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ABSTRACT

In this study, integrated, geothermal energy based system for multigeneration
application with four useful outputs (electric power, heating, cooling, and hydrogen),
which comprises from a Rankine Cycle (RC) for electrical power generation & for
hot water recovery, and double effect absorption cooling cycle for cooling
production, is proposed. The proposed system is investigated in detail. In order to
determine the associated energies and irreversibilities in the system, the system
components are investigated energetically and exergetically. The energy and exergy
efficiencies of the RC are found to be 12.67% and 16.21%, respectively. Parametric
studies are also performed to observe the effects of different parameters such as
turbine inlet pressure, temperature and reference environment temperature on the
exergy values. The energy and exergy COPs of the double effect absorption cooling
system are found to be 1.437 and 0.3371, respectively. Exergy destruction is
calculated for all the components, and it is found that maximum destruction occurred
in RC high pressure turbine with 4021 kW and minimum destruction occurred in the
condenser of double effect absorption cooling system (DEACS) which was

1.321kW.

Keywords: Multi generation, geothermal, energy, exergy, Rankine Cycle, absorption

cooling.



Oz

Bu calismada, Rankine ¢evrimi kullanarak gii¢ tiretimi ile 1s1 geri kazanimu, ¢ift etkili
absorbsiyonlu sogutma sistemi kullanarak sofutma iiretimi ve bunlarin yaninda
hidrojen iiretimi saglayan, jeotermal enerji tabanli multijenerasyon uygulamasi
tasarlanmistir. Tasarlanan sistem detayl1 bir sekilde incelenmistir. Sistem igerisinde
bulunan her ekipmanm enerji ve ekserji incelemesi yapilmistir. Rankine ¢evriminin
enerji ve ekserji verimleri sirastyla %12.67 ve % 16.21 olarak hesaplanmistir. Bu
calismada ayn1 zamanda, tlirbin giris basinci ve sicakligi ile referans gevre sicakligi
gibi parametrelerin ekserji degerleri iizerindeki etkisini gozlemlemek i¢in parametrik
calisma yapilmistir. Cift etkili absorbsiyonlu sogutma sisteminin enerji ve ekserji
COP’si sirastyla 1.437 ve 0.3371 bulunmustur. Sistemdeki tiim pargalarda
gerceklesen ekserji yikimlar1 hesaplanmis ve en biiyiik yikimin 4021 kW ile Rankine
cevrimi yiiksek basing tlirbininde, en kiigiikk yikimin ise 1.321 kW ile ¢ift etkili

absorbsiyonlu sogutma sisteminin kondanserinde gerceklestigi bulunmustur.

Anahtar Kelimeler: Multijenerasyon, jeotermal, enerji, ekserji, Rankine cevrimi,

absorbsiyonlu sogutma
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Chapter 1

INTRODUCTION

1.1 Overview

Energy is key and important commodity to human well-being in modern times. On
the surface of this planet there are seven billions of people and it is required to
supply energy to cover their daily needs. In addition to that, the population growth
and the booming economic development in the world leads to increased energy
production (power, cooling, heating, etc.). Using fossil fuel, for producing power
causes an increase in the pollutants in the air and this is a direct threat to human well
being. In order to consume less fossil fuel and release less emission to air. It is

crucial to use efficient systems for producing energy (power, cooling, heating etc.).

There are systems that use a single source of energy to produce electricity, heating,
cooling etc. simultaneously which have higher efficiencies. These systems are called
multigeneration systems and they are known as being very efficient. The concept of

multi generation is shown in Figure 1.1
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Figure 1.1: Depiction of multi generation system for three outputs (electricity,
heating and cooling)

1.2 Importance of Energy

Energy demand is increasing all over the world. It has been predicted that global
energy demand will increase by over one-third by 2035 and fossil fuels are still
dominating the global energy [1]. The reasons for this increase are population
growth, living standard and manufactory. While energy is needed for economic
growth and sustainable development, energy consumption generates environmental
and social impacts. The International Energy Agency (IEA) predicts that minimum
50% of total growth in global generation should be met by renewable energy sources
during next 25 years; by this prediction the amount of emissions decreased because

of less fossil fuel burning [2].
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Figure 1.2: Energy use in the world [3]

Human of using power started long time ago, with discovery of fossil fuels such as
coal, oil and gas, which caused a huge revolution in the industry. As a result of the
growing demand for energy, the higher the ratio of greenhouse gases in the air, they
think seriously about alternative sources of energy other than oil, for example, wind,
solar and geothermal energy, and tidal ,Which it the right direction, and start racing
to dispense with fossil fuels in the coming years. The concept of energy use in the

world is shown in Figure 1.2



1.3 Effects of Fossil Fuel Combustion on Environment

Fossil fuels are the main primary source for electrical power generation and heat
generation and include petroleum, natural gas, and coal. All these fuels contain
hydrogen, oxygen, carbon, sulfur, and nitrogen compounds.

During the fossil fuels burning the exhaust gas which has a harmful impact on the
environment and living creatures. Some of these gases are greenhouse gases,

including but not limited to such H,O, CO,, and NOX.

Climate change associated with rising atmospheric CO; has already carbon balance
through rising temperature, increasing growing season, and increased atmospheric

water content.

