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Abstract: In this study, a new integrated geothermal energy-based plant is proposed for multigeneration
purposes such as hydrogen, electricity, hot water, drying, cooling and heating. Therefore, this proposed
integrated system is consisted of proton exchange membrane electrolyzer, hydrogen compression unit, organic
Rankine cycles, single effect absorption cooling cycle, hot water storage tank and a drying unit. Thermodynamic
analyses including of energy and exergy analyses have been performed for general evaluation of the proposed
system. Energy and exergy efficiencies of whole plant are found as 37.65% and 39.26%, respectively. Exergy
destruction rate is one of the important indicators to improve system performance. The largest three exergy
destruction rates occur in organic Rankine cycle 1 with 3076 kW, single effect absorption cooling with 2816 kW
and hydrogen production and compression with 2658 kW. In addition to these analyses, parametric analyses have
been carried out to see how some variables affect system performance and useful product generation. For this
reason, the impacts of dead state temperature, geothermal mass flow rate, geothermal source temperature and
pinch point temperature of heat exchanger 1 are investigated. Any increase in dead state temperature, geothermal
mass flow rate and geothermal source temperature has positive impact on system performance and useful product
generation. Increase in pinch point temperature of heat exchanger 1 decreases the system performance. Hydrogen
production rate reaches maximum point (0.0024 kg/s) when geothermal mass flow rate is 8.125 kg/s or when
geothermal working fluid temperature is 168 °C for this paper.

Keywords : renewable energy, geothermal, thermodynamic, exergy, multigeneration

Jeotermal Enerji Kaynakh Multi-Jenerasyon Enerji Sisteminin
Termodinamik ve Performans Degerlendirmesi

Ozet: Bu calismada, hidrojen, elektrik, sicak su, kurutma, i1sitma ve sogutma iiretimini amaglayan
jeotermal enerji temelli yeni bir entegre multi-jenerasyon enerji tiretim sistemi tasarlanmig ve
incelenmistir. Bu entegre multi-jenerasyon enerji sisteminde proton degisimli membran elektrolizor,
hidrojen kompresyon iinitesi, organik Rankine gevrimi, tek etkili absorpsiyonlu sogutma ¢evrimi, sicak su
depolama tanki ve kurulama {initesi bulunmaktadir. Onerilen sistemi termodinamik agidan degerlendirmek
icin enerji ve ekserji analizleri uygulanmistir. Sistemin toplam enerji ve ekserji verimlilikleri sirasiyla
%37,65 ve %39,62 olarak hesaplanmistir. Sistem performansini artirmak ig¢in 6nemli gostergelerden bir
tanesi de ekserji yikim oranidir. Sistemde meydsana gelen en biiyiik ii¢ ekserji ytkim oran1 sirasiyla 3076
kW ile organik Rankine gevriminde, 2816 kW ile tek etkili absorpsiyonlu sogutma ¢evriminde ve 2658
kW ile hidrojen iiretimi ve kompresyonu biriminde gerceklesmistir. Buna ek olarak, bazi onemli
degiskenlerin sistemin performansma etkisini gozlemlemek icin parametrik analiz yapilmistir. Bu
parametreler durgun hal sicakligi, jeotermal akigkanin kiitle akis orani, jeotermal kaynagin sicakligi ve 1s1
esangOrii 1’in sikisma noktasi sicakligi olarak belirlenmistir. Durgun hal sicakliginda, jeotermal akigkanin
kiitle akis oraninda ve jeotermal kaynagin sicaklifinda meydana gelen herhangi bir artisin sistem
performansina olumlu etkisi oldugu, 1s1 esansgérii 1’in sikisma noktas: sicaklifindaki artisin sistemin
performansint olumsuz etkiledigi sonucuna ulagilmistir. Jeotermal kiitle akis oran1 8,125 kg/s ve sicakligi
168 °C iken hidrojen tiretim hiz1 0,0024 kg/s ile maksimum seviyeye ulasmistir.

Anahtar kelimeler: yenilenebilir enerji, jeotermal, termodinamik, ekserji, multi-jenerasyon
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1. Introduction

