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ARTICLE INFORMATION ABSTRACT
Original Research Paper In this paper, performance analysis and optimization of a trigeneration system based on different
Received 09 December 2017 thermodynamic criteria such as energy and exergy efficiency, power and dimensionless power have

Accepted 08 January 2018

Available Online 23 January 2018 been investigated. The trigeneration system consists of three subsystems which including the solar

subsystem, Kalina subsystem and lithium bromide-water absorption chiller subsystem. The proposed

p ; system uses solar energy generates power, cooling and domestic water heating. Power is introduced as a
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Exergy analysis tool for understanding thermodynamic concepts of limited time. Dimensionless power is defined as the

Kalina cycle ratio of power to the product of total thermal conductivity and minimum temperature of the system.

Finite-Time Thermodynamics Dimensionless power can be used as a tool to understand the concepts of finite time thermodynamics.
The exergy analysis has shown that the most exergy destruction is related to boiler. As a result, energy
and exergy efficiencies, capital cost rates and dimensionless power are 17.37%, 18.82% and 9.63
dollars per hour, 0.01781 respectively. Sensitivity analysis has shown that increasing parameters such as
ambient temperature, solar radiation, the dimensionless mass flow rate of the Kalina cycle, collector
inlet temperature and pressure ratio of the Kalina cycle increase energy and exergy efficiencies. Also
increasing pressure ratio the of Kalina Cycle, reducing the dimensionless mass flow rate of the Kalina
cycle, the ambient temperature and collector inlet temperature has led to increased dimensional power.
In addition, the optimization criteria such as energy efficiency, exergy efficiency, power and
dimensional power have been compared. The results showed that power and dimensional power are the
best thermodynamic optimization criteria.
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Table 5 dimensionless power and thermal conductance calculation
results

_ 2500 2300.064
Z
= 2000-
=
&
_5 15004
§ 1040
i;;j 10004
=} 663.4
>
5 007 319
2 191.7
o o4 2127 §.67436.02 1.729
SO et AT i e ol
e ¥ %@\\C“ ““L‘G“i}f@\\&fg\]ﬁ\‘fﬂ“ﬁ
B F\\GEQ\ V‘\“ﬂ

Fig. 3 Exergy destruction of components and subsystems
oo 5 5 2] edi 55 (65,5513 S8

o 2 5 55,551 Jelod @l 3 Jouar
Table 3 Exergy analysis results in subsystems

b oo e
2402 (MW) (o055 JSms )9 00dimy 55 (55,55
26461 (KW) LIS S )5 o 55 (55,55

867 (KW) (pidz ez 55 ooy 55 55,551
1882 (%) s (55,551 023,

el o s pa5 (63959 9 (79,7 SLasH I S sSag ,Sole s
Senl piqasass slaclsy s o sobaddl Jolow ol Sl o
ools i 1) pis szl (6 laF Lo s a3 £ 5 4 Jgaz 0l ol
i bype syl 0k, ane g5 Guydn 4 s obl ol
el 48,5 5 0 1) S 450 5790 sg0 45 Sl (gaud 55 sla, SIS
Doy anzp nyieS el SIS bl Lulyd 5l (ol SIS a0 258

RO PYCEENA R K
oad gl ol o) Cudgazme bl 2 dguzme oy Scalizoge 5
oo 4135 0030l SIS Salizoge 5 40 ey sgasme ol Lol [18] el
o i s L [33-31] il )LSan g o)l ol slo o g liios .l
O5Rln JSem S 50 waz (22, b &l (65,55 dralone g dnor (0>
Ol 53 el oad sgaze oy Sealiydge i drg Crge il S
ol Aoy dgazme oy Snludge S (agtde ilwosls 4 gk
JUEl e BLS,Tanly 2 dgaome loy Sialinge iyl Jl jo oo
o Sl Saliydge il 00t Gl Sslusge i 9 &)l >

b = 8l Sl (Hy was g plonl Jols aly 2 ) baptaes

SISl 4 ja F5 4 Jgu

Slade e Table 4 Capital cost rate

03742 IS O GOl Joee b ks GOl calbe e al sl jlade e
(KW/K) LIS JSews 5 (530555 5453 (B/h) ardyo> ,5iSIS (NS aslopos atysm £ 56