Nitrogen dioxide is an irritant gas, when the fuel combustion the nitrogen combines
with the atoms of oxygen to produce nitric oxide (NO) which is harmful to

environment.
1.4 Aims and Objectives

Due to the increased energy demand and environmental concerns, it is necessary to
find alternative ways for supplying the energy needs. One alternative way is a
multigeneration system which is used to supply multiple forms of energy.
Multigeneration systems are having higher efficiencies than conventional system.
The main point of this study is to analyze a multi generation systems which delivers
electricity, cooling, heating and hydrogen that could be used as fuel in advanced
systems. It is aimed to do parametric study; vary some parameters and observe the

others. The proposed system in this study includes sub systems of double effect



absorption cooling system and two-stage Rankine Cycle based power producing

system for covering demands of cooling, heating and electricity.

The study aims to analyze all the system in both energetic and exergetic point of
view. It is aimed to do energetic and exergetic analysis for every device existing in

the system.



Chapter 2

LITERATURE REVIEW

2.1 Introduction

In spite of numerous investigation and studies conducted to explore the performance
and viability of cogeneration (simultaneous electricity and heat production) and tri-
generation (simultaneous electricity, heat and cooling production) energy systems,
very few comprehensive researches has been done on the performance of multi-
generation energy systems. This literature review is about the recent research on
cogeneration, tri-generation and multigeneration energy systems.

2.2 Cogeneration System

Heat and electricity production, combined heat and power or cogeneration is the
concurrent. Large amount of heat is produced but not used in ordinary power plants.
The efficiency of energy production can be increased from current levels that range
from 35% to 55%, to over 80%, by designing systems that can use the heat (DOE,

2003).

In cogeneration, energy source is usually fossil fuel or uranium and thermal energy
in cogeneration is produced from the steam or hot water and used especially in

industry [4].

Burning fuel to produce high pressure steam inter turbine generate electricity. The

low pressure steam can be used for useful.



Thermal energy, various fuels can be used in steam turbines, such as coal, wood,

solid waste and natural gas.

There is the beginning of the development of fuel cells and small markets and
combined heat and power (CHP) applications. [4]

2.3 Multi Generation

Multi generation is also called poly generation. Multi-generation is achieved by
merging operations at one time with a rush out into account use a single or more than
one source of energy. Multi-generations is utilizes the power wasted by generating
power plants, especially in cooling and heating. The purpose of the use of multi-
generation full utilization of fuel and reduce wasted energy as much as possible is the
way to improve the process of power generation. Fuel consumption is less to produce
a certain amount of electric or thermal energy as opposed to produce this amount in
the traditional manner discrete (e.g. turbines and boilers Group) .In addition, multi
generation systems integrated with drying processes or can be integrated with an

electrolyzer can produce hydrogen [5].

Multi-generation system, the latest quantum leap in power plants where is it is
possible to add systems for other non-electricity output. This type of system should
be considered residential applications, generating stations of the ability to require the
beneficial outcomes and a clear sense that if there is an urgent need for cooling
somewhere means multi generation system must give priority to this application [6].
Multi generation system is a viable problem of pollution and global warming
solutions in modern times. Is the multi generation is a relatively new way, using a
single source and in turn get boiled several outputs [5]. Generating saturated steam is

necessary to enter the turbine using a heat recovery steam generator; to produce

7



electricity on the other hand works the low vapor pressure as an absorption cooling
heat input into the generator.

2.4 Review of the Studies on Multi Generation Systems

Thermodynamic analysis of multi generation systems was done by many researches
in the literature. Maidment and Tozer (2002) [7] analyzed five different systems of
tri-generation in supermarkets integrated with absorption chillers. The results from
the energy analysis illustrated that huge amount of energy savings can be achieved
with decrease in carbon dioxide emissions compared to conventional coal and gas

energy systems for electricity generation.

Tracy et al. (2007).[8] thermodynamically analyzed the effect of the waste heat of a
tri-generation system respectively between heating and cooling process based on first
and second laws of thermodynamics. Huang fu et al. (2007a). [9] studied a small size
of a tri-generation system, integrated with an adsorption chiller cooling system. They
have done economic and energy analyses of the system. In the exergetic analysis,
they presented an enhancement of the engine electrical efficiency reasons an

upgrading of the tri-generation system operation.

Numerous projects were analyzed about gas turbines as a prime mover for
cogeneration and tri-generation energy systems. A primary concept for various gas
turbine was established by Calva et al.(2005).[10] Their system debated the design of
tri-generation energy systems. Ziher and Poredos (2006) [11] did economic analysis
on a tri-generation system for a hospital building. Steam absorption joined with
compression cooling system integrated with cold storage capability was planned for
cooling purposes. An exergy analysis was done on a tri-generation energy system

based on a gas turbine by Khalig and Kumar (2008). [12] They examined the effect
8



of compressor pressure ratio variation and process heat pressure on first and second
law efficiencies and electrical to thermal energy ratio. Khalig (2009) [13] studied the
same system to check the effect of turbine inlet temperature variation, pressure drop
percentage of combustion chamber and heat recovery steam generator (HRSG) and
evaporation temperature. The results showed that combustion and steam generation

gives with more than 80% of the exergy destruction.

