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Abstract. This paper presents a methodology for the study of a solid oxide fuel cell (SOFC) cogeneration system applied to a dairy
industry. The typical demands are 2,100 kW of electricity, 8,500 kg/h of saturated steam (P = 1.08 MPa) and 2,725 kW of cold-
water production (frigorific power). Depending on the recuperation equipment associated, the cogeneration system permits the use
of resdual heat, for the production of steam, cold water and hot air. In this study, a comparison is made between two

configurations of fuel cell cogeneration systems (FCCS). The first configuration uses a SOFC associated to a heat exchangers and
heat recovery steam generator (HRSG) and the second one uses a SOFC associated to a heat exchangers and absorption
refrigeration system (ARS). The cogeneration system is sized in order to meet the electrical demand of the plant (electrical parity).
The plant performance is evaluated on the basis of fuel utilization efficiency and each system component is evaluated on the basis of
Second Law efficiency. The presented energetic analysis shows a fuel utilization efficiency of about 87% for the case of using a heat
recovery steam generator and of about 83% for the case of using an absorption refrigeration system. The exergetic analysis shows
the irreversbilities in the combustion chamber and in the absorption refrigeration system of the plant are more significant. Finally,
the economic feasibility study was included for the evaluation of a cogeneration system, taking the payback period, the annual

interest rate, the fuel price and the equivalent period of utilization into account.

Keywords Cogeneration, solid oxide fuel cell, fuel cell cogeneration system, heat recovery steam generator, absorption
refrigeration sydem
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The fud cel is an energy conversion device that transforms the chemica energy of the fud directly into dectricity
without the requirement of energy converson into heat. When fuel cdls produce the entire dectrica output, the
agpparent advantage is the dimination of the limitation of Carnot-efficiency. This fact and the environmental advantages
explan the increasing interest in fud cel sysems for power generation. However, the fundamenta thermodynamic
reason for interest in fuel cell isthe reduction of combustion irreversibility.

In this paper, the energy, exergy and economic andyses of two configurations of SOFC cogeneration system applied to a
dairy industry are presatted. This system uses natural gas and operates on electrical parity. The system can utilize the residua
hest recovery for steam production (saturated steam) or an absorption refrigeration system for coldwater production. The
plant performance has been evauated on the basis of fue utilization efficiency and each component of the system is evaduated
in the Second Law Efficiency. The energetic andysis shows a fud utilization efficiency of about 87% for the case of using a
HRSG and about 83% for the case of using an ARS. The exergetic analyss shows the exergy losses (irrevershilities) in the
combustion chamber and in the absorption machine are significant. Further, the payback period is determined as a function of
the investment level in SOFC cogenerdion system.

2. Fuel cell system

Generdly, the cogeneration involves the generation of useful heat in addition to eectricity. Pat of the hea,
resulting from irreversble losses can be recuperated from exhaust geses and dso from unoxidized fud. The most
important requirement in this gpplication is the ability to electricity generation and the possibility to produce high-grade
hest. The high-temperature fud cdls, such as molten carbonate fud cdl (MCFC) and solid oxide fud cdl (SOFC) are
most suted because they are able to produce high-temperature steam, normally utilized for the naturd gas reform. In
these configurations, the fud cdl systems ae optimized to produce maximum thermd efficiencies and maximum
temperatures of the usable heat (Srinivasan et d., 1999).
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The solid oxide fud cdl (SOFC) is dso wel suited for large-scde industrid power generation. It has the advantage of
being more compact than MCFC for a same dectrical capacity and has demongrated longer lifetimes. The SOFC ses
ceramic eectrolyte (85-90% zirconia with about 10-15% yitria). The SOFC are being developed in demongtration units,
mainly, in two different configurations, as shownin Fig. 1.
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Figure 1. Main SOFC designs (Larminie and Dicks, 2002).