0.0845 (KWIK) S5 T 550,85 55, Calad Coms 0.00002 (@) S T oS a5 635 ele s aizso &5
05175 (KWIK) LS IS jgmidlasS 5] oo Cos 0.1128 ($/h) LS JSos jgmilaiS (5,105 Loy 4ty 30 & 53
0.0009338 (KWIK) o= bz 5155 5l coloe cons 03332 ($/h) o3> L o )38 loym asja 755
001135 (KWIK) iz e jemslaiS 55> Colas Cos 03032 ($/h) LS S oy (6,55 ko po iz &5
0.000988 (KWIK) oiz jle Qi 5l coloe cons 2117 Sl b B ads Sl o 8 Al dainie 75
001061 (KWIK) iz ol ssilalsl 5 Colan Coms ($/h) ot 5>
10996 (KWIK) JS 5> calas 1315 (1) g5 o6 oo aizzo £
001781 Axe ol 963 ($/n) JS 150k ais 30 & 5

67 02 oplasd 18 0,53 1397 sz ol o yopie Sl it



Ubad 9 (S eunld juel

3930 Ylo) Saoliadg0 55 eatdlie I 0 Slakwl b Ad D duw eiauws () Lwdisg 9 3 pSac Julxs

Solar radation exergy
202.4MW

Heat transfer exergy to HTF
339726 KW

Heat transfer exergy to kalina cycle

1188.5 KW I\ Out put power

623.56 KW J

D
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Table 6 shows the changes in temperature and enthalpy in the turbine
of the Kalina cycle

. h21 h22 T21 T22

F W/Cr Tin (kJ/kg) (KIkg) (K) (K)
0.046 0.01895 1678.19 134525 513.82 3616
0.048 0.01889 1674.90 1343.09 513.76 3615

0051 001893 167137 1338.76 5137 3615
0.053 0.01886 1667.64 1336.31 5136 3615
0.055 001878 1663.72 133376 51357 3615
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Table 7 Range of decision variables in optimization

03gd5e e prie
20-150 [28] LIS S jLid s
0-1 Syt JSom darg (0
0-1 LS S o (20
wbe Fyle Jsl izl Sl cole cod

0-1 s9lRlsl 5 dlr ¢ el gl dss O oSp S

LS JSo ygslasS g (232 Sl

02 opless 18 095 1397 i)l (e SHlle (S

L 13 S el 5 aisbise [20] o5gl b b oS gollss yo s
657 o3k «s5,55T 003l ws3 Al el LS S jLid s L33
ol @l Gl dms Oy s LIS UK (65,551 ook (LS S
ol el i el b b anslie )3 dws oy ol oot
s 30 adsl jled coes b a5 al Sl e piepw 5113 S
G505 035 5 13.33% LIS S (65,50 003L (13.88% (535,551 oo3b
1y 5 oy Jlid o o 50 .ty oo o331 0.85% LIS IS
S 65,551 033k 1y 3l 0 5e8 5 s 6550 035k 5 9w o Ol 2

Sl LIS

S lwdinge -2-5
ool (58 yitie Sl i 4 S Ay jeiie (50,5 AieS b iy &
Sy el alewg 4 Al Gol o iledige S oo il
glol Late (Sosglsny JolSS alis gus) 1960 Jlo yo .l o plac
4 S w8 0590l [BT] el 009y aillayla dangs S5y 550!
3R S5 wssl el ot o LSS Slewlos sla 1l 51 (S
plsl 1) ilutinge (Bolad ot olul &5l (JLolSS sla g,
JIPCRNC I RN RN EET B D RSP ST SUCHR J IRVSON
(855 033k wmg Ol Ol Jalis Sua s el w85 ol ol
ol 2 ileaige @lie (nl o wes IS anie 5 65,551 ool
Calan Cons Jolt dgaze oy Sealudge s 50 Fse preal slopiie
Sl Sl Cod i O (e 5 Sl cale Cond Gl )~
Comd @232 Shr HeulasS Sl Cube Gl (pdx L 915