Jaaskelainen and Wallace (2009) [14] conducted energy and economic analyses for a
tri-generation system run by a micro-turbine with the capacity of 240 kW. The
economic analysis of this system presented that it is not feasible to use the designed
micro-turbine because of low electricity rates due to the natural gas price. Medrano
et al.(2006). [15] Conducted a complete exergy analysis of three different tri-
generation integrated energy systems. The proposed systems are joined to a single
effect, a double effect and combined single and double effect absorption chillers.
They concluded that exergy efficiency difference of the proposed plants is less than
1%. Liang and Wang (2007).[16] examined a study on micro-turbine based tri-
generation system. They assessed the exergetic efficiency in an integration of double
effect absorption chiller for cooling purpose. They presented exergetic comparative
analysis done by the exergetic efficiency of the designed system with a system that
consumes electrical chiller as an alternative. It was shown that tri-generation energy
system with absorption chiller is working in higher exergetic efficiency range Buck
and Fredmann (2007) [17] analyzed a tri-generation energy system linked to micro-
turbine and assisted by small solar tower. Their study measured the economics
aspects of using single and double effect absorption chiller which shows a strong
improvement of the system operation and lower operating charge, with respect to

single effect absorption chiller. A huge amount of saving in energy and decrease in
9



carbon dioxide emissions are stated by Medrano et al. (2008) [18] when solar
thermal collectors were utilized to feed the production of heating and cooling
produced by tri-generation integrated energy system operated by an internal
combustion engine. There are several recent studies on solar based tri- and multi-
generation systems. Cho et al. (2014) [19] showed a complete review on
conventional and unconventional combined heat and power (CHP) and combined
cooling, heat and power (CCHP) energy systems. Most current works with their key
factors have been argued in detail. Al-Sulaiman et al. (2011) [20] displayed a new
solar based tri-generation system using exergetic analysis. Rosiek and Batlles (2013)
[21] examined solar-based building cooling, heating and power generation
applications building cooling heating and power (BCHP). A new combined cooling
heating and power (CCHP) energy system was designed by Wang et al. (2012)
[22]and parametric study was done to check the performance of the system working
with a trans critical CO2 cycle using solar energy as the heat input. Meng et al.
(2010) [23]showed a solar based combined cooling heating and power (CCHP) plant
with extra input of industrial waste heat, to produce power and cooling. Ozcan and
Dincer (2013) [24]presented a parametric study for a tri-generation system using the
waste heat from the solid oxide fuel cell (SOFC) system and solar energy as the
assisting energy source for an integrated RC plant.

Limited researches were done by considering plants with multi-prime movers. A
novel integrated tri-generation plant with micro gas turbine, solid oxide fuel cell
(SOFC) and single effect absorption chiller was designed by Velumani et al. (2010).
[25]The results illustrate that the energetic efficiency of the proposed cycle is about

70%. The feasibility of the mentioned energy system was checked through cost

10



analysis. Chung Tse et al. (2011) [26] studied the performance of a tri-generation
system based on solid oxide fuel cell (SOFC) and gas turbine for marine demands.

Numerous researches in the journalism analyzed the biomass gasification. Schuster et
al. (2001) [27] presented a comprehensive parametric study on a double stage steam
for combined heat and power (CHP). They investigated the effect of the gasification
temperature, fluidization agent and water on the performance of the system. Cohce et
al. (2011) [28] did an efficiency analysis for biomass gasification system for
hydrogen production. They defined a simple prototype for energetic and exergetic

analysis considering chemical equilibrium.

RC is a suitable option for integrated systems and multi-generation plants.
Significant research has been done to evaluate the performance assessment of the
Rankine Cycle that is integrated to geothermal and solar energy sources. Scientists
analyzed the possibility of a suitable working fluid, optimal reinjection condition of
the geothermal fluid, the ability of cogeneration and the economic analysis of such a

system.

From the literature, one can see that there are several researches on the analysis of
cogeneration and tri-generation energy systems. However, not enough research has
been conducted on multigeneration energy systems, especially, renewable based

multigeneration systems.

11



Chapter 3

SYSTEM DESIGN

3.1 System Topology

The multi-generation system considered in this work exploits a geothermal energy
source to run a double effect absorption cooling system and, Rankine cycle. The
purpose of this system is to generate electric power, cooling, and heating to be used
in residential sector. It is also aimed to use portion of the produced electricity for
hydrogen generation. The system topology can be seen in Figure 3.1. The system
description is given in below sections.

3.1.1 Rankine Cycle

In this multi generation system Rankine Cycle based turbine is proposed for
electricity generation .The working fluid in RC is water. The end point of a phase
equipoise curve must have a high critical point (critical state), to ensure a high
efficient RC. Liquid —vapor critical temperature and pressure are 373.946°C and

22.06 MP for water, and T-S diagram of water is showed in Figure 3.2.

In state 33 the water enters to the pump as saturated liquid then compressed
isentropically. In state 34 the compressed liquid enters to heat exchanger, exchanges
heat with the fluid which is coming from the geothermal source, and leaves at state

29 as superheated vapor.

12
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Figure 3.2: T-S diagram of water [29]

In state 29 steams enters to high pressure turbine and expands isentropically and
returns back to the heat exchanger to be reheated at constant pressure. After reheat
process it enters into low pressure turbine, and expands isentropically. At the end of

this process mechanical work occurs in terms of rotating shaft.