As a result of rapid increasing of population and improved life standards, energy needs of the world
increase too. When current energy infrastructure is analyzed, it is seen that 80% of energy needs are
met by fossil energy based systems [1]. Due to decrease in fossil source reserves and increase in
environmental concerns, renewable energy systems are getting too much attention recently because
of their advantages over fossil energy based systems [2,3]. Because of emissions especially CO,
global climate changes are faced. The responsibility for those emissions is belonging to mainly
fossil energy usage. 80% of CO, emissions are caused by coal and petroleum, on the other hand
natural gas is more innocent than coal and petroleum for CO, emissions [4-6]. Hence, energy saving
issue should be concentrated. One of the best ways of energy saving is to increase energy efficiency
[7]. In this transition period of time, natural gas can be utilized for energy generation, however for
long term energy politics, the use of renewables are inevitable. Geothermal energy is one of the
alternatives for this long term solutions. Geothermal energy is utilized in medicine, tourism,
agriculture and industry sectors [8]. Latterly, trend is to produce electricity and other useful
products from geothermal energy. Kaymakcioglu and Cirkin [9] have stated that there are 11 high
temperature geothermal sources in Turkey and those sources are suitable for electricity generation.
Turkey is in 7th place in the world in terms of geothermal potential. So, it is very important subject
to use those geothermal potential in a correct way [10]. According to Zaim and Cavsi [11], Turkey
has 861 MW installed geothermal energy plant at the end of August, 2017. Zaim and Cavsi have
also compared a geothermal power plant with a conventional thermal power plant and they have
suggested that for the same amount of power output if geothermal power plant is used, the CO,
emissions would have decreased 1594.4 tons/hr. The results shared from that study have also
indicated that the environmental benefits of geothermal energy.

Yilmaz and Kanoglu [12] have investigated the hydrogen production cost by using geothermal
energy. The method for hydrogen production investigated in that study has been electrolysis driven
by geothermal electricity. Results of the study show that as temperature and mass flow rate of
geothermal sources goes up, the price of hydrogen per kilogram decreases.

Ratlamwala et. al [13] have presented an assessment analysis of new geothermal based
multigeneration plant. They have stated that increasing geothermal source temperature from 167 to
227°C, hydrogen generation rate increases from 1.85 kg/day to 11.67 kg/day showing the
importance of geothermal source temperature. Also, rise in geothermal source pressure increases
the hydrogen production rate according to the results of paper.

Akrami et. al [14] have also proposed a multigeneration energy plant based geothermal energy
source. They have performed energetic, exergetic and exergoeconomic analyses of the system with
parametric analyses. They have calculated the energetic and exergetic efficiencies of plant as
34.98% and 49.17%, respectively. According to exergoeconomic analysis outputs, the lowest and
highest total unit cost of outputs are 22.73 and 23.18 $/GJ, respectively.

Al-Ali and Dincer [15] have combined solar and geothermal source together for poly-generation
purposes. Energy and exergy assessments with parametric analyses are conducted for proposed
multigeneration system. They have also compared the efficiencies of single generation,
cogeneration, trigeneration and poly-generation systems.

In another study, Ezzat and Dincer [16] have integrated solar and geothermal energy sources for
multigeneration purpose. Because of intermittency of solar energy, the plant is supported with
geothermal energy source. They have evaluated the multigeneration system in terms of
thermodynamic analyses. Results indicate that energy and exergy efficiency of the system are found
to be 69.6% and 42.8%, respectively.
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Ebadollahi et. al [17] have proposed a multigeneration system using geothermal source and LNG
cold power. Thermodynamic analysis outcomes show that, the proposed multigeneration system
may provide cooling, heating, power and hydrogen of 1020 kW, 334.8 kW, 1060 kW and 5.43 kg/h,
respectively.

Similar study concentrated on using geothermal and solar energy has been performed by Alirahmi
et. al [18]. They have performed multi-objective design optimization to evaluate the proposed
system. This integrated multigeneration system has 29.95% exergy efficiency and 129.7 $/GJ unit
product cost according to the results.

In this study, it is targeted to design a novel multigeneration system producing especially hydrogen
and storing it in compressed form, power, hot water, drying, heating and cooling. The novelty of
this study is to increase the efficiency of the system by using waste heat of another sub-system.
Also, these types of multigeneration systems are target-driven systems of which products should be
necessary for the end-users living in the place in which plant is founded. Therefore it can be said
that if multiple products are fitted to end-users’ needs, this plant can be used by decision makers.

The main targets of this study can be listed as follows:
e To design a novel multigeneration energy system using geothermal source.
e To assess the system in terms of thermodynamic analysis especially energy and exergy
efficiency.
e To determine the effects of some parameters on system performance.
e To compare the efficiencies of single generation, co-generation, tri-generation and
multigeneration energy systems.

2. System Description

In order to produce multiple useful products, a novel design integrating geothermal cycle, organic
Rankine cycle (ORC), hydrogen production cycle, absorption cooling cycle, hot water production
and drying system together is proposed. Every stream in the multigeneration system is numerated
and related equations are written. Then these equations are solved by means of Engineering
Equation Solver (EES) software [19]. In this multigeneration plant, the source of the plant is
geothermal energy which is shown in Fig. 1 with the number 1. Geothermal fluid firstly enters Heat
exchanger (HEX) HEX 1 and mixes with water. Then the heat energy is firstly utilized in ORC 1.
Produced electricity here is utilized in proton exchange membrane (PEM) electrolyzer together with
the stream 15 coming from HEX 1 to heat the water before entering PEM electrolyzer. PEM
electrolyzer dissolves water into hydrogen and oxygen. Produced hydrogen is stored in compressed
hydrogen storage system by cooling down by means of passing through hydrogen compressors 1, 2
and 3, respectively.