04
0.0185 ‘\\ —0.35
=
; L
2 i —=—— Dimensionless power 03
] 0.018 b Efficiency en system 2
2 ———— Efficiency ex system 4 .25 -2
.8 Efficiency ex solar cycle ] =
i} ]
5 o
E cois o2
a - L 1
0.15
l 1 1 1
0.017 0.1
300 310 330

320
Inlet temperature to the collector

Fig. 12 The dimensionless power and energy efficiency vs. inlet
temperature to the collector

SIS (58959 Slod 4 Cumnd (65,551 5 8551 033L 5w lg Ol i 12 S5l

0.8
0.018 . . . ° 0.7
H I 06
2
a 00175 r >
2 qo0s 2
151 S
= r Dimensionless power ‘3
2 o7k ——4—— Efficiency ex system Jos4 E
51 I ———— Efficiency en system 1 X
E Efficiency en Ranline cycle 3
=) 0.0165 | ——@—— Efficiency ex Ranline cycle
L ¥ X s X 0.2
- T——— | —— PR | PR | )
35 40 45 50 55 60"

Pressure ratio

Fig. 13 System and kalina cycle efficiencies vs. kalina cycle pump
pressure ratio

&5 033l 65,551 083k «(55,3l 035 p LB IS jLid s 5113 Yo
Ssg Olg g Ll IS (65,557 003k LIS S

70



Ubad 9 (S eunld juel

3930 Ylo) Saoliadg0 55 eatdlie I 0 Slakwl b Ad D duw eiauws () Lwdisg 9 3 pSac Julxs

Table 8 Optimization based on the different criterion

chlizes bojlre olul 2 (g5loainge 8 Jgazr

Ay e

Qo Ol Adan Lo 5,551 033l s JLne

&5l o83l aicin Jlre

Ol it Slre olol

9852 143123 12799
0.22 0078 0.08
011 0.095 0.096
007113 04427 04491
0.2246 0.07991 0.08136
0001372 0.0007952 0.0007822
0.01672 0.00967 04496
0.001455 0.0008319 0.0008283
001562 0.009036 0.00889
0.6691 04571 0.009514
74592 128944 131.062
576.63 5675 567.14
0.024 001376 0.01353
15.98 1581 19.7
18.33 2189 1757
983 1012 1021

14137 LI S Lid s
0067 )9 S S (20
0.06 LI S 2 22

05444 e Sl Solas

0.06812 wdis Ol (Sp 8 Gl colas o

0.0006897 JPER o VE St o B S\ JERCINR VR
0.008387 i Sl el Sl coloe cas
0.0007301 il Ll Sl Solas S
0.007837 iz ke slnll Sl colae Cans