In state 32 steams enter to the condenser with lower pressure and temperature. Steam
has high quality and usually is in the state of saturated liquid —vapor mixture and

rejects heat then the steam leaves as saturated liquid from the condenser.

14



3.1.2 Double Effect Absorption Cooling System

In the double effect absorption cooling system (DEACS), in this system the Lithium
bromide water as working fluid. In the middle of the 20" century the LiBr-water
became fluid trading as water chiller for huge building air-conditioning, and become
widely used because of non-toxic and environmentally friendly .However, it should
be considered that LiBr-H,O but you cannot be used for applications that require sub

zero temperatures.

The system of double effect absorption cooling (DEACS) consists of a pump, an
evaporator, an absorber, a low temperature heat exchanger, a high temperature heat
exchanger, a high temperature generator, a low temperature generator, a condenser,
and a condenser heat exchanger. In DEACS, the high temperature generator receives
the heat from geothermal source increasing the temperature and vaporizing the weak
solution at state 4.The strong solution at state 12 and at state 5 exits as a water vapor.
In state 20 transferred heat to the weak quality solution passed across strong quality
solution from high temperature heat exchanger In low temperature heat exchanger
strong solution enter to release heat to weak solution at state 14 then leaves at state
15 which strong solution enter to expansion valve where pressure reducing and pass
to absorber at state 16. The condenser heat exchanger decrease the temperature of
water vapor entering at state 6 then increase the temperature of weak solution at state
17.In the condenser heat rejected to the environment then leave at state 9, in the
expansion valve the vapor water entering during decreasing  pressure and
temperature then enter to the evaporator at state 10. In state 11 leave as water vapor
and state 16 as lithium bromide water mixture entering the absorber where rejected
heat to the environment then enter to the pump at state 1 as lithium bromide-water

solution.
15



3.2 Energy and Exergy Analysis

In multi-generation system energy and exergy calculations were presented by using
the entrance and exit thermodynamic properties for each equipment. Exergy
destructions are calculated also which shows the irreversibilities system. The energy
and exergy balances for the multi-generation system are presented as below:

3.2.1 RC Pump

The pump of RC is illustrated in Figure 3.3.

34 33

Figure 3.3: Schematic diagram pump of RC

The pump work required (Wp, pump ) 1S Written by applying in the equation as below:
Wie pump = (33 * v33(p34 — p33))/0.8 (kW) (1)

where m is the mass flow rate, v is the specific volume and p is the pressure.

The number 0.8 is for accounting the irriversibilities in the pump and it is the
isentropic efficiency of the pump.

The exergy destruction of the pump (EX st rc pump ) CaN be evaluated as below:
EXgest R pump = M3zeX33 + Wee pump — MzaeXzy (kW) (2)

where ex is the exergy.

3.2.2 RC High Pressure Turbine

In state 29 high temperature working fluid (super heated ) enters to turbine and

leaves the turbine at state 30 after the expansion, the high pressure turbine of RC is

illustrated in Figure 3.4.
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Figure 3.4: Schematic diagram of RC high pressure turbine

Work output of the high pressure turbine (W hpe ) 1S evaluated as below:

Whe hpe = (thzohag — tigghsg) * 0.87 (kw) 3)

where h is the enthalpy and number 0.87 is for accounting the irriversibilities in the
high pressure turbine and it is the efficiency isentropic

In high pressure turbine the exergy destruction (Ex s ge hpt) Can be shown by
applying in exergy equation as below:

EXgest Rc hpe = Mpg€Xpg — M3gexzg + Wae ppr (kw) (4)

3.2.3 RC Low Pressure Turbine

The low pressure turbine of RC is illustrated in Figure 3.5.

/

L.P.Turbine

\

31 32
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Figure 3.5: Schematic diagram of RC low pressure turbine

The work output of low pressure turbine (Wpc it ) €an be calculated as follows:

17



Wie ipe = (thgghg — tszhsy) * 0.989 (kw) (5)
The number 0.989 is for accounting the irriversibilities in the low pressure turbine
and it is the isentropic efficiency.
The exergy destruction balance equation of low pressure turbine (EX o5t rc Ipe ) €an
be written as:
EXgest re1pe = M3z1€X3; — Mzpexzy + Wee (kw) (6)
3.2.4 RC Condenser

The condenser of RC is illustrated in Figure 3.6.

32

33

Figure 3.6: Schematic diagram of RC condenser

The energy Heat of RC condenser (Qrc cona ), €Xergy heat of RC Condenser

(Exqre cona ) @nd exergy destruction of RC condenser (EX o5t re cond ) €aN bE

calculated as below:

QR cona = Mzzhsy — Mzzhss (kw) (7)
Exqre cona = (1 —To)/(T32/2 + T33/2) * Qre cond (kw) (8)
EXgest RC cond = M32€X3; — M33€X33 — EXQRe cond (kw) 9)

3.2.5 RC Heat Exchanger
In this component, heat is transferred from geothermal high temperature to high
pressure turbine Rankine cycle then reheated to inter low pressure turbine and

working fluid is water. The heat exchanger of RC is illustrated in Figure 3.7.
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Figure 3.7: Schematic diagram of RC heat exchanger