The waste heat from ORC 1 is reused in ORC 2 to produce electricity. However, heat energy
coming from geothermal resource passing HEX 1 is utilized in single effect absorption cooling
(SEAC) cycle with stream 2. The working fluid of SEAC is selected as ammonium-water mixture
(NH3/H20) due to its advantage of varying the concentration. SEAC sub-plant provides cooling
and heating effect by using heat energy gained from geothermal source [20]. From the generator of
SEAC the stream 3 is sent to hot water storage system to transfer its heat energy to the cold water to
heat it up. Then this fluid is sent to HEX 4 with the stream 4. HEX 4 helps to use waste heat to heat
the air up for drying purposes. Finally, the fluid is sent back to the injection well with the stream 5.
Table 1 demonstrates the input indicators for this proposed integrated geothermal based
multigeneration system.
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Figure 1. Schematic diagram of investigated geothermal plant for multigeneration

3. Thermodynamic Assessment

In order to analyze the control volume of any process, the mass, energy, entropy and exergy balance
equalities must be considered in the design and operation of integrated plant. By defining these
equations for each system and sub-systems, equalities could be solved correctly. Mass balance
equality is

Iﬁ:‘n = Iﬁ‘gur (1)

Here, m;,, and m,,, show the mass flow rate of input and exit. Based on the first law of
thermodynamic, energetic balance equality is

Q.iu + I-"ifm + E Iﬁ'iu hz’:lz = Q.::-ur + WGHE‘ + Z Iﬁourhr}ur (2)

Here, @ and W show heat transfer and work rate, respectively, h is specific enthalpy. Entropy
balance equality is

. - . _ .
E M Sin + E I'_: + sgau - E M e Sour (3)
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Table 1. Selected key indicators for geothermal assisted multigeneration system [21]

Input indicators

Values

Reference condition temperature, T'g
Reference condition pressure, Py

Geothermal working fluid production temperature, T 3

Mass flow rate of geothermal working fluid, ¥4
Turbine 1 inlet temperature, T'g

Turbine 1 inlet pressure, Pg

Turbine 2 inlet temperature, T 15

Turbine 2 inlet pressure, P1g

Isentropic efficiency of turbines, 1.

Isentropic efficiency of pumps, M,
Isentropic efficiency of hydrogen compressor, 17, -

Effectiveness of heat exchangers, €gex
Compressed hydrogen temperature, T's3
Compressed hydrogen pressure, Pag
Temperature of PEM electrolyzer, T pepy
Working fluid of ORC 1

Working fluid of ORC 2

Working fluid of SEAC

Working temperature of generator, T 5ep
Efficiency of generator, 77,

Energetic COP of SEAC, COP,,
Exergetic COP of SEAC, COP.,

Pinch point temperature of HEX1, PP g1
Geothermal working fluid injection temperature, T's

25°C
101.3 kPa
148 °C
8.947 kgls
114 °C
590 kPa
52°C
980 kPa
80%
80%
78%
80%
25°C
42 MPa
80 °C
Isopentane
R125
NH/H,0
98.55 °C
90%
0.672
0.117
10 °C
64 °C
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COP:Coefficient of performance, ORC: Organic Rankine Cycle, SEAC Single effect absorption cooling

Here, s is the entropy, and 53.,9” show entropy generation rate. Based on the second law of
thermodynamic, an exergetic balance equation is
nt Ex®=ZXm, ex,, . +Ex" +Ex, 4)

E Iniu Exm

our

here, Ex? and Ex™ are exergy transfer associated with heat transfer and mechanical work,
respectively.

Ex?=(1-2)¢ (5)

T
Ex" =W (6)
The balance equalities for integrated plant parts are defined in Table 2. To design more efficiently

integrated plant, the energy and exergy efficiencies can be defined as follows; and also,
performances of components of combined system are given in Table 3.

