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Figure 1- Production cycle of the triple system
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Table 1- Summary of the conducted research

Row Researcher Year Hybrid system Type of analysis
Meh t
1 ¢ r;:;oya ¢ 2017 Molten carbon fuel cell, Stirling engine and absorption chiller | Energy and exergy analysis
. . Thermodynamic, economic
2 Chen et al. 2018 Molten carbonate fuel cell and absorption chiller . .
and environmental analysis
Th d icand
3 Hou et al. 2018 Gas turbine, steam turbine and methanol reforming ermo Ynamw ap
economic analysis
4 Adhami et al. 2018 Micro turbine and absorption chiller Thermodynamic analysis
5 Mirzace et al. 2019 Gas turbine, absorption chiller, boiler and multiple heat Thermodynamic analysis
exchangers
. Solid oxide fuel cell, Brayton cycle, Rankine cycle, carbon .
6 Liu et al. 2019 E d I
fueta dioxide and liquid hydrogen fuel fIeTgy and excrey anaiysis
7 Marefati et al. 2019 Solid oxide fuel cell, solar 681-15, Stirling engine and steam Thermodynamic analysis
turbine
8 da Silva et al. 2019 Molten carbon fuel cell and steam turbine Exergoeconomics analysis
Hosseini et al. 2019 Molten carbonate fuel cell, methanol synthesis system Economic analysis
lid oxide fuel cell turbi d double-effect absorpti
10 Behzadi et al. 2019 Solid oxide fuel cell, gas tur 1§e and couble-ctiect absorption Thermodynamic analysis
chiller
11 Yang et al. 2020 Solid oxide fuel cell, gas turbine and liquid hydrogen Thermodynamic analysis
12 Pirkandi et al. 2020 Solid oxide fuel cell, gas turbine and steam turbine Energy and exergy analysis
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Row Researcher Year Hybrid system Type of analysis
Moghad: t
13 g :] am ¢ 2021 Gas turbine, Kalina cycle and absorption chiller Energy and exergy analysis

Solid oxide fuel cell, Rankine cycle and double-effect
absorption chiller

15 Zhong et al. 2021 Solid oxide fuel cell and supercritical CO2 cycle Thermoeconomic analysis

Thermodynamic, economic

14 Zeng et al. 2021 Thermodynamic analysis

16 Zheng et al. 2023 Electrolyzer and solid oxide fuel cell .
and exergy analysis

Polymer membrane electrolyzer with solid oxide fuel cell
based on biomass fuel
Kalina cycle, ejector refrigeration cycle and organic Rankine

17 Yang et al. 2023 Energy and exergy analysis

18 Ghorbani et al. 2023 Energy and exergy analysis

cycle
19 Paul et al. 2004 Stirling engine, internal com?nustlon engine and absorption Thermodynamic, CCOI’%OmIC
chiller and exergy analysis
20 Huang ct al. 2004 So'lid oxide @el cell, ggs turb'ine, Rankine cycle, organic Thermoéynarnic, economi'c
Rankine cycle, ejector refrigeration system and heat exchanger | and environmental analysis
Bi busti itical CO2 cycle, single-effect
21 Wang et al. 2024 iomass combustion, supercritical CO2 cycle, single-effec Eneray and exeray analysis

absorption chiller and desalination
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Figure 2- The composition of the proposed hybrid system with a single-effect absorption chiller (the first proposed system)
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Figure 3- Composition of the proposed hybrid system with a double effect absorption chiller (the second proposed system)
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Table 2- Energy and Exergy balance and Exergy destructions relations[23,24]

Components Energy balance Exergy balance
ka—1
T, Py\kaca . . o
T—z = (P—z) Sgen,ca = Nea- (SZ - Sl)
1 1 z = A — 1 —_—
Air Compressor WC,S ’_"25 - }_,'1 ED’Ca WC?I ?;z'geél) el)
. = = — — _ car
Nise . Wc,a h2 — h,1 1/)ca = Wca
WC = flca' Wc,a
ka—1
% = (%)ka.np,fﬁ Sgen,cf = r.lcf' (575 - 54)
4 4 X = A — 1 —
Fuel Compressor Wes  hgs—hy Ep,ef Wcrfl I(léf- gfsé ) €s)
Niset =77 = 7 = Yea = u
. chf hs - h4 ca ch
Wc = r.lcf' Wc,f