Energy (Qrc ne), €xergy (Exqgc n.) and exergy destruction Heat transfer rate of the
heat exchanger (EX .5 rc ne) Can be shown as below:

Qrc he = —M31hgy + Myyhyy — Mhpghyg — Miigghog + M3shss + Msghsg

(kW) (10)

Exqrcne = (1 —To)/(T27/6 + Tag/6 + T30/6 + T29/6 + T31/6 + T34/6) * Qe he

(kW) (11)
EXgost e he = —zq€Xx31 + Myyexy; — MygexXyg + Mygexyg — Magexsy +
1303030 — EXQre e (kw) (12)

3.2.6 RC Efficiency
The total work and net work for the RC (Wx .. ) can be calculated by using

fallowing expressions:
Wre total = Wee tpe + Wae npe (kw) (13)

WRC net — WRC total — WRC pump (kW) (14)
Thermal (n,,,) and exergy (¥, ) efficiencies of Rankine Cycle are given in equations

below:
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My = oRCnet. (kW) (15)

W, = LRC et (kW) (16)

3.2.7 Double Effect Absorption Cooling System
3.2.7.1 Pump

The pump of DEACS is illustrated in Figure 3.8

2 1

mea

Figure 3.8: Schematic diagram of pump

The pump work required (Wpgacs pump ) IS Written by applying in the equation as

below:

Wpeacs pump = 1y (hy — hy)/0.85 (kw) (17)

The number 0.85 is for accounting the irriversibilities and it is the isentropic
efficiency.

The exergy destruction of the pump (Ex . peacs pump ) CanN be evaluated as below:
EXgest pEACS pump = Ty €X1 + Wpgacs pump — MzeX; (kw) (18)

3.2.7.2 Low Temperature Heat Exchanger

The low Temperature Heat Exchanger of DEACS cycle is illustrated in Figure 3.9

<+ <+
3 19

Figure 3.9: Schematic diagram of low temperature heat exchanger
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Energy heat balance of the low temperature heat exchanger (Qpgacs 1nx) iS given as

below:

QpEacs ihx = Mzhg — Myohyg (kw) (19)
Exergy heat of low temperature heat exchanger (Exqpgacs in,) Can be written as
below:

Exqpeacs inx = (1 = T0)/(T1o/2 + T3/2) * Qppacs ihx (kW) (20)

The exergy destruction of the low temperature heat exchanger (Exges: peacs 1hx ) €aN
be written as below:

EXdest pEacs thx = M19€X19 — Mzexs — EXqppacs inx (kW) (21)
3.2.7.3 High Temperature Heat Exchanger

The high Temperature Heat Exchanger of DEACS s illustrated in Figure 3.10

y 12

13

Y

Figure 3.10: Schematic diagram of high temperature heat exchanger

Heat balance of high temperature heat exchanger (Qpgacs nny) €an be applied as
below:

QpEacs hhx = Mi2hiy — My3hys (kW) (22)
Exergy ( Exqpgacs nnx ) and Exergy destruction ( EXgest pracs nnx ) OF high

temperature heat exchanger can be written as below:
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Exqpracs mhx = (1 = To)/(Ti2/2 + T13/2) * Qpracs hhx (kw) (23)

EXgest pEACS hhx = Mi2€X12 — MyzeX13 — EXqppacs nnx (kw) (24)

3.2.7.4 High Temperature Generator

The high Temperature Generator of DEACS cycle is illustrated in Figure 3.11

12

Figure 3.11: Schematic diagram of high temperature generator

Energy heat balance of high temperature generator (Qpgacs htg) Can be written as
below:

QpEacs heg = Mshs + myphyy — myhy (kw) (25)
Exergy (Exqpracs neg) and exergy destruction (Exges: pracsneg ) OF high temperature
generator are expressed as below:

Exqpeacs neg = (1= T0)/(Ti2/3 + Ts /3 + T4/3) * Qppacs heg (kW) (26)
EXdest pracsheg = MaeXy — MseXs — Myzex1; — EXqppacs neg (kW) (27)

3.2.7.5 Low Temperature Generator

The low Temperature Generator of DEACS cycle is illustrated in Figure 3.12
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Figure 3.12: Schematic diagram of low temperature generator

Heat balance of low Temperature Generator can be written as below:
QpEacs itg = Mpzhys + Mghe + Myh; — My, hyy — Mishs (kw) (28)
Exergy (Exqpgacs 1t4) and exergy destruction (Exgese pracsieg ) @re given as below:

Exqpracs wg = (1 —T0)/(T23/5 + Ts/5 + T7/5 + T55 /5 + Ts /5) * QpEacs ltg

(kW) (29)
EXgest pEACSIty = —Mg€Xg — Mp3eXp3 — Myexy + Myyexy; — msexs +
EXqpeacs itg (kW) (30)

3.2.7.6 Condenser Heat Exchanger

The condenser Heat Exchanger of DEACS cycle is illustrated in Figure 3.13

Figure 3.13: Schematic diagram of condenser heat exchanger
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Energy balance of condenser Heat Exchanger is given as below:
QpEacs che = —ghg + Mghg (kW) (31)