_ Uszsful energy cutput in product (7)

n ,
Energy input

__ Exergy output in product (8)

"

Exergy input
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Table 2. Mass, energy, entropy and exergy balance equalities obtained from thermodynamic
analysis of investigated geothermal plant

Sub- Mass Energy balance equations Entropy balance equations Exergy balance equations
plan balance
ts equations
HE | thy =1thy | thihy +hghs +hyghy) mys, + hgss + s, +| hyex, + hgexg + thysex,, =
X1 mg = mﬁ
My = Myg
g—_ur mﬁ = m? mﬁhﬁ = m-;h-;-I— W.Tl mGSG + sg_.]"l = m',‘."-g';.r mﬁexﬁ = m?ex? + WTJ. + E'x;
ine
1
HE m? = mB m',‘-’h','-"+m13h-13 = mgh m?5?+m13513 +$gﬂEXE m-;rex?+m13€x13 = mBEXB‘l'
Pum mgzmg m3h-3+w_p1 =mghg m353+$gf1 :mgsg mBExB_FWPl:ngZXQ‘I'EIS
pl
g’_ur Mio = Myl thyghig = thyhyy + W) hygsip + 572 = thyy iy | hygexyg =thyexy + Wro +
ine
2
Con | 7hyy = thys| hyg by +hszhsy =y gy s,y + Mgpsey + 5, 00| Ty exyy +hgyexg; = hyaex,
dens mE-; = mEB
erl
Pum | thyp = thag thys hyp + Wpo = thygh| 12512 + 5,0 = y3sis | Mysexyn + Wy =thysexys +
p2
,F:AE Mis = Mg tyghys + Weey = tag Myssis + 5 prn = Miesy{ iz exis + Weey = thygexyg |
elect
roly
zer
Hyd | Ty = Mg thyzhyg + Wgey = thyg| a7 517 + Sgnc1 = MagSig Myzexy; + Wyey =mMygex g4
roge
n
com
pres
sor
1
Inter | thyg = thygl Thighig +hashas = | mygs g + hossas + 5,01 | Thigex g+ Mosex,s = ygex|
cool | tas = Mag
erl
Hyd | Thys = Mag thyghyg + Wigeo = Thag| MusS1s + Spmc2 = MagSag Migexis + Wyea =thagexag 4
roge
n
com
pres
sor
2
Inter | Mag = Mayf thag hag + Maghas = My tygSag + MoeSag + 5,02 | ™ag@Xzg + Mpgexze =y exy
cool mgﬁl = mg'l:r
er?
Hyd | Tay = Mas shyy hyy + Wges = thaa| Moy S21 + S ncs = MazSag) Mayexa; + Wiyes =hazexs; 4
roge
n
com
pres
sor
3
Inter | oy = Mipgl thaahos +thaghag = ™y tyy 555 + ogSag + 5,503 | oo €Xp + Mpgexsg = Mazex;
cool mgs = mgg
er3
Gen mg = mg mg hg + mgghgg + mg?li mg 52 + mggsgg + mg?.'i'g-l:r mg X, + mgge.ﬁfgg + mg-;,re.'xE?
erat
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or | Mgy + sy

HE | thsy = Mgy thyy hay + Mazhss =y thy;s3) + hygsss + 5 pey Mgy exgy +Mgzexs; = Mgex|
X3 | hag = thay

Pum | thap = M3y thaghgp + Wes = thy, h| MagSse + 55p3 = May 531 | Magexgy + Wpes =thgexs +
p3

Val | Mgy = Mgs| thaghgy = Thaghas Mgy S3q + Sp11 =MasSas | MaaeXay = Magexzs + Exppy
vel

Abs | Mas + M| thag has + Maihyy + My thgg 530 + thyy sy + thegsy thyg exss + Thy exy + thygex,
orbe

r Mg = Thyg

Bva | Myg = My thyghag + aghsg = ™) mhypssg + MugSae + 54 pua| ag@Xag + ygexsg = My ex,
pora | Meg = s

tor

Val | gg = thyg thaghgs = Thaphyg Mag53s + 5,112 =MagSsg | MaseXss = thygexsy + Exppa
ve 2

Con | Thag = Thag| Thaghag + thashas =My thagsag + Massss + 5, con] hapexsg +hysexy = hagex;
dens T‘ﬂéé = mgTE

er2

RECt mgﬁ. = mg? mgﬁhgﬁ + még JI’":E = m mgs S3g + méz 542 + Sgﬂef. mgﬁ EX3g + még EXas = mg?'ex‘
ifier méz = még

Hot mE = m-’: mE 'II’S + mEEI"II‘EI} = méh Hlg Sy + MgpSsp + Sg,.H[-L’ST Mgexy + MepeXgy = Mae8Xa +
wate | Higg = Higy

r

stor

age

tank

HE | The =g | thehy + Msphsy = Mishl s, +tgase, + 5, geps | Theexs + hszexs, = thgexs +
X4 | Mgy = Mg

Dry | Mhss = Mgy thgghisg + Msshss = My thggsgs + Msssss + 5,0, 1 ez exss +hggexss = thgeex;
er mEE = mEE
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Table 3. Energy and exergy efficiency equalities obtained from thermodynamic analysis of
investigated geothermal plant