Gas Turbine

kg—1

(Pg )i_g _ ( Ty )
P10 T1O,S
_ Wgt,a _ ’_"9 - ,_"10
Mo T Wee o o
Wgt = Nicr (hg — hyo)

Sgen,gt = 1ﬁgt- (59 - 510)
ED,gt = 1:lcf' (eS _ 94) - Wgt
Wet
e e
Ngt. (e9 — €y19)
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Components

Energy balance

Exergy balance

Heat exchanger I

. _T-T
Ot T T =Ty

Sgen,reg,l = f12, (§3 - §2) - r.110- (§10 - §11)

ED,reg,l = Tiyp. (€10 — €11) — fip. (85 — €5)
» _ Dy (e3—€;)
1=~
e N0 (€10 — €11)

Heat exchanger 1T

Te —Ts
£ =
Ot Ty, — Ty

Sgen,reg,z =1y (§6 - 55) — Ny (511 - 512)
Epregz = Nio- (e10 —€11) — 1. (€3 —€3)

» _ Ns.(eg—es)
A= N
e Ny0. (€11 — €53)

Heat exchanger 111

Qreg,3 = greg,3f112_- U_hz - E13)
Qreg,3 = I.lwater' CP (T12 - T13)

Sgen,reg,3 = fgg. (Sz7 — S26) — Ny0- (S13 — S1a)
Epregs = Nyo- (€13 — €14) — Nyg. (857 — €36)

» _ N6 (€27 — €26)
3 T T L oy
_ "8 RUTE (e1. - e1.4)

Wis _ V,5(Pas — P2s)

Epw = WP,W.+ Ezs._ Ez

Water Pump ms‘P“_N = Wit hye — hys ” _ Epg —Egs
Whw = 1as(has — has) reg3 Wow
1/2
. R,T PH,P
E=E 4+ |n (220
n.F PH,0
Veen = E — (Vact + Vohm + Veon) = E — AVgs
. Ligr = 2FZ & s s . & s qurr
Wpe)sote = Veenkrot Sgenregs = (1757 — NgSg) — (11355 — NgSe) + T
. : . . . . . . . surr
SOFC (WAC?sofc = (Wpc)sofe X Ninv,sofc ED,sofc =E;+E;—E;, —Eg— EQ — Wyote
Qelec =1zTAS — IAVLoss A
h . . _ Wsofc
. Qnet = @ + Qsurr Ysote = m
Q = Ahca,in + Ahca.,gut + Ahan,in + Ahan,out 3 6 7 8
Q —-¢
Qerror = <001
ﬁBE + flé’_"s = Qerror + W ofc +n ’_"7 + fls’_ls
1 . _ _ _C
€0 +50, = CO, Sqenab = (oS = 1,5,) — g8 + essa
1 . K . . . surr
H, +=-0 H,0 E =E,+Eg—Eg—E
After Burner 272 7 bab 7 s i K Qab
CH, + 20, —» 2H,0 + CO, Yeofe = = S
= A 7 B, + B

. n7h; + fighg — ohg — Qloss,ab =0
Qloss,ab = I.17- (1 - Uf) X (1 - nab) X LHV
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Table 3- Energy and Exergy balance and Exergy destructions relations[25]
Components Energy balance Exergy balance
ED,g =E;; +Ey —Eg3 __Ezz —Egs
Generator My hyy + My hyy = Myghys + myshys + Myyhy, Qg
Yo =——E—
i i E1'2 + Ezl1 i
Epsue = Ez +_E20 _.Ezs —Ey
SHE Maohae + Mpahyy = Mpghys + My hyy _ Ey—Ey
Ysue = 5=
. . Ezz - ]?:22 .
m _Wis _ V19(Pao — Pro) Epparc = Wparc + E19 — Ezo
Pump 'S‘P”?Rc hyo — hig " _ Ezo —Eqo
Wp arc = Mazo(hao — Ryo) PARC Wp arc
Epap = Eig + Ezq + 'Esz —Ep—Es
Absorber Myohyo + Myzhys + Mgzhss = Msyhsy +1My4h, Epo
Yap = =
Ejg +Ep

