgy cost and
payback period of the investment.

2. Mathematical Modeling
The representation of the studied hybrid SOFC-Gstesy has been revealed in Fig. 1. The suggestéehsys
consists of a stack of solid oxide fuel cell withernal reforming, afterburner chamber, mini tuehiair compressor,
fuel compressor, water pump and three recuperaitirhhermal processes of that SOFC-MGT hybrid sysin a
simplified manner and is close to the first reatstoucted system of its kind. The energies usedhuilding include
the heating, cooling, and the electrical loads, thedffered SOFC-MGT system must be talented livetehem.
The composition of the used air (point 1) is assitoanclude 21% oxygen and 79% nitrogen and thized fuel
(point 4) in the system is natural gas with the position of 97% methane, 1.5% carbon dioxide aB&alnitrogen.
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Fig. 1: Schematic of SOFC-MGT system

In the steady modeling and analysis of the propasstem, the gas leakage from the system and thegehin
kinetic and potential energy, the change in tentpegaand pressure inside the cell, are disregardlisg. the gas
modeled as an ideal gas and USUF thermodynamiergéign is considered for the gasses exiting theatk and
anode. As well the fuel inside the fuel cell istansd to process into hydrogen via internal refogmin

In this section, the equations used for modeling 8OFC-MGT different sections are presented. Fernthal
modeling of the system in steady state conditiom dlierage values of the thermodynamic parameteemcit
component were applied and for thermophysical pt@seof gases, a temperature dependent specific rhedel
based on empirical polynomials for ideal gas wasiag.

The model for the proposed SOFC-MGT system is plexvi in three separate sections of reforming,
electrochemical, and thermal calculation.
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At the anode of a SOFC the water production rer:tc(ticIJ_| 2
1o2 +2e” - 072

oxygen consumption reaction ) exist. Before this reactions the methane gas rbest
converted to hydrogen in reforming and shiftingctems. A SOFC can use of hydrogen and carbon nidecas
fuel. The fact that through direct internal refongi carbon monoxide and methane can be used am#figd the
fuel cell is very important. The reactions thatetgkace in the internal reforming process are Rigiidothermic,
and get their needed heat from the fuel cell. Té& af this method reduces, to some extent, thendiepee of the
cell on a cooling system. The reactions carriedmthis process are [13,24]: Reforming and Shiftiwhich overall
cell reaction is water production by hydrogen arggen. Based on the reforming reactions, the negjas (CH) is
converted into hydrogen inside the fuel cell, ameht this hydrogen participates in the cell eledtemical reaction
[25]. In the above relations,y, andz represent the molar rates of progress of the reédirming, shifting, and
overall reactions, respectively. By balancing thesses of various gasses in equilibrium, the malesrof outflow
gasses from the cell will be determined. In additithe partial pressures of gasses exiting atnbe@and cathode
could be determined. Note that in this work thel feitering the SOFC is assumed to be partially rreéal,
containing CH4, CO2, CO, H20, H2, and N2, and haddollowing molar fraction composition:

) and at its cathode the

xf = (xCH4,' xCnyCo'xHZO'tzlxNz) (1)

while in the air channel, we assume

Xa = (XOZ'xNz) 2

The reforming and shifting reactions are equilibriceactions [26]. The reversible voltage of thel fiadl is given
by the Nernst equation [27] and the operating g&taf one discretization unit of the cell can blewdated by:

D R S 3)

U] = UéCV - (néhm + néct + néon)

wherg is the index of discretization units am@'w is the fuel cell voltage at open circuit condisorSince to
calculate the real voltage of the cell, the lossssociated with the cell (cell over potential), ethincludes the

. V cosdV -\ .
activation Iosg aCt), ohmic los Ohm), and the concentration lo SCO”C) are computed. Then, the magnitude of
the polarization relation in each discretizatioiit egan be determined in the electrochemical subehbdsed on the
local conditions, including the temperature anccsgsepressures:

. 4
U= f(l'szlpozlpHZOIPa'T ) @)

After calculating the mentioned voltage losses, ris@ cell voltage will be obtained through equati®). The

activation-related loss consists of the losses casal with the cell startup and also with overaaognall the

electrochemical reactions. The magnitude of thés lis equal to the sum of activation over potentidithe cells’

anode and cathode, and it is found through the Igiogtion of the Butlere-Volmer equation. Also Retances
against electron movements in the anode, cathoukfte internal connectors and against ion movesnienthe

electrolyte cause Ohmic voltage losses. On thissh&hmic voltage loss or over potential (for anodathode,

internal connectors, and electrolyte) the totalvatibn loss is the summation of that value at ¢athode and at
anode. The calculation of the exchange currentityeissvery complicated [31].