Higg gy — Mgy fy

Sub-plants Energetic efficiency Exergetic efficiency
HEX 1 _ Uhghg — mghg) +lmyghis — My hyyl w _ Uhgex; — Mgexg) + UM gex, s — My, 8%,]
izt i hy — b, REXL 1, ex; — 1. 8x,
Turbine 1 Wr, v We,
1 mgh; — m-h- T hex — Mg
51 E . 51 E T
HEX 2 . _ MygMig — Mygliq w _ Myp8Xp — My g8X g
HEXE e —thghy FEXE M, ex, — thgexy
Pump 1 _ thghg— mgh, _ Thgexg — Migex,
MeL = . Ypgy =—————
IH";_” 11“;—”
Turbine 2 W, W,
Mre = 0 - 1 2 - Pra = :
Mypiyp — My Myp8Xp — My Xy
Condenser 1 n _ Migghsg — Mg R W _ Mgg@Xgy — Mgy 8%s;
Conl mLLhLL_ mlnhln Conl mLLgle_ mlﬂng_"
Pump 2 Nps = Myghyg — Myhy, Wor = 38,3 — M2 8%,
= pr = :
W o
PEM ty, Ly iy By
Meew = 77— Yeem = —— ———
electrolyzer tiyshys + Wogn 1y sex,s + Wagp
Hydrogen Msses = M yghig— My lyy Vasey = MgEXjg — My 78X 7
HOLT T HEL = :
compressor 1 . Wi, . Waicy
Intercooler 1 Mooy = Maghag — Moyhay Voo = Mg @lag — MpgBXny
[ reL < .
yghye —1iyohye M pf%yp — Myo8Xyo
Hydrogen n Mapilag — Myaflg " MopBXyp — M 1989
Hez = 3 HeT = ]
compressor 2 ] W ‘ Wi
Intercooler 2 Mg = Mozhar — Moghag Ve = Moy 8Xay — MaghBlag
T2 thaghag — thayhay 1€ thagexay — thayexs,
Hydrogen Maaflan — Moyhgy o Moy 850 — Mgy 8Xn)
Mgz~ — 7 'mes = :
compressor 3 ] Wz ‘ Wiz
Inter cooler 3 Mies = Magh oo — Moghsg Ui = Mog8log — MopBiog
1e2 Hanllan — Mlngliag fe2 1lnn EXnn — HlngEXng
Generator Hoem = Magllag + Maghag — My fgn — Moz ly; Vaen = Mgy8%gg + MygBXgg — MynBXgs — Myr8lgy
Gen 1o o — 1 Ry Gen o 8%, — 11y 825
HEX 3 . _ Mg ligs — Mgy gy w _ Mgp8Xgy — Mg Xy
e i tigg hag - tgy gy e ] 133633 - tgyexyy
Pump 3 _ Mg gy — Mgohyy o _ Mg 8Xg — Mgy
Mz = —— Ypg = .
Wos Was
Valve 1 - tgslgs Yo = Mgy
Tt thggha, Y aggexs,
Absorber Mibe = Mg lyg — Mygllyg Ve = MygBxyg — MypBlyp
Abs — T . ) ) Abs — T . .
':T"'fmhm —tgghys — My By ) ':T“ apf¥gp — Mgz 8Xgs — Ty 8%y, )
Evaporator N = Mgy fyy — Mgy Vewa = My78Xy7 — Myp @l
Era — _a . Era — _» x
MRy — My Ay MapBXyp — My 82y
Valve 2 Mt = Mphag oz = MapE¥ap
viz =T vr T o
tigg hag ] Mo BX g ]
Condenser 2 n _ Mygliys — gy Ry W _ Miyg8lys — My 82y
Con — _. ] Com2 — _. x
taghae — Mg fag M gpf¥ap — MgpBXag
Rectifier Mae = Mgz Ry — Myohyo Vaee = Mg BXyy — My BXyn
Ree ':mlss'rlss_"h;?hs?_ fitge Nye) Ree {m.ssgxzs_m.rgxr_ g @xge)
Hot water . _ Mgl —Mgligg w _ Mg BXg) — Mgpllgy
storage tank BWST " _tighy —inghy T hgeny —rhyex,
HEX 4 . _ Mgy heg — Mga s, w _ Mgg8Xgg — Mga€Xgn
HEXS . ”h.th.t—. thehe HEXS . rr'z_tg.r_t—l thgexe
Dryer _ Mgelss — Maghss - _ Mgg@Xgg — Mggfss
Mor ==+ — 1 Wor

M ggBXog — Mgy BXcy

Furthermore, to make more detailed thermodynamic assessment, the energy and exergy efficiency
equalities for sub-plants are written as;
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Geothermal cycle;