The exergy (Exqpgacs cne) and exergy destruction (Ex e pracsche ) are written as

below:

Exqpeacs che = (1= To)/(Ts/2 + Ts/2) * Qpgacs che (kw) (32)
EXqest peacsche = MeeXg — MgeXg — EXqpracs che (kW) (33)
3.2.7.7 Condenser

The condenser of DEACS cycle is illustrated in Figure 3.14

Figure 3.14: Schematic diagram of condenser

An energy balance for the condenser (Qpgacs cong ) fOllOWs:

QpEacs cond = M7hy + mghg — mohg (kW) (34)
Exergy (Exqpracs cona ) @nd exergy destruction of condenser (Exg.s: pracs conp )
can be written as below:

Exqpracs cond = (1= T0)/(T7/3 + Tg/3 + To/3) * Qpgacs cond

(kW) (35)
EXdest pracs conp = Myex; + mgexg — mMoexo — EXqppacs cona  (KW) (36)
3.2.7.8 Evaporator

The evaporator of DEACS cycle is illustrated in Figure 3.15
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Figure 3.15: Schematic diagram of evaporator

Energy balance for the evaporator (Q'DEACSMP) can is expressed as below:
QpEacsevap = Mi1hiy — Myghyg (kW) (37)
Exergy (EquEACSevap ) and exergy destruction (Exg.s¢ pracs evap ) TOr the evaporator

are written as below:

EquEACSevap =1 —-Ty)/(T1o/2+ T11/2) * QDEACSevap (kw)
(38)

EXgest pEACS evap = Mip€X19 — My1ex11 — EXqpracsevap (kw) (39)
3.2.7.9 Absorber

The absorber of DEACS cycle is illustrated in Figure 3.16

A

Figure 3.16: Schematic diagram of absorber

Heat rejected from the absorber (Qpgracs s ) €8N be shown by using energy equation
as below:

QpEacs abs = My1hyy + Myghie + myhy (kw) (40)
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Exergy (Exqpgacs aps) and exergy destruction (Exges: pracs aps ) are determined as

follows:

Exqpeacs aps = (1 —To)/(T11/3 + T16/3 + T1/3) * Qpracs abs (kw) (41)
EXgest pEACS abs = My1€X11 + Mygexys — myex; — Exqppacs aps kw) (42
3.2.7.10 Total COP

The energetic COP for the DEACS can be given as below:

COPEN = QDEACS evap /(QDEACS htg + WDEACS pump ) (43)

The exergetic COP for the DEACS can be written as below:

COPgy = —ExApracs evap / EXApracsheg + Woracs pump ) (44)
3.2.7.11 Electrolyzer

The electrolyzer is the one readily available in the market which uses electricity to
disconnect water particle. The value of hydrogen produced by the electrolyzer can be

calculated as below:

. x0.4 W
MHZ — Nelec ot RC net (45)

Where is n,;.. 55% and, high heating value for hydrogen (HHV) is 141800kJ/Kkg.
3.2.7.12Utilization Factor

The utilization factor can be calculated as below:

€y= Wre net + Qpracs evap T EXgest pEACS cond T (MHZ * th))/Qin (46)
Where is M H, amount of hydrogen production (kg/s), hy, the enthalpy of hydrogen

(ki/kg).
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Chapter 4

DATA ANALYSIS

In the energy and exergy analyses of the proposed renewable energy (geothermal
water) based integrated multigeneration system, values of mass flow rate (kg/s),
temperature (°C), pressure (kPa), specific enthalpy (kJ/kg), has been evaluated and
results are presented in the table 1. The reference conditions are taken to be the
conditions of the ambient where Py = 101.325 kPa, and Ty = 25 °C. Thermodynamic
properties are calculated by using Engineering Equation Solver (EES) software

which is powerful software for thermodynamic analysis.

The overall RC energetic and exergetic efficiencies for the Rankine Cycle are
evaluated as 12.16% and 16.21%, respectively. The double effect absorption cooling
system COP is 1.437; this is much higher than the exergetic COP which is 0.3371

due to the exergy destruction in exergetic analysis.

A parametric study is dined to present the effect of inlet pressure and temperature on
the total efficiency of the system. Table 2 presents some vital system parameters
such as pumps work RC turbines produced work, energetic and exergetic COPs in
DEACS (Double Effect Absorption Cooling System) and etc. In order to enhance the
system performance quality, some affect in parameters such as inlet pressure and
turbine temperature are varied, these parameters as the important design factors are

discussed in more detail as below.
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Table 4.1: Thermodynamic Properties of the System at Each State