The temperature of outflow gasses from the fudlaal be calculated by balancing the energy, asal thlrough the
use of the iterative method. Since the reformingctiens are endothermic, and the shifting and elebemical
reactions are exothermic, the total net heat tearsffthe SOFC is determined from the thermal valifferences of
the three cited reactions, according to the foltmnielation [31]:

1
P b b 5
Ty = 5o (R — HGE + Q™ + Q5 + Q) &
xf ‘U,Xf xf
whereHi, 2 —=Ho..**® accounts for the inlet and outlet absolute enthalifference in the fuel channeQ "™ and
Qi*°" account for the convective heat exchange betweefuel flow and its surrounding solid layers, nmand
Qs the energy released from the oxidation reaciiothe anode. Based on the equipotential assumptien
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following voltage and currents relatidis= Uy, j=1,2,..,Jand Z§=11f=ltotare imposed on the
discretization units.

Assuming an adiabatic compression, the compresedehis determined by [18]:

1 [/Pe2 r-0/y D
T, =T, |1+— (—) -1 6
c2 c1< nc[ De1 ( )

(7)
P. = W,(hez — het)

(8)

. 1 r-D/y
Pc = VVchalur c1 (&) - 1]
Ne | \Pc1

where the shaft rotational speed dynamics ruledth®y turbocharger rotational dynamic behavior whish
determined by the power generated by the turbireepbwer required to drive the compressor, anghtiveer drawn
by the generator as

dN_Ptnm_Pc_Pgen

dt aN.J ©)

which provides insight into the possible mechanifonavoiding shutdown
t t 2
JfoPedt Jy Bndr () 2@ - M)

Ein Eout AE

Also, the relation between compressor flow andcefficy to pressure ratio and compressor speedeisfia in
terms of nondimensional mass flow rate parameter,

T (10)

¢
‘ Pc1
and compressor rotational speed parameter thafiized through the following relation:
— N
N, =— (11)
Tea

The calculations performed for the fuel compresaer similar to those for the air compressor. Ihégessary to
point out that in the present research, the tentpes of the air and fuel entering the system Hmen assumed as
identical.

The after burner is the device where the remaifiled from the SOFC anode is burnt with the remajrair from
the SOFC cathode, in order to increase the temperaf the flow before it enters the turbine. Indaling the CB,
the dynamics taken into account is the mass dyrsawecthe mass balance as

dmCB
dt

= Wea + Wap — Wi (12)

Taking the chamber efficiency into consideratidme temperatures of the out flowing gasses are leddzlibased on
this equation:

MieaCpbea g, = (Hitg = Hifto = Ho") — (HgG — HEYG — H™) (13)
Furthermore, the enthalpies at a given temperdtame calculated as:
k
Hp = Z ny ck(MT (14)

k=1
The hot gasses that leave the afterburner charmberanter the turbine and generate electric curBgntalculating
ideal work and considering the isentropic efficigmd the turbine, the amount of work and output penature of
the turbine can be determined:

Py = Wi(hyy — hez) (15)
The following relations can be used to determireetdmperature of air leaving the turbine and thewhof work
produced by the turbine:
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T, =(E>(y—1)/y (16)
Ti2is Ptz _
p (r-0/y
oo =T (1 —nf1-(02) )
t

The rates of entropy generation and exerg)f destrudiuring the expansion process inside the turaheeobtained
from the following relations:

[ Dez -1/v] (18)
Py = Wicp Ty, |1 — (pL)
AesiPea [ (P 2y t; DYz (19)
w, = =< “((i— +1) —(i— +1) )
‘ Ty, Dt2 g Pt2 g

whereA=0.07 nf is the effective flow area, and g=0.9 is the puesgatio where the flow becomes zero. The
isentropic efficiency is then given as a functidnhe blade-speed ratio U/C, defined as
U DN

r-1/y (20)

where D denotes the turbine blade diameter. Inrdgearch, to raise the temperature of the aifalcentering the
cell and also to provide the needed warm wateegetlexternal recuperators have been used whicteddeyfthe hot
outflow gasses of the turbine. As it was mentioree@prtion of the thermal energy contained in th#law gasses
is used to warm the air and fuel that enter thke aall another portion of this energy enters arratheuperator, in
order to provide the required thermal load.

The presented economic analysis make allowancéh®icapital and repair costs of system componemdstiae
operational cost (containing the cost of electyi@onsumption). Several methods were proposedhirthermo-
economic calculation of energy systems such as etanue requirements and direct method. The ga@meters
of the economic modeling is the electricity cosipés kilowatt hour) of produced power which is adtion of the
initial investment cost to purchase the equipmemjntenance costs and fuel costs. In the currealysis the
cannibalized income of the equipment in paybackuations are ignored. The investment cost funstiare listed
in Table 1 [33, 34] for major components in terrmsheir design parameters.

Table 1: Cost functionsfor the major components of the SOFC-MGT system

Component Cost function ($)
Compressor (centrifugal) 91562(R/445)%
Gas turbine (radial) (-98.328In(Ry) + 1318.5)Rr
Recuperatior 111.6(mge)’*
SOFC stack Acotstac(2.96 Toen - 1907)
Inverter 100000(R:/500%
Generator 60(Ps7 - P)°%

Auxiliary equipment 0.1 Aotstaci(2.96Tee - 1907)

Heat recovery exchanger 8500 + 4054%

pump 271.54m'+1094.7

After burner (46.08 m")(1+exp(0.018T-26.4))/( 0.995)P

Unfortunately the prices of the references arelfa®4 and are not updated. The cost coefficienth@freference
[34] are updated based on the 5 percent annuaésiteate from the time of estimation of that psiti# now.

Using SOFC systems incorporating GT imposes additiexpenses for investment and operational costs i
comparison with that of conventional systems. Thesdea expenses arise from the capital and mainteneosts of
the SOFC as well as the GT. The additional costdbeaconsidered over time with reduction in eledtriefficiency

of the fuel cell (in comparison with that of contienal systems). However, in this research the peklperiod is
calculated by ignoring these additional costs.

Global warming as the one of the environmentalats@n humankinds is considered in the currentsiiyation.
The depletion of fossil fuels for electricity geaton can made a great amount of @Mich is harmful for ozone
layer. So the environmental influence is one ofdtiecerns in the analysis of energy systems wisigiudied in the
present study through the hybrid SOFC-MGT systetheOthan increase in thermal efficiency of thetesysthe
amount of the C@and other emission products should be minimized m&stioned in the literature search the
SOFC-GT power plant produces lowers fuel consumpdind then the lower pollutant emissions. Also beeaof
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sensitivity of fuel cell parts the inlet fuel shdude more purified than the common power plantshisiresearch, a
fine cost was related to the rate of f&Mission was added to the system total cost.

A great difference of using SOFC in ship with otlagplication is that in ship costumer should cahey fuel for
power generation. For the fuel cost, here the LN{8eg are used. Liquefied natural gas (LNG) is retgas
(predominantly methane, CH4) that has been corbéatdiquid form for ease of storage or transpéithough, it
takes up about 1/600th the volume of natural gahéngaseous state a place for storing the fuéhenship also
should be considered. Nowadays LNG is transpormespecially designed ships with double hulls primecthe
cargo systems from damage or leaks and a partofubl can be used for internal consumption ohsships (The
tankers cost around USD 200 million each). LNG pinig costs are a key driver of the value that caigdnerated
from moving gas between different locations, chiartpfee, brokerage (1-2% fee), fuel consumptiowrt gosts,
canal costs, insurance costs. Here the assumptien$37,000 thcapacity, 10 days average voyage period, and 7
average voyages with full cargo per year.