R, —mek
Mee = % ©)
_ M, 8x, M 80X
I'EIG'-'_ - myex, (10)
ORC 1,
_ Worcy
Nore1 = Wg, +(m ko —mghg) (11)
_ Wogrr,
LEIORCI - E-VP-_-F'::'ﬁE,EI-_D—?ﬁgEXq} (12)
ORC 2;

H'rIjRI:"'
Norca = - = 13
lorc Wy (g iy =1y hyg) ( )

W, .
Yorcz = r— (14)

Wpat(myphyg—myghyg)
The hydrogen production and compression;

Mlng Fng
1 = 222 15
lspc Wppn tWye, +Wygo tritchye (15)

1|EIHPC - Mlog Fdag (16)

Wpppy tWy, t Wy tmeex, o

The hot water production cycle;
= QHot-water (17)

7
Tawp rghg—mhy

— E'rgfnr—u'urer (18)
#’H[-VP

Mg BXg— T 485,
The drying cycle;
@Drying
— WL
"oe Mg heg—Mog oy (19)

_rq .
E Drying (20)

T g B g —TH oy B cy

Ype =
The SEAC process;

Peooli
oolin 2
? e -

Isac :lﬁz'ﬁg_ha}‘l'wPa ( 1)

E.ra "
#’EEAC — COQLg (22)

iy (e, —exg ) 4 Wpy

The equations for energy and exergy performance of single (power) production are:

Whe
Hee = m.l:h.r_s:ﬂ (23)
11{15.9 — Whet 5o (24)

M, (8x, —8xg)
Here, net power generation rate for single generation can be defined as follows;
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H’r;-zar,sr; = (Wri + W‘r:) - [WPJ. + WP:) (25)

The equations for energy and exergy performance of co-generation (electricity and heating) are:

W N,
Nee = .‘l?l.‘.SI? Heating (26)
mylh,—h)
W‘U’TSG-I'EIEIFME'L
= ng
Yee = (27)

m, (8x, —exg)
Here, net power generation rate for co-generation can be defined as follows;
I"i*’r;-z.alr,r:r_: = (Wri + Wr:) - (Wpl + WP:) (28)

The equations for energy and exergy performance of tri-generation (power, heating and cooling)
are:

Wioee 7ot QHFIJI?[‘I_{J’ + QI:EIEIII:"[Q’
N = — : - 29
Ire rity [y —hg) (29)
_ Wet 5G+E‘rqumr[ng +E‘rgnuiing
Wre = (30)

m,(ex, —exg)

Here, net power generation rate for co-generation can be defined as follows;

Wieere = (er + Wr:) - (Wpl + WP: + Wps) (31)

The equations for energetic and exergetic efficiency of multi-generation (power, heating, cooling,
hydrogen, hot water and drying) are: (32)

Ig .
Drying (33)
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Here, net power generation rate for co-generation can be defined as follows;

Wietse = (Wl"l + WTE] —(Z Wp + WPEM] (34)
4. Results and Discussion

For the proposed integrated geothermal power based multigeneration system, energetic and
exergetic analyses have been performed. Exergetic analysis is more useful than energetic analysis as
it gives more meaningful results than energy analysis. Energy analysis also does not show the
system loses. By means of exergy analysis, where and how much exergy destruction occurred can
be understood. Table 3 demonstrates the energy and exergy analysis with exergy destruction rates
of primary parts of proposed plant. According to the table, the lowest exergy efficiency occurs in
SEAC sub-plant. The exergetic performance of whole cycle has been calculated as 39.26%.

The outputs of geothermal energy based multigeneration energy plant have been listed in Table 4.
Total power productions by ORC 1 and ORC 2 have been found as 3488 kW and the cooling
producing rate has been calculated as 1684 kW. With selected key indicators, hydrogen production
mass flow rate is 0.0018 kg/s.
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Table 3. Thermodynamic analysis results

Energetic Exergetic Exergy Exergy
Sub-plants/whole plant efficiency efficiency destruction  destruction
(%) (%) rate (kW) ratio (%)

Geothermal cycle (GC) 40.89 42.16 1315 8.89
Organic Rankine cycle 1 (ORC 1) 32.28 20.43 3076 20.80
Organic Rankine cycle 2 (ORC 2) 25.16 14.62 1427 9.65
Hydrogen production and compression (HPC) 47.34 44.57 2658 17.98

t water production (HWP) 69.24 66.38 2169 14.67
Drying cycle (DC) 74.18 71.26 1324 8.96
Single effect absorption cooling (SEAC) 14.92 12.14 2816 19.05
Whole system (WS) 37.65 39.26 14785 100