The ion conducted across the eectrolyte is the oxide (OZ) ion. At the cahode, oxygen from the ar is combined
with eectrons (from the anode) to form the oxide ion (Hirschenhofer et al., 1994):

Vo, + 26 ® O @

The oxide ion move across the dectrolyte through the zirconia matrix. At the anode, the oxide ions are consumed
by the oxidation of hydrogen to form steam releasing eectronsto the externd circuit ion (Hirschenhofer et d., 1994):

Hz + O© ® HO + 2 @)
3. Energy requirements
The dary industry has a medium size and the typicd eectricd, steam and cold water demands are 2,100 kw, 8,500
kgh of saturated steam (P = 1.08 MPa) and 2,725 kW (frigorific power), respectively. The last vaue refers to the cold-
water production at 1°C, for the frigorific chamber of the factory.
4. The cogener ation system
A comparison is made between two cogeneration configurations. The first one (case 1) conssts mainly of a SOFC
associated to a heat recovery steam generator (HRSG), as shown in Fig. 2. The second one (case 2) consists mainly of a
SOFC associated to an absorption refrigeration system (ARS), as shown in Fg. 3. Both cases work supplying al the
electrical needs of the establishment (electrical paity).
5. Thermodynamic analysis
The energetic andysis of a themd system is based on the Firgt Law of Thermodynamics with the following two
distinct assertions (Utgikar et al., 1995):
A system can interact with its surroundings in only two ways, namely work and heat.
Thereisaproperty caled energy whose change gives the net effect of these interactions.

The baance of each of the chemica speciesis (Dunbar et d., 1991):

aN-=_e1N-+N €)

Assuming an ided-gas behavior, the enthalpies may be obtained from (Dunbar et d., 1991):

E =& Njh @



where
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Note: C.C. - Combustion Chamber; HRSG - Heat recovery steam generator

Figure 2. SOFC cogeneration plant (case 1).
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Note: C.C. - Combustion Chamber; ARS — Absorption refrigeration system

Figure 3. SOFC cogeneration plant (case 2).



The entropy is (Dunbar et a., 1991):

-
Sj =Sjo + oCp;(dT/ T)-Rgln(P;/Py) ®
To

The exergetic andyss is based on the Second Law of Thermodynamic according to which complete transformation
of heat into work is not posshle (Utgikar et d., 1995). Exergy can be defined as the maximum obtainable work from a
given form of energy using environmental parameters as the reference state. One of the main uses of this concept is in
the exergy balance, which may be looked upon as an account of degradation of energy. In the absence of magnetic,
dectricd and nuclear effects, the exergy of a dream, if the changes in kinetic and potentid exergies are neglected, is
given by (Utgikar @ d., 1995):

& = &XTMj + EXCH,i o
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Findly, thetotd exergy of streami is(Dunbar et d., 1991):
Ex; =N;acjex; (10)
i

The exergetic andysis requires that the environment is defined. The temperature and pressure of the environment
were st equd to the reference temperature and pressure (25°C, 1 am). The atmosphere was modeled as an ided-gas
mixture with the composition shown in Tab. (1) (Bedringd et d., 1997).

Table 1. Molefradions and chemical exergy of the reference componentsin atmospheric air (Bedringds et d., 1997).

Component Mole fraction (Co;) Chemical exergy (kJkmol)
N2 0.7567 691.1
Oz 0.2035 3,946.7
H,O 0.0303 8,667.9
CcO, 0.0003 20,108.5
Ar 0.0092 11,622.3

The fud utilization efficiency (hf) is the ratio of al the useful energy extracted from the system (electrical and
process hest) to the energy of thefud input. Thus (Utgikar et a., 1995):

W +
hg = he|+hQ:e|E—QP (11)
F

The Second Law efficiency of cogeneration systems may be defined as the ratio of the amount of exergy of
products to the amount of exergy supplied. This parameter is a more accurate measure of the thermodynamic
performance of the system. Thus (Utgikar et a., 1995):

W, + Ex
h, = —__—FP 12
Exg

6. Economic analysis

The economic feasibility for the proposed systems, depends on the eectricity, steam and cold-water production
cods in the cogeneration systems cover in those for conventiond systems. Internationd experience shows that high
electricity tariffs encourage investment in cogeneration systems with capecity classes corresponding to those in this
study (Leal and Silveira, 2002).