RESULTSAND DISCUSSION

The net power of the system is defined as the suthneopower output of the fuel cell and the powatpat of the
generator B¢ = Psorc + Pgen = Fjen + PfC(Pgen)). In order to determine the maximum steady state power

Pret
QLHV f-Wf

output for a given fuel flowrfax | nsorc/cr = >for each P,..), based on the lower heating value of the

fuel, the complete model is considered. At steddiesas shown in Fig. 2, the relationship betwdemdP, can be
approximated by a second order polynomial of thenfo

P.. =aN?+bN + ¢

(20)
Thus, the equivalent second order reduced ordeehadhe system can be expressed as
a b c 1
[Ptc] _ ;NZ +;N +;_;Ptc
N (21)

(Ptc - Pgen)/(aN-])

then the distance between the

—p— 2_ —
If the operating point enters th& = {Ptc < Piss and N < W}

operating point and the stable equilibrium incregge spite of

x(t,) EZ=x(t)EZ V t=t,), and the trajectory heads away from the stablélibgjum point of(N, P, )¢ =

-b+ /b2—4a(c—Pgen)

2a ’gen |

This will prove if consider the Lyapunov functidf(x) = %(Pu: - Ptclss)2 + % (N — Ng)? (with V(x) >0, Vx #
Xss, V(xss) = 0, ||x|] & c0o = V(x) — o0) and its derivate (
V(x) = Ptc(Ptc - Ptc,ss) + N(N - Nss))-

For a dynamic system of the= f(x, u)form with desired inputuy) the reference governor calculates the reference
input (Urg) such that it does not violate the constraintf@ethe system’s response or performangg;(t + 6t) =
upc(t) + K (ud(t) —uRG(t))). While for the hybrid system the reference comthaan be expressed & =

{X ERy (Pnet = uRG(t))}-

The prepared computer program is based on lumpéldocheThis program receives the mass and fuel fie as

well as the compressor pressure ratio as the igat Then, the equations are solved and examipnedrying the

effective parameters. First the nonlinear equatmhe reforming and electrochemical processesthaedhermal

equations of the cell are simultaneously solved, the desired results including the calculationthefcomposition
of output chemicals, temperature, voltage, powiciency, and the other fuel cell properties abdained. Then the
final calculations of the hybrid system are carrigat to the fulfillment of convergence conditiorend the

efficiency, power production, and the rates of @myrgeneration and exergy destruction of the wheglarid system
are determined. The detailed of the code and lidataon against [9] , [13] is presented in the ,[38.

The goal of this research is to investigate theaichpf the flow rates of air and fuel entering fystem and also the
effect of working pressure ratio of compressorlméconomic aspects of MGT-SOFC as well as the@mviental
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features of the system. The fuel cell used intbsearch is of the tubular solid oxide type (simitathe model by
Siemens-Westinghouse Co.), and the specificatibtisiocell along with the assumed parameters énahalysis of
this hybrid system have been presented in TabB2R [

Table2: Simulation input parameter §18,32]

Parameter Value
Cell area () 0.1
Fuel compressor efficiency (%) 80
Air compressor efficiency (%) 80

Pressure loss in recuperator (%) 5
Pressure loss in fuel cell stack (%) 5
Pressure loss in after burner (%) 5
Inverter efficiency (%) 89
Gaslair recuperator effectiveness (%) 85
Gasl/fuel recuperator effectiveness (%) 85
Gas/water recuperator effectiveness (%35

Pump efficiency (%) 85
Afterburner efficiency (%) 95
Mini turbine efficiency (%) 84
Generator efficiency (%) 95

Since the fuel cell is the main source of poweregation in the hybrid systems, to obtain more ateuresults in
this research, comprehensive electrochemical agandl calculations of the fuel cell were carried. da spite of
the most of the previous research works, the wgrkémperature of the cell has not been presumedrestant, and
it is a function of the cited parameters.

The outflow heat of the SOFC is used in GT in aurreonfiguration. So when the compressor pressatie r
increases the relative pressures of gas compoimengsise and due to that the Nernst potential asere This effect
generally causes the more electricity productiod sm the total price of it decreases as shownerfitiure 2. At
low compressor ratio the increase of pressure leadscrease of the temperature of the cell stadkad the gasses
leaving the cell decreases as well. So the lowtvadpy delivered to the GT and the net electripibyver generation
decreases.