Af
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ED,V = E23_ - E24
Expansion valve his = hyy Wy = Eae
T 0 ! . Ez 0 K
Epcon = Ezg + Eis — Ez9 — Eg6
Condenser Myshys + Myghyg = Tiyghye + Maghyg Yoo = Qcon
B S P Vi
Epgva = Eso + E17 —Ea —Eig
Evaporator My7hy7 + Maghse = Mughig + Tisg hay WVpva = _ Qv
A T T

950 G psi pj alal) Bk p e pltes 3See oo Sl o
COP = & M)
Qg + WP
109 o0 dmlne 3 alal, 5l 55 (65,551 003
. TO
QEV(l - T_b

exergy — D)
S ) e

SN pnnn (5 5l Joko

el dlgs o (F) abasly 5l ooliiwl b o] (IS yleasly ¢ J 7S oz S lgieds pimms JS 38,5 515 0 b ide ol 5o
DS aleS el (3 g5 glnlsl Byl 5l aley Jlake 5 paes SL3L sk 5l Ol Jlade (oS et (nl )0
QEV + Wnet + Qreg,S

= D)
Meot fir x LHV
Wnet = Wsofc + Wgt - Wac - ch - V.VP,ab - WP,w 9]
wsys — Wnet + EEV + E33 (())
E, +E,
ED,sys =E; + By + B3y — By — Ez3 — Wy — Egy *)
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Table 4- Cost functions of system components and auxiliary relations in exergy-economic analysis [27], [28]

Components

Cost Function

Auxiliary Relations

Air Compressor

(71.1m1)(P2)l (Pz)
09—/ \p) " \p,

C,=C+ Gy, + Zac

Fuel Compressor

71.1m, (Ps)l (Ps)
09-n.)\p,) " B,

Cs = Cy+ Cyy,, + Zac

mMqo(hyo — hy1) X 1000

Heat exchanger I 4122(: 18 X AT, )06 C3+Cy=Co+Cpp+ Zreg
Mo (hyy — hyz) X 1000 . .
Heat exchanger IT 4122(—2 1118 ” Zlem )06 Cot+Cip=C5+Ciy+ Zpeg
46.08 g .
After Burner —p [1+ exp(0.018T, — 26.4)] Co=Cy,+Cy+Zpg
0.995 — 5*
8
SOFC Asorc(2.96Tsore — 1907) Cr+ Co+ Cvye = Cs + Co+ Zns
i 4793470 ) 1 [Fo ] (1 + exp(0.036 T, — 54.4)) Gyt Cope = Co + 7
Gas Turbine 0921, b exp(0. 9 - 7+ Cwp = C6 + Zrury
Generator 130(Agen/0.093)"78 Ciz+ Cis + Cpp = Cip + Coy + Zygpg
SHE 1.3(190 + 310(Agug)) Cpa + Cpy = Cpo + Cop + Zepy
Pump chiller 3450(Wp)°7* Cao = Ci9 + Ciirp, + Zpump
Absorber 130(Apps/0.093)°78 Cio+ Ca3 = Csp + Cou + Cig + Zpump
Condenser 10000 + 324(Aconp)*** Co+ Cpo = Coo + Cis + Zeonp
Evaporator 1.3(190 + 310(Agyap)) Cig+ C3y = Cry+ Cag + Zpya
Pump water 3450 ()07t Cy6 = Cos + Ciirp, + Zpump1
Ry — hy) X 1000 - .
Heat exchanger 11T 4122(m5°( 2178 - AZGT) )06 Co7 4 Cra=Coe+ izt Zpeg
Im
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Table 5- Comparison of the results obtained from the current code for the gas turbine and fuel cell hybrid system with the analytical
results available in the reference [29]