0.3698 L U jgudlasS 5y colan o

148676 KWIK) S 5,1, colas
7002 W) )ls ascin oles

0.0147 Qe Oy
1951 (%) 55,1 005
2145 (%) 535,551 o5k
1037 $/h)y JS 5 38 ake o 4ty 3 5

S 07 @0 Rl g LI S lad S SIS (63959 sles
GRIB) rzres el 00l (65,551 9 6550 033k Gl el LIS S
slos Gals L S o a0 ilS LS S s o
@ azgi bl ond dap olys Gl el oIS (5395 sles g Lame
ol odal Gy FZ0.048 ol3l @b o (lg dicdion ool Cassy gulis
0.048 - 0.025 o3 ;o a8udus gl ;0 day o (0, (20 olhe 4zl
Oy aiile (g5lwaige b Lo annlio 4 alas (pl jo Conl ouls ailone
Gl p el oad @Bl dmio OlF 9 65,551 033k w3l 033k ity
9> OlF Al 2 & lalas wes oo plis sl Cevty @S Wl
033k arly » a5 ala)lime & Cod s Ol 5 Ol aeten wiile s
2 kS nlnle s goglhe 65,51 5 @5l ook wile s
FS5 Jlow) Sl o3jb 4l p a5 (Jlow b anlie )3 Gl ol
aed;a8 Jlpl o glpe 4 wme ol Jbos g onl o ol
Oy Bl dng ol Jlae g cadl ok il 5 (Bime (Sslusge
SreS 5NTakop 450 5.2% 5 ol x5l 2eS 17.65% (25,5

ol alils g Lo 4y S

e S 4g8 -8

(m?) ghiogb 4

(m) ,laé D

Sl olesily cuyo F'

Oyl bl o pe Fr

KW/m?K) dg) J5bs o)l,> Jlisl cope Hyp
&W) o) Jlas! Q

(K) Lo T

kW/m?K) o l> sl IS co o U,
(Kg/s) oz o m

(W/m?) (gord 95 ls G

71

Op¥Ye Sl ol cruyes SISl gl e dwslio gl el oul
[19] 50 15 350 Gy 035 in 5 UllS S jguilasS sle
g baemo lad g Loo euSIST (S50 Dlasiino do,giSIS olasi (gand o=
S o Wy e [19] & yo bl s ol )by ol
oad osls les 9 Jgue o [19] ez b pols el o lasl

S 5 domid =7
aile drwg Jlo 0 loygiS 6l lal darng 4 olaws slaol, 51 S
59 Cel @Bl ja g8 pliasass slash sl b Jewily 4 4z g ooyl
slp eebe Rl antyer 63 i sl Ol
Luls gloaly s olsa g Ol g ceddBl Lyl s ol dewd slacsgu
3 Sl 03,5 wal B 1) gard o3 lapians (53,5 Sllee lp (orulie
5 S )5 Ol el (lys adgs Blaal b ddasdn gl Liagh o)
el 4o 9 65,551 «s5 5l Jelos g conl a35 18 b5l o500 ale
Sl olan Cyo ol 4 (g Cand Ojg0 ) o ol el ool
s bl 5 ol jo el ool Gy el pew aieS sles yo S
(b9 Gl dase sl wile gla st iol38l conlus Ldow

[19] g2 5o L yol> gy (oxiw jLiel 9 Jgu
Table 12 Validation of the present study with reference [19]

[19] oo ol> oo e

1332 13247 KW) ()95 s0dg Ol

1626 1569 (%) 53,55 0354
1424 1484 (%) 551 53k
27.94 2852 KW) i Sl sl 50 s Linle o
268 26.79 KW) Sl S0,%0 0 sady Giale S
07983 08148 i sk 0 Slas gt

02 opless 18 095 1397 sl (e SHlle (e



Ued 9 (S eunls yuel

3930 Ylo) Saolizdg0 p3 Iaml.aa Il oslaiawl b Ao duw (i GIlwdisg 9 3 pSloc Julxs

896-906, 2002.

[16] L. Garousi Farshi, S. M. S. Mahmoudi, M. A. Rosen, M. Yari, M. Amidpour,
Exergoeconomic analysis of double effect absorption refrigeration systems,
Energy Conversion and Management, Vol. 65, No. Supplement C, pp. 13-25,
2013.

[17]1. Novikov, Efficiency of an atomic power generating installation, Atomic
Energy, Vol. 3, No. 5, pp. 1269-1272, 1957.

[18] A. Ghasemkhani, S. Farahat, M. M. Naserian, Evaluation combined cycle
irreversible on the criteria of maximum power in finite time thermodynamics,
Modares Mechanical Engineering, Vol. 17, No. 11, pp. 333-342, 2018. (In
Persian .,l5)

[19]S. Ozlu, I. Dincer, Development and analysis of a solar and wind energy
based multigeneration system, Solar Energy, Vol. 122, No. Supplement C,
pp. 1279-1295, 2015.