25

(W
I

Total Cost Rate ($/h)

N
I
O

23 5 10 15

Compression Ratio (rp)

Fig.2: Variations of total cost rate with system compression ratio for different air to fuel ratios
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In the meantime, the additional amount of oxygepriwes the kinetics of chemical reactions and ongbut power
of the SOFC. As can be seen in figure 3, the réoluadf air-to-fuel ratios increases the total ceeties. The
maximum prices was achieved at A/F of 10.5 and.12.5

= 2 . .
& A/F=10.5
L
©
1.5 A/F=12.5 .
8
5 A/F=15
& 1}
£
L
e
z
LIJ | 1
%% 5 10 15

Compression Ratio (rp)

Fig.3: Effect of variations of system compression ratio and air to fuel ratios on the environmental costs

In Fig. 3, the environmental penalty costs of tigbrid system at different working pressures havenbghown. As
can be observed, the system environmental penads eot only depend on the working pressure, Isat @n the
ratio of air to fuel entering the system. Contrrynost researches that have presented their geddt constant air-
to-fuel ratio, these diagrams indicate that at Fgkto-fuel ratios, with the increase of the sysigressure ratio, due
to the reduction of temperature, the environmepgadalty costs decrease. By increase of the presatioe due to
having too much fuel and consequently a high teatpeg, the efficiency of the chemical reformingreases and
the pollution of the reactions decreases.

In spite of the most researches the exergy lossugir the SOFC-GT is presented here. Regardlesiseohigh
efficiency of the SOFC-GT the significant exerggtlatill exist in the hybrid system. Figure 4 shatws effect of
system compression ratio on exergy loss cost aatdifferent air to fuel ratios

C=0.006 $/MJ |
W _

N
[}

= N
0L O

Exergy loss Cost Rate ($/h)
>

141 C =0. |
| C.~0.003 |
1% 5 10 15 20

Compression Ratio (rp)

Fig.4: Effect of system compression ratio on exergy loss cost ratefor different air to fuel ratios
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According to Fig. 4 this exergy loss mostly inciesmsvith the increase of compressor ratio whilertwyaase of fuel
cost that price increase.

Air flow rate is an important parameter which affethe performance of the cycle; and it is necgssaadjust it at
an optimum value to get satisfactory cycle compegteiihe required air flow rate for the hybrid cyidaletermined
by the rate of electrochemical reaction, cell terapge, and the reactions of the combustion chanitier volume
of arrival air should be sufficient for the oxidati of hydrogen in the cell and of the excess gassée afterburner
chamber and as well for the cooling of the fuel.calternatively, the excessive increase of thenflmte of air
incoming the system will affect the decline of delinperature (because of its cooling effect) andrsoincrease of
voltage cost and decrease of efficiency in the idybtructure. In the accomplished analyses, the flate of fuel
entering the system has been assumed as 10 (km&d/lif) is observed in Figure 5, the increase efftow rate of
air passing through the system causes the temperahd thus, the production voltage of the cellitninution at
different working pressures. On the other handhwlie further reduction of the inlet air flow ratbe operational
temperature of the cell growths beyond the allolmd (1000 °C); and this will damage the cell. 8an be seen in
Figure 5, the increase of the passing air flow vatkealso cause the reduction of emission of thetem and its cost.

—
8]

—
S

—
W

o
00

Environmental Cost Rate ($/h)

100 150 200 250
Alr flow rate (kmol/h)

Fig.5: variationsof environmental costs of the system as a function of compression ratio and air flow rate

It is shown in Figure 5 that at a definite functimn pressure, the increase of air flow rate willga the pollution
produced in the hybrid system to decrease. Thikespite the fact that the increase of air flow eteays leads to
the growth of power making in the turbine; but lire tmeantime a greater portion of the pollution poedl in the
hybrid system is delivered by the fuel cell, thigrease is not effective enough and the overalupoh of the

system diminishes.