The expressions of specific eectricity production cost (Cg,), specific steam production cost (C,) and specific cold-water
production cost (Cew) varies from system to system, and may be determined by eguations(Ledl and Silveira, 2002):
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The specific cogt of steam production in conventiond boiler (C,c) is(Led and Silvera, 2002):
lecg ¥ Cyi
Cye =2 =+ +CM 4 17
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All costs considering civil installations, electrical equipment, control system, piping and loca assembling.
The annuad savings due to eectric power, saturated steam and cold-water production can be caculaed by (Led and
Silveira, 2002):

GPg =Egr.H.(Py - Cg) +(Ep- ER)H.(PVeL- Cg) (18)
GPv: Ev-H'(Cvc - Cv) (19)
GPpe= P .H.(PEpg - Ccw) (20)

The tota annuad savings is the sum of the annud savings. Related to dectricity and steam production (Led and
Silveira, 2002):

R=GP, +GP, (21)
Related to dectricity and cold-water production (Ledl and Silveira, 2002):

R =GPy +GPpe (22)

7. Steam reforming of natural gas

According to Gardner (1997), the direct eectrochemicad oxidation of a hydrocarbon fud is not a practica option
yet. Severd chemica reection pathways, competing with eectrochemica oxidation, occur more readily. Some of these
lead to unwanted carbon formation and result damage. Steam is added to a hydrocarbon fud to prevent carbon
formation. Depending on the cataytic nature of the fud eectrode, this steam, and that from the cdll reaction itself, may
cauxe reforming of the fud to hydrogen and cabon monoxide in high-temperature fud cels, such as in MCFC and
SOFC.

The chemical reactionsinvolved in seam reforming of natura gas (composition showed in Tab. (2)) are:

CHy; + HLO ® 3H, + CO (23
CoHs + 2HO ® 5H, + 2CO (24)
CHg + 3H,O ® 7H, + 3CO (25)
CiHyp + 4HO ® 9H, + 4CO (26)
CO + H,O ® CO, + H, @

Equation (27) is the water-gas shift reaction. Assuming that the higher hydrocarbons participate in hydrocracking
reections, we have:

CsHi, + 4H, ® 5CH,y (28)



Table 2. Natural Gas Composition (Silveira& Tuna, 1999).

Component Relative molecular mass % vd LHV [kJ/kd]
CHy 16.042 89.35 50,000
CHs 30.068 8.03 47525
CsHs 44,094 0.78 46,390
CiH1o 58.120 0.07 45,775
GCHiz 72048 0.01 45,400
co 44,009 0.48 -

N, 28.016 1.28 -
Total - 100.00 47,966

8. Results and discussion

Thefollowing considerations were made for the energetic and exergetic anayses presented:

A vaueof 0.65 for the coefficient of performance of the absorption refrigeration system (Petbow, 1991).
A vaueof 70% for the efficiency of heet recovery steam generator (Led and Silveira, 2002).

A vaueof 85% of converson of the anode gasin fud cell unit (Casanovaand Veyo, 2001).

The stack temperatureis fixed a 150°C (Dunber et a., 1991).

Steam/carbon ratio of 3.0 (Selman, 1993).

All gas stream pressure are atmospheric (Dunbar et d., 1991).

Some fixed parameters adopted in evauating of the cogeneration system are presented in Tab. (3). Table 4 shows
the mass flow rate (m), temperature (T), enthdpy (h), and entropy () for the points indicated in Figs. (2) and (3). Table
5 shows the results of energetic performance. Tables 6 and 7 show the results of exergetic performance for the cases 1

and 2, respectively.

Table 3. Fixed Parameters.

Parameter Value
Equivaent period of utilization H [hiyear] 7,000
Fud cost G [USHKWH] 0.011
Buying price of dectricity Pd [USEKWh] 0.08
Temperature in the ambient reference Ty [K] 20815
Pressurein the ambient reference By  [Mpa] 0.101
Universd gasconstant R;  [kJkmol K] 8.314

Teble 4. Datafor the pointsindicated in Fig. (2) and (3).