[20]1S. Ozlu, 1. Dincer, Analysis and evaluation of a new solar energy-based
multigeneration system, International Journal of Energy Research, Vol. 40,
No. 10, pp. 1339-1354, 2016.

[21] A. Bejan, Advanced Engineering Thermodynamics, pp. 69-72, New York:
John Wiley & Sons, 2016.

[22]S. Farahat, F. Sarhaddi, H. Ajam, Exergetic optimization of flat plate solar
collectors, Renewable Energy, Vol. 34, No. 4, pp. 1169-1174, 2009.

[23]A. A. A. Abuelnuor, K. M. Sagr, S. A. A. Mohieldein, K. A. Dafallah, M. M.
Abdullah, Y. A. M. Nogoud, Exergy analysis of Garri “2” 180MW combined
cycle power plant, Renewable and Sustainable Energy Reviews, Vol. 79, No.
Supplement C, pp. 960-969, 2017.

[24]S. A. Kalogirou, Parabolic trough collectors for industrial process heat in
Cyprus, Energy, Vol. 27, No. 9, pp. 813-830, 2002.

[25]S. A. Kalogirou, Solar Energy Engineering: Processes and Systems, 1st
Edition, pp. 101-250, England: Academic Press, 2009.

[26]S. A. Kalogirou, S. Lloyd, J. Ward, P. Eleftheriou, Design and performance
characteristics of a parabolic-trough solar-collector system, Applied Energy,
Vol. 47, No. 4, pp. 341-354, 1994,

[27]1J. A. Duffie, W. A. Beckman, W. M. Worek, Solar Engineering of Thermal
Processes, 4th Edition, pp. 121-217, Boston: Academic Press, 2009.

[28]S. Ozlu, 1. Dincer, Performance assessment of a new solar energy-based
multigeneration system, Energy, Vol. 112, No. Supplement C, pp. 164-178,
2016.

[29]Y. A. Cengel, Introduction to Thermodynamics and Heat Transfer, 2nd
Edition, pp. 50-70, New York: McGraw-Hill 1997.

[30]M. F. A. Goosen, S. S. Sablani, W. H. Shayya, C. Paton, H. Al-Hinai,
Thermodynamic and economic considerations in solar desalination,
Desalination, Vol. 129, No. 1, pp. 63-89, 2000.

[31]M. M. Naserian, S. Farahat, F. Sarhaddi, Exergoeconomic multi objective
optimization and sensitivity analysis of a regenerative Brayton cycle, Energy
Conversion and Management, Vol. 117, No. Supplement C, pp. 95-105,
2016.

[32] M. M. Naserian, S. Farahat, F. Sarhaddi, Finite time exergy analysis and
multi-objective ecological optimization of a regenerative Brayton cycle
considering the impact of flow rate variations, Energy Conversion and
Management, Vol. 103, No. Supplement C, pp. 790-800, 2015.

[331M. M. Naserian, S. Farahat, F. Sarhaddi, New exergy analysis of a
regenerative closed Brayton cycle, Energy Conversion and Management, Vol.
134, No. Supplement C, pp. 116-124, 2017.

[34]F. A. Boyaghchi, M. Sabaghian, Multi objective optimisation of a Kalina
power cycle integrated with parabolic trough solar collectors based on exergy
and exergoeconomic concept, International Journal of Energy Technology
and Policy, Vol. 12, No. 2, pp. 154-154, 2016.

[35] 0. M. lbrahim, Thermodynamic Properties of Ammonia-Water Mixtures,
ASHRAE Transactions: Symposia, Vol. 93, No. 3, p. 1495, 1993.

[36]F. Xu, D. Y. Goswami, Thermodynamic properties of ammonia—water
mixtures for power-cycle applications, Energy, Vol. 24, No. 6, pp. 525-536,
1999.