Table 4. Geothermal energy-based power plant outputs

Plant outputs Values
Power production rate of ORC 1, Wzey 2683 kW
Power production rate of ORC 2, Wggca 805 kW
Cooling producing rate, f,?cm;l-ﬁg 1684 kw
Heating producing rate, L?Hmmg 846 kW
Hot water production capacity, ¢ Hot water 3042 kW
Drying production capacity, Q Drying 1126 kW
Produced hydrogen mass flow rate, Mgygrsgen 0.0018 kg/s
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4.1 Effect of Dead State Temperature

Dead state temperature (°C)
Figure 2. Variation in energy performances of whole plant and its sub-plants versus dead

state temperature
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In order to investigate the impacts of some indicators on system performance, parametric analysis
has been done. The first parameter calculated is dead state temperature. Fig. 2 illustrates the impact
of dead state temperature on energetic efficiencies of sub-plants and whole system. According to
the analysis results, energetic efficiencies of all sub-plants and whole system except for SEAC
increase with increasing dead state temperature. The reason behind this situation is that when dead
state temperature increases, cooling load of SEAC cycle increases too.
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Figure 3. Variation in exergy efficiencies of whole plant and its sub-plants versus dead state
temperature

Exergy efficiency

Fig. 3 demonstrates how exergetic efficiencies of sub-plants and whole plant vary with respect to
increasing dead state temperature. Similar to energy analysis results, while dead state temperature
increases, exergy performances of whole system and sub-plants except for SEACS increase too. As
a result of these analyses, it can be said that increasing dead state temperature has positive impact
on performance of the proposed plant.
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Figure 4. Variation in useful outputs from geothermal plant versus dead state temperature
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As mentioned before, increasing dead state temperature has positive impact on plant performance
and this positive effect can be seen on product generation rates. As dead state temperature rises
from 0 to 40°C, hydrogen production rate rises from about 0.00155 to 0.00196 kg/s. as seen from
the figure, with increasing dead state temperature products of ORCs, cooling and heating, hot water
and drying increase as well. Having investigated power production by ORC 1 and ORC 2, it is seen
that power production of ORC 1 increases from nearly 2000 to 3000 kW and power production of
ORC 2 rises from 650 to approximately 850 kW. The reason of those increases in both efficiencies
and production rates can be explained by the definition of thermodynamic efficiencies. As the
difference between ambient temperature and working temperature of any unit decreases, loses will

be decreased.
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Figure 5. Variation in energetic and exergetic efficiencies of SG, CG, TG and MG options versus

dead state temperature

0.2

Figure 5 demonstrates the importance of using multigeneration for energy plants. Producing more
than three outputs by using waste heat again and again increases the performance of energy
production systems. As seen from the figure, while dead state temperature rises from 0 to 40 °C,
energetic and exergetic efficiencies of single generation plant rise slightly. However, energy
performance of multigeneration plant increases from 34% to 40% and exergetic efficiency of
multigeneration plant rises 34% to nearly 44%.
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Figure 6. Energetic efficiencies of geothermal plant and its sub-plants vs geothermal source mass flow rate
4.2 Effect of Geothermal Source Mass Flow Rate

As another significant indicator affecting system efficiency, geothermal source mass flow rate is
investigated in this part. As seen from Figure 6, while geothermal source mass flow rate rises from
3.625 to 8.125 kg/s, all sub-plants and whole plant are affected positively in terms of energy
efficiency.
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Figure 7. Exergetic efficiencies of geothermal system and its sub-systems vs geothermal source

mass flow rate

Figure 7 shows the exergy efficiencies change with respect to increasing geothermal source mass
flow rate. Results of figure state that increasing mass flow rate of geothermal source has also
positive effect on exergy efficiencies of sub-plants and whole plant. As geothermal source mass
flow rate goes up to 8.125 kg/s, exergy efficiency of whole system increases nearly from 34% to
almost 42% due to increase in mass input per time to the sub-systems of the multigeneration
system.
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One of the most significant products of this proposed plant is hydrogen which is affected positively
with increasing geothermal source mass flow rate from 3.625 to 8.125 kg/s. hence, hydrogen
production rate doubles from 0.0012 to 0.0024 kg/s for this range. Similar to hydrogen generation,
other products such as power, heating and cooling, hot water and drying raise with increasing
geothermal source mass flow rate because this increase in mass flow rate carries more enthalpy.
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Figure 9. Energetic and exergetic efficiencies of SG, CG, TG and MG options vs geothermal source

mass flow rate

Figure 9 illustrates the similar results as Figure 5. As mass flow rate increases energetic and
exergetic efficiencies of all energy generation plant types increase as well. It can be surely said that
efficiencies of multigeneration energy plants are higher than any other types. The other result to be
drawn from that figure is that increase in geothermal source mass flow rate has positive impact on
all types of production systems for given range.