Points m (kg/s) T (°C) h (kJ/kg) s(kJ/kgK)
1 0.09 800 48%.8 18.78
2 0.29 800 4158.0 9.05
3 275 507 825.1 7.86
4 0.67 1200 4080.3 18.40
5 246 1200 16721 8.67
6 313 1427 2364.1 9.97
7 313 1337 22194 9.90
8 313 1065 17924 9.61
9 313 707 1259.6 8.99
10 313 150 511.2 8.02
11 (cel) 0.76 183 7777 217
2l 0.76 183 27810 6.56
1)) 0.76 183 777.7 217
N(exe? 154 1 43 0.02
(@2 154 25 104.9 0.37




Table5. Energetic Performance

Casl Cae2
Electric Power [kKW] 2,100.0 2,100.0
Recovered Therma Power  [KW] 1,7230 15525
Power Supply by thefuel based inLHV [kKW] 4,392.0 4,392.0
Electrica efficiency [%] 47,8 47,8
Fuel utilization efficiency [%)] 87,0 83,2
Table 6. Exergetic Performance (Case 1)
Component & Exin[KW] & Exou [KW] | [kW] hi [%]
Prehester — naturd ges 8,636.43 8,428.28 20814 0.98
Prehester —water 3,954.63 3,313.19 641.44 0.84
Prehester - ar 3,056.81 2,539.13 517.68 0.83
Fue cdl 4,898.51 2,100.00 2,798.51 0.43
Combustion chamber 8,641.36 433331 4,308.05 0.50
Hegt recovery steam generator 1,826.33 988.27 838.07 0.54
Table 7. Exergetic Performance (Case 2)
Component & Exin[kKW] & Exoun [KW] | [kw] hu [%]
Preheater — natura gas 8,636.43 8,428.28 208.14 0.98
Preheater —water 3,954.63 3,320.67 633.96 0.84
Prehester - ar 3,064.29 2428.73 635.56 0.79
Fud cdl 4,898.51 2,100.00 2,373.65 043
Combustion chamber 8,641.36 433331 4,308.05 0.50
Absorption refrigeration system 1,682.82 427.10 1,255.72 0.25

The parameters of energetic performance show in Tab. (5) emphasize the importance of analyzing the energy flows
in the cogeneration system. Energy was mainly logt in the exhaust gas (sream 10). In the case 1, the fud utilization
efficiency was about 87% while in the case 2 this efficiency was about 83%. This behavior is due manly to the use of
an absorption refrigeration system. The parameters of exergetic performance (Tab. (6) and (7)) display that the major
destruction of exergy (irreversibility) was in the combustion chamber (which is associated to the maximum temperature
of the products) and in the absorption refrigeration system (which is associated to the process that occurs inside the
meachine).

Figure 3 shows the annual savings (R) as a function of the payback period (k), consdering an annud interest rate of
8% and an investment cost on fud cel system raging from 1,000 to 10,000 USHKkW, according to Brandon and Hart
(1999). The investment cost in the absorption refrigeration system was 200 USHkW (Silveira & Gomes, 1999) and the
investment cost in the heat recovery steam generator was set in 120% of the investment in a conventional boiler of the
samesize.

The economic analysis shows that fuel cell systems with investment cost of 1,000 display a payback vaues of about
25 and 3.0 years for the FCCS with ARS and HRSG, respectively. For the invesment cost of 2,000 USHFkW, the
payback period are 6 and 7 years for the FCCS with ARS and HRSG, respectively. These levels of investment are not
distant for coming years, but in actua level of investment the system using HRSG or ARSisunvigble.

9. Conclusions

The high efficiency and lower emisson of pollutants in comparison with other technologies makes of the FCCS an
attractive technology of power generation.