[37]L. Davis, Handbook of Genetic Algorithms, 1st Edition, pp. 2-12, New York:
Van Nostrand Reinhold, 1991.

02 o plesis 18 095 1397 sl (e Sle (Swie

RW/m2K) Cil> colon o K
(m) ,esI5” Jgbo L

($) w5 anje Z

Sy e

@ G G a

(M) Bl culrs ¢

Sl il o o p

o3 by T

&xlp-9

[1] S. Teske, S. Sawyer, O. Schafer, T. Pregger, S. Simon, T. Naegler, S. Schmid,
E. D. Ozdemir, J. Pagenkopf, F. Kleiner, Energy [r] Evolution-a Sustainable
World Energy Outlook 2015, 5th Edition, pp. 62-100 Belgium: Greenpeace
International, 2015.

[2] S. Teske, T. Pregger, S. Simon, T. Naegler, W. Graus, C. Lins, Energy
[R]evolution 2010—a sustainable world energy outlook, Energy Efficiency,
Vol. 4, No. 3, pp. 409-433, 2011.

[3] D. Y. Goswami, Alternative Energy in Agriculture, pp. 36-57, Boca Raton:
CRC Press, 1986.

[4] O. Erdinc, M. Uzunoglu, Optimum design of hybrid renewable energy
systems: Overview of different approaches, Renewable and Sustainable
Energy Reviews, Vol. 16, No. 3, pp. 1412-1425, 2012.

[5] M. Pavlas, P. Stehlik, J. Oral, J. Sikula, Integrating renewable sources of
energy into an existing combined heat and power system, Energy, Vol. 31,
No. 13, pp. 2499-2511, 2006.

[6] I. Dincer, S. Dost, X. Li, Performance analyses of sensible heat storage
systems for thermal applications, International Journal of Energy Research,
Vol. 21, No. 12, pp. 1157-1171, 1997.

[7]1 P. Ahmadi, I. Dincer, M. A. Rosen, Exergo-environmental analysis of an
integrated organic Rankine cycle for trigeneration, Energy Conversion and
Management, Vol. 64, No. Supplement C, pp. 447-453, 2012.

[8] M. Maerefat, P. Shafie, Design of CCHP system for office buildings in
Tehran and thermodynamical,environmental and economical evaluation in
comparison to conventional system, Modares Mechanical Engineering, Vol.
14, No. 6, pp. 124-134, 2014. (In Persian _.,l5)

[9] P. Ahmadi, I. Dincer, Exergoenvironmental analysis and optimization of a
cogeneration plant system using Multimodal Genetic Algorithm (MGA),
Energy, Vol. 35, No. 12, pp. 5161-5172, 2010.

[10] A. Khalig, Exergy analysis of gas turbine trigeneration system for combined
production of power heat and refrigeration, International Journal of
Refrigeration, VVol. 32, No. 3, pp. 534-545, 2009.

[11]1P. Ahmadi, M. A. Rosen, I. Dincer, Greenhouse gas emission and exergo-
environmental analyses of a trigeneration energy system, International
Journal of Greenhouse Gas Control, Vol. 5, No. 6, pp. 1540-1549, 2011.

[12]C. H. Marston, Parametric analysis of the Kalina cycle, Journal of
Engineering for Gas Turbines and Power, Vol. 112, No. 1, pp. 107-116,
1990.

[13] G. Wall, C. C. Chuang, M. Ishida, Exergy study of the Kalina cycle, Analysis
and Design of Energy Systems: Analysis of Industrial Processes, Vol. 10, No.
3, pp. 73-77, 1989.

[14]1J. Wang, Z. Yan, E. Zhou, Y. Dai, Parametric analysis and optimization of a
Kalina cycle driven by solar energy, Applied Thermal Engineering, Vol. 50,
No. 1, pp. 408-415, 2013.

[15]H. Chua, H. Toh, K. Ng, Thermodynamic modeling of an ammonia—-water
absorption chiller, International Journal of Refrigeration, Vol. 25, No. 7, pp.

72