State | T(K°) | P(kPa) | m(kg/s) | h(kJ/kg) | S(kJ/kg.K) | Ex(ki/kg) | X(-) V(m?3/kg)
0 298 101 - 298.4 5.696 - - -
1 303.5| 0.86 0.5 68.19 0.1945 1409 0.5291 -
2 303.8 8.4 0.5 128.4 0.4455 1395 0.0001 -
3 320 8.4 04 128.2 0.5454 1365 0.2573 -
4 365 8.4 0.32 225.6 0.5045 1474 0.6169 -
5 375 8.4 0.1069 2691 8.537 1545 - -
6 317 8.4 0.1069 2580 8.218 1530 - -
7 338 8.4 0.0601 2620 8.34 1534 - -
8 300 8.4 0.1069 112.5 0.3928 1394 - -
9 300 8.4 0.167 112.5 0.3928 1394 - -
10 279 0.95 0.167 24.59 0.08907 1397 - -
11 280 0.86 0.167 2513 9.043 1217 - -
12 353 8.4 0.2132 179.9 0.4815 1435 0.5623 -
13 347 8.4 0.2132 160.8 0.4736 1419 0.5329 -
14 319 8.4 0.3331 132 0.5543 1366 0.2231 -
15 280 8.4 0.3331 28.76 0.1041 1397 0.0001 -
16 350 0.86 0.3331 292.9 0.3124 1599 0.7548 -
17 323 8.4 0.1 122.6 0.52 1367 0.3301 -
18 313 8.4 0.1 166.8 0.5702 1396 0.0001 -
19 355 8.4 04 186.9 0.4849 1441 0.5717 -
20 333 8.4 0.32 128.5 0.4768 1385 0.4469 -
21 332 8.4 0.08 127 0.4789 1383 0.4389 -
22 365 8.4 0.18 225.6 0.5045 1474 0.6169 -
23 302 8.4 0.1199 120.8 0.4206 1394 0.0001 -
24 478 900 3 2844 6.775 2224 - -
25 348 900 3 314 1.013 1411 - -
26 478 900 4 2844 6.775 2224 - -
27 450 900 1 2777 6.63 2200 - -
28 383 900 1 461.3 1.416 1438 - -
29 449 900 9 2775 6.625 2200 - -
30 373 20 9 2685 8.124 1663 - -
31 363 20 9 2666 8.072 1660 - -
32 325 10 9 2595 8.184 1555 - -
33 274.3 10 9 191.8 0.6493 1397 - 0.0010001
34 320 900 9 192.7 0.6624 1394 - -
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Table 4.2: Output Values of Components.

Component Values Component Values
COPe, 1.437 EXQHTo 46.21 [kJ/s]
COPgx 0.3371 EquHx -2.747 [kJ/S]

EfficiencyEX 16.21% ExqLre 14.59 [kJ/s]

EfficiencyTH 12.67% ExqRCcon 120.3 [kJ/s]

Exdest ags 10.82 [kJ/s] EXqQRCrex -4881 [kJ/s]
Exdest CHX 23.52 [kJ/S] QABS 483.2 [kJ/S]
Exdest CON 1.321 [kJ/S] QCHX -263.8 [kJ/S]
Exdest gyap 152.1 [k\]/S] QCON 150.7 [kJ/S]
Exdest HHX 419 [kJ/S] QEVA 415.6 [kJ/S]
Exdest y1c 46.71 [k\]/S] QHHX 4.084 [kJ/S]
Exdest LHX 27.94 [kJ/S] QHTG 253.8 [kJ/S]
Exdest LTG 22.16 [k\]/S] QLHX -23.47 [kJ/S]

Exdest PUMP 42.7 [kJ/S] QLTG 119.6 [kJ/S]

ExdestRCCON 1302 [kJ/S] QRCCON 21631 [kJ/S]

ExdestRCrex 12924 [K/s] QRCrex -20196 [kJ/s]

ExdestRCyipr 4021 [kJ/s] Wher 1442 [KJIs]

EXdEStRCLPT 301.2 [kJ/S] WPUMP 354 [kJ/S]

EXdEStRCpUMP 28.09 [kJ/S] WRChpt 803.8 [kJ/S]
EXQABS 20.44 [kJ/S] WRC,pt 639 [kJ/S]
EXQchx -8.979 [kJ/s] WRCpump 0.8901 [kJ/s]]
EXqCON 7.07 [kJ/S] WtoTaL 1443 [kJ/S]
EXQeva -27.51 [KJ/s] UF 17.65%
EquHx 0.6068 [kJ/S]

4.1 Effect of Evaporator Mass Flow rate on the Energetic and Exergetic COPs

As it is shown in Figure 4.1, by increasing the evaporator mass flow rate of the
system, both energetic and exergetic COPs are increasing due to raise in the
evaporator heat transfer rate and increase in the work produced by the DEACS. By
cosidering the folowing figure, by increasing the evaporator mass flow rate from
0.167 kg/s to 1kg/s, both energetic and egergetic COPs are increasing from 1.437to
8.605 and 0.3371 to 2.018, respectively. It is noticable that energetic line trend goes

higher than the exergetic one due to the losses (exergy destruction) of the system in
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exergetic analysis (exergetic reluts are less than energetic results in all the system

simulation because of the irriversibilities).