Idedly, fud cdls convert the Gibbs free energy of isothermal oxidation of a fud directly into eectrochemica work.
But, hydrocarbon fuels must be reformed into hydrogen and other byproducts. This process degrades the
dectrochemical work potentiad of the fud. In the molten carbonate fud cdls this effect can be mitigated by
recuperation of waste heat. Moreover in the steam reforming process, surplus steam must be supplied to suppress
unwanted carbonforming reections.  This, together with the accumulation of reaction products, dilutes the chemicd
potential of the fuel.

The enegetic and exergetic andyses show that the dectricd efficiency of the sysem was about 49% and the
Second Law efficiency of the fuel cdl unit was about 45%. It is important to observe that frigorific power produced in
cogeneration system operating in eectrica parity, was not sdf -sufficient to attempt the dairy industry. Therefore, it is
necessary to complement the needs of thermd energy of the industry, by conventiona system (electricd chiller).
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Figure 3— Total Annua Saving asafunction of the payback period (Case 1: continuos line; Case 2: featured line).

Findly, the economic andlysis shows that fudl cdl systems with investment cost between 1,000 (for payback values
of about 22 and 26 for the FCCS with ARS and HRSG, respectively) and 2,000 US¥kW (for payback vaues of about
52 and 6.2 for the FCCS with ARS and HRSG, respectively) would show economic feashility. These levels of
investment are not distant for coming years, but in actud levd of investment the system uing HRSG or ARS is
unvidble. It is very important to consider the benefits of the reduction of emisson of pollutants (environmental
advantages) in economic andysis. We recommend a devdopment of a methodology including “energo-environmic’ and
“exago-environmic” anadyssof the FCCS.
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11. Nomenclature

Cp  Molar specific heat [kIJkmol K] ex Specific exergy [kIkmol]

G Fuel cost [USHKWh] Ex  Exergy flow [KW]

Cow  Specificcold-water cost [USHKWh] BEx  Exergy flow reated to process heat [kW]
G Speific dectricity cost [USHKWh] f Annuity factor [1/year]

CM  Maintenance cost [US¥kWh] GPg.  Annud saving for the eectricity production
Gt Oil cost [USHkWH] [USHlyear]

(o Specific saturated steam cost [USHFKWh] GPpr  Annua saving for the cold-water production
E Energy flow [kW] [USHlyear]

E Recovered hest flow [KW] GP, Annua saving for the saturated steam production
E- Thermal power supplied by thefuel [kW] [USHlyear]

E Bedriaty produoedinthecogenarationsygam([KW) h Specific enthapy [kJkmol]

B Electricity required by the building [kW]



ho Specific enthdpy in the ambient reference w Work output rate [KW]
[kIkmol]

H Operation period [h/year] Greek letters

I Equipment investment [USY] ¢  Molefraction[-]

lp.  Tota plant investment [USS] he  Fuel utilisation efficiency or first law efficiency [-]
k Amortisation period [yeers] hy  Second law efficiency [-]

Los  Energy lossesin the cogeneration system [kW] he  Electricity production efficiency [

N Molarflow rate[kmol/d i Electrochemica potential in the ambient reference
N, Molar production rate [kmol/s] [kakmol]

P Pressure [MPaor atm]

Py Pressure in the ambient ra‘ereg;/e[MPaor am) Subscripts

Py Buying price of dectricity [USHkWh] . . ;

PE-r  Equivdent price of cold weter in an eectrica éﬁs ébr:;lr.p(;lon refrigeration system

refrigeration system [USH¥KWh] CB Conventiona boiler

P Frigorific power [KW] )

PVeL  Sdletariff of the dedricity surplus [USSKWH (S ooenerdion system

Q Hest trandfer rate [KW] E Fud

R Tota annua saving [USHlyear]

Rs  Universal gasconstant [k¥kmol/K] nRG D Recovery Steam Generetor

s Specific entropy [k¥kmol/K] RE Recuperation equipment

9 Specific entropy in the ambient reference s Supplied

[kJkmol/K] TM  Thermd mechanica

T Temperature [K]
To Temperature in the ambient reference [K]
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