In order to study the influence of fuel flow ratet@ring the system, this rate is changed while kegethe pressure
ratios of air and fuel compressors and the flow aitincoming air (150 kmol/h) constant. An incliegsrate of fuel
flow into the system, causes more complete chenmeattion and more energy is being altered intctedal
energy in the cell. Thus, more fuel and consequentore air will be consumed in the cell. An ingeaf fuel flow
rate accompanies an increase of current geneiatitve fuel cell; the increase of current generatiothe cell has a
linear correlation with the utilization of hydrogénthe cell. This increase of current leads togbeeration of more
heat in every single cell of the fuel cell stadkereby raising the total cost rate until the maximreasonable
reached. With the increase of fuel flow rate, therent density in the cell increases and as atiethd produced
electric power will increase. As a whole, the irawe of fuel flow rate at a constant fuel utilizatioefficient will
have a superior impression on excess voltage anth®mreduction of voltage generated by the cekrathe
maximum point in the figure 6. As can be seen . B, the increase of the flow rate of fuel pasghmgugh the
system at different cell working pressures, alsusea the total price of product to raise. Figurehdws the
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environmental costs vs compression ratio and foel fate. As shown by increase of fuel flow ratel alecrease of
pressure ration, the GQproduction rate increases dramatically. Increaghmy fuel flow rate at constant fuel
utilization coefficient, increase the reaction rafethe cell and in the long run lead to the inseaf pollutant
production in the fuel cell of the hybrid systemsénsitivity analysis of the exergy loss cost ia $igstem respect to
the fuel cost is done in the figure 8. As presemtgdncrease of fuel flow rate and decrease ofqumesration, the
penalty of the exergy loss through the system amze vividly.

26
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Fig.6: variations of total costs of the system asa function of compression ratio and fuel flow rate
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Fig.7: Environmental costs vs compression ratio and fuel flow rate
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Fig.8: Effect of fuel flow rate on exergy lossratefor different cell pressures

The increase of fuel cell electric current the poweoduction rate increases. However, to reach tiratmore
chemical reactions and so the more input fuel guired. Increasing the cost of fuel at constant fu#ization
coefficient, will compensated by the increase ef étectric power of the cell at the 5000 A/fhis fact is shown at
the figure 9. As presented the maximum change etdtal cost rate occurs by the change of currensitly rather
than other parameters.

25 . . . .

— N
o O

—
O

Total Cost Rate ($/h)

1900 2000 3000 4000 5000 6000
Current Density (Afmz)

Fig.9: Variationsof exergy destruction ratewith fuel flow rate for different cell pressures
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Finally, the payback period of extra cost for thdoiid system, relative to a conventional systengssmated 5.4
years and the electrical energy cost is obtain@d 8kwW'h™, while this value is estimated 8.4 years and k\&$h
"when simple SOFC system is used. Even though tira ensts of the hybrid system is over and abowa¢ dif
simple SOFC and conventional systems, these additiexpenses possibly will be recompensed in leas five
years due to increase in heat production in hecttangers and electricity production in GT. Therefaitilizing the
hybrid system is strongly recommended for eledtriproduction applications owing to its lower funsumption
and also lower C©emission.

By decrease of investment prices, repair and maémiee costs, the fuel price and by increase oélétricity price
the payback time decreases. The sensitivity arsafgsithe variation of the payback period to thec#icity price at
the constant investment cost but at fuel costeamad by rate of 10 percent per year is presentimifigure 10. In
that case, by increase of 50% in the electricistzothe payback time is decreased to 3.3 years.

5.5 . . . .

P
B o o

F—*J
o

payback period (years)

1 11 12 13 14 15
Electricity price to the base price

Fig.10: Variations of the payback period to the electricity price
CONCLUSION

In this study, economic and environmental analgéia CHP system using SOFC-MGT is explored. By qrenfng

a complete electrochemical, thermal, and exergatalysis for the hybrid system on the effect ofation of the

working pressure , rate of air flow into the systerel cell current density, fuel unit cost , dapicost ,and
electricity price to assessing the total cost natkiding investment costs, operational costs andrenmental costs
are investigated. Results found that the electeoakgy costs and payback period of the investiaeatutilizing the
hybrid system is strongly recommended for eledtriproduction applications owing to its lower funsumption
and also lower C©emission.
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