4.3 Effect of Geothermal Source Temperature
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Figure 10. Effects on the energy efficiencies of the geothermal source temperature for the
geothermal system and its sub-systems
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Figure 10 shows the impact of geothermal resource temperature on energy efficiencies of sub-plants
and whole plant. As seen from the figure, while geothermal resource temperature rises from 123 to
168 °C, energetic performances of sub-plants and whole system increase too.
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Figure 11. Effects on the exergy efficiencies of the geothermal source temperature for the
geothermal plant and its sub-plants

Like energetic performance, exergetic efficiencies of sub-plants and whole system increase with
increasing geothermal source temperature. Because higher temperature in geothermal source means
higher enthalpy it carries. As seen from the figure, especially hot water production and drying cycle
boost with increasing geothermal fluid temperature. Exergy efficiency of drying cycle reaches up to
78% when geothermal source temperature is 168 °C.
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Figure 12. Effects on the useful products and hydrogen generation rate of the geothermal source

temperature for the geothermal plant

Useful product generation rates also rise with rising geothermal resource temperature as seen from
Figure 12. Hydrogen production rate increases from 0.0013 to 0.0024 kg/s. Any increase in
geothermal source temperature makes enthalpy higher. Then useful productions and efficiencies can
go up due to that enthalpy increase.
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Figure 13. Effects on the energetic and exergetic efficiencies of the geothermal source temperature

for the SG, CG, TG and MG options

Figure 13 illustrates the impact of increasing geothermal resource temperature on different types of
generation systems’ energetic and exergetic efficiencies. In each case, energy and exergy
efficiencies of generation systems are affected positively with increasing geothermal source
temperature.

4.4 Effect of Pinch Point Temperature of HEX 1
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Figure 14. The impact of pinch point temperature of HEX 1 on the energetic efficiencies of
geothermal system and its sub-systems

Figure 14 and 15 reveals how energetic and exergetic efficiencies of sub-systems and whole system
vary with changing pinch point temperature of HEX 1, respectively. As pinch point temperature of
HEX 1 increases from 6 to 20 °C, energy and exergy performances of sub-plants and whole system
decrease.
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Figure 16. The impact of pinch point temperature of HEX 1 on the useful products and hydrogen
generation rates from geothermal plant

Because energy and exergy efficiencies decrease with rising pinch point temperature of HEX 1,
useful product generation also decrease for this increase in pinch point temperature on HEX 1 as

illustrated in Figure 16.

Finally, Figure 17 illustrates the negative effects of increasing pinch point temperature of HEX 1 on
energy and exergy performances of different ways of production plants. For instance, energy
efficiency of multigeneration plant decreases from nearly 40% to about 33%, and exergy efficiency

of MG plant goes down nearly to 32% from 43%.
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5. Conclusions

In this study, it is targeted to set a new integrated plant based on geothermal power for
multigeneration purposes. Multiple products such as hydrogen, power, hot water, drying, cooling
and heating are generated by using geothermal energy and waste heat of the system. For
thermodynamic evaluation of the system, each stream in the proposed system is numbered and
thermodynamic balance equations are assigned to them. Then for every single unit of the system,
balance equations which are mass, energy, entropy and exergy are calculated to find the energy and
exergy performances of sub-systems out. Based on the analysis results, energy and exergy analyses
of whole plant are computed as 37.65% and 39.26%. Other striking numerical results are as follows:
. Two most important parameters affecting

system performance and mainly hydrogen generations are mass flow rate and temperature of

geothermal resource. As geothermal source temperatures reach up to 168°C, hydrogen

generation rates maximize to 0.0024 kg/s, exergetic performance of system increases up to 44%.

. As geothermal mass flow rate goes up to 8.125
kg/s, hydrogen production rates again reaches to 0.0024 kg/s and exergetic performance of the
whole plant rises to 43.7%.

o Dead state temperature has also positive impacts
on energetic and exergetic analyses of all sub-plants and whole plants owing to decrease of
losses caused by temperature differences between environment and the system.

o As pinch point temperature of HEX 1 goes up to
20°C, energy efficiency, exergy efficiency and useful product generation rates decrease.

In the light of those outcomes of thermodynamic and parametric analyses, it can be concluded that
this type of a geothermal based multigeneration system can be effective to provide human needs
especially for district areas. Naturally, geothermal based multigeneration system will be effective
for places where geothermal sources are found, however those products provided by the
multigeneration system proposed in this study are necessary for society. While energy plants were
single generation, they had less efficiency. Then trends gravitate towards cogeneration and tri-
generation energy plants. In near future, use of these types of multigeneration energy plants will be
inevitable.
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