Percent?;g/: )Of error Present research Chan et al Parameters
2.7 60.52 62.2 Electrical efficiency
3.79 80.62 83.8 Overall efficiency
1.19 722.3 731 Heat recovery (kW)
1.71 374.45 381 Output power (kW)
3.79 0.71 0.738 Cell voltage (V)
- 1416 1416 Current density (A/m2)
- 1166 1166 Cell temperature (K)

(Y] T, =33°C 10 £1o of wlogy puied 0,51 98 iyl 0,5l wu p —F Jogur

Table 6- Comparison of performance coefficient of hot water lithium bromide double effect absorption chiller in [25]

T, =6C T, =4C .
Percentage of Present Gomeri Percentage of Present Gomeri g
error (%) research error (%) research
3.4 1.333 1.29 2.8 1.213 1.18 115
3 1.39 1.35 2.5 1.281 1.25 125
2.3 1.391 1.36 24 1.341 1.31 135
3.1 1.392 1.35 3.7 1.368 1.32 145
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Table 7- Assumed parameters for the proposed system|[25,26]

Parameters Assumption
Heat exchanger pressure loss 0.04
Compressor isentropic efficiency 0.81
Turbine isentropic efficiency 0.84
Pressure loss of chiller components 0.03
Water pump efficiency 0.95
Afterburner efficiency 0.95
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Parameters Assumption
Interest rate 0.10
Escalation rate 0.05
Plant economic life time (year) 20
Plant working capacity rate 0.95
Salvage value (%, percent of Initial Capital Cost) 20
Annuity factor 0.05
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Figure 4- Diagram showing the relationship between changes in compressor working pressure and the exergy of destruction and
waste in the system
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Figure 5- Diagram showing the relationship between overall efficiency and irreversibility of the system as the compressor's
working pressure changes
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Figure 7- Impact of the air-to-fuel ratio on the power output and electricity costs of the combined system
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Figure 11- Impact of generator temperature on exergy destruction rate and irreversibility in the combined system
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Figure 12- Comparing efficiency and price of different systems
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Nomenclature

A Heat transfer area (m?) T Turbine

C cost per exergy unit ($/GJ) Abs Absorber

¢ cost rate ($/h) ARC absorption refrigeration cycle

C Heat capacity rate (kW/K) CD condenser

Ex Exergy rate (kW) GT Gas Turbine

h Enthalpy (kJ/kg) HE Heat Exchanger

m Mass flow rate (kg/s) SOFC Solid oxide fuel cell

P Pressure (bar) TIT Turbine Inlet Temperature

Q Heat rate (kW) Th. V Throttling valve

r Pressure ratio 7 investment cost of
components ($)

s Specific entropy (kJ/kg.K) VA investment cost rate of
components ($/h)

T Temperature (K or °C) Greek symbols

W Power (kW) Tex Exergy efficiency

A\ voltage (V) Hen Energy efficiency

Subscripts and abbreviations nr Turbine efficiency

c compressor ne Compressor efficiency

Evap evaporator € Heat exchanger effectiveness

Gen generator

P Pump
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This article introduces and analyzes the thermodynamic and economic performance of two triple hybrid systems
for generating electrical, thermal, and refrigeration energy. The primary drive consists of a micro gas turbine and
a fuel cell and absorption chillers serve as the secondary drive. The research evaluates the two proposed hybrid
systems and their auxiliary equipment from an economic perspective. Given the importance of the fuel cell,
thermodynamic and electrochemical analyses were conducted to ensure high accuracy in the calculations. The
study examines the impact of compressor pressure ratios, air-to-fuel ratios, and generator inlet temperatures on
energy and exergy efficiencies, exergy destruction rates, system costs, and heating and cooling outputs. Results
indicate that increasing the compressor pressure ratio enhances electrical efficiency and exergy while reducing
both exergy destruction rates and electricity costs. Additionally, substituting a double-effect absorption chiller for
a single-effect one decreases exergy destruction by 5.4% but raises electricity costs by 28%. The optimal condition
occurs at a compressor pressure ratio of 6, yielding the highest exergy efficiencies of 0.58 and 0.59, and the lowest
electricity costs of $0.195 and $0.26 per kilowatt-hour for the first and second systems, respectively.

Keywords: Micro gas turbine, fuel cell, absorption chiller, exergy, economic analysis
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