COP,,
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M et © VvV a [Kg/s]

cop,,

Figure 4.1: Effects of evaporator mass flow on the energetic and exergetic COPs

4.2 Ambient temperature effects on the energetic and exergetic COPs

Figure 4.2 shows the effect of ambient temperature on the performance of
DEACS.BYy increasing the environment temperature of the system, from 22 °C to
47°C, the COP exergy increases from 0.27 to 0.9. This is expected to the reduction
in the temperature difference between the reference ambient temperture and the
cooling system. On the other hand there is not any change in energetic COP because

it is autonomous from the environment temperarture.
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Figure 4.2: Ambient temperature effects on the energetic and exergetic COPs

4.3 Effect of Rankine Cycle Mass Flow Rate on the Energetic and Exergetic
Efficiency

As it is shown in Figure 4.3, by increasing inlet Rankine cycle mass flow rate from 1
kg/s to 10 kg/s, both energetic and egergetic efficiency are increasing from 1.4% to
14.08% and 1.7% to 18.01 %, respectively. It is noticable that energetic line trend
goes higher than the exergetic one due to the losses of the system in exergetic
analysis (exergetic reluts are less than energetic results in all the system simulation

because of considering the irriversibility).
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Figure 4.3: Effect of inlet mass flow rate of Ranking Cycle on the energetic and
exergetic efficiency
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4.4 Effect of variation in the High Temperature Generator on the Energetic and

Exergetic COPs

As it is shown in Figure 4.4, by increasingheat input to the high pressure temperture
generater of the system from 200 kJ/s to 500kJ/s, both energetic and egergetic COPs
are deccreasing from 1.766 to 0.7762 and 0.3831 to 0.2176, respectively,and
decreasing of COPs is due to raise the the amount of heat HTG which higher than

heat enhancement inthe evaporator
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Figure 4.4: Variation in the heat transfer rate effect of HTG on the energetic and
exergetic COPs
4.5 Effect of Evaporator Heat on the Energetic and Exergetic COPs
As it is shown in Figure 4.5, by incresing the heat flow rate of evaporator from 200
kJ/s to 500 kJ/s, energetic and egergetic COPs are increasing from 0.6916 to 1.729

and 0.1622 to 0.4055, respectively.It is noticable that energetic line trend goes higher

than the exergetic one due to considering the losses of the system in exergetic

analysis.
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Figure 4.5: Variation in the heat transfer rate effect of evaporator on the energetic
and exergetic COPs

4.6 The Environment Temperature Effects on the Energetic and Exergetic
Efficiencies

Figure 6 shows the effect of ambient temperature on the performance of Rankine
Cycle. By increasing the environment temperature of the system,from 17°C to 47°C,
exergetic efficiency is abit increasing from 16.14% to 16.37%.This is result of
reducing in system and the temperature difference between the reference ambint .
On the other hand there is not any change on energetic efficiency because it is

independent from the environment temperarture
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Figure 4.6: Effects of environment temperature on the energetic and exergetic
efficiency

4.7 Effect of Inlet Pressure Turbine on the Energy and Exergy Efficiency

As it is shown in Figure 4.7, by In decreasing in let pressure of turbine of the system
from 900 kPa to 200 kPa, both energetic and egergetic efficincy are increasing from
12.67% to 16.35 % and 16.21% to 20.91%, respectively,It is noticable that energetic
line trend gose higher than the exergetic one due to considering the losses of the

system in exergetic analysis
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Figure 4.7: Effect of Inlet pressure turbine on the energetic and exergetic efficiency

4.8 Effect of Rankine Cycle Mass Flow Rate on the High and Low Pressure
Turbines

As it is shown in Figure 4.8, by increasing the inlet Ranking cycle mass flow rate
mass flow rate of the system from 9 kg/s to 20 kg/s, both low pressure turbine and
high pressure turbine producing work are increasing from 639 kJ/s to 1420 kJ/s and

803.8 kJ/s to 1786 kJ/s, respectively.
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Figure 4.8: Effects of mass flow rate Rankine Cycle on the high and low pressure
turbines

4.9 The evaporator inlet temperature effects on the Energy and Exergy COPs
and Evaporator Heat Transfer Rate

The Figure 4.9 presents the effect of inlet evaporator temperature on the
performance of DEACS and heat flow rate in evaporator. By increasing the inlet
evaporator temperature of the system,from 1 °C to 6°C, both energetic and egergetic
COPs are decreasing from 1.449 to 1.437 and 0.3894 to 0.3371, respectively also

evaporator heat decreasing from 419.1 kJ/sto 415.6 kJ/s.

37



16 T T T T T T T T T T T T T T T T T T T T 420

419

>
@ 418 —
w
ol XL
=
O =<,
O o
; 417 z
‘ol (@4
@)
O 416
02— A5

274 275 276 277 278 279

T inet €V a [K]

Figure 4.9: Effect of Inlet evaporator temperature on the energetic and exergetic
COPs and evaporator heat

4.10 Effect of Net Work on the Mass Produces of Hydrogen and Utilization
Factor

As it is shown in Figure 4.10, by increasing the work net of the cycle 500 kW to
3500 kW, both mass of hydrogen production and utilization factor are increasing
from 0.000776 kg/s to 0.00543 kg/s and 9.372% to 35.74%, respectively,whears the

heat
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Figure 4.10: Effect of net work on the mass produces of hydrogen and utilization

4.11 Exergy Destruction Rates for Components

factor

As it is shown in Figure 4.11, the exergy destruction analysis show up that the

system components have a large number of exergy destruction is high pressure

turbine(the destruction rate becomes maximum). Both low and high pressure

turbines has destruction rate more than 4000 kW that can be reduced by

implementing suitable assumptions, temperature and pressure parameters. On the

other hand pump and condenser includes all the less amount of exergy destruction

and this accounts for the negligence of the heat lost in the system .
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Figure 4.11: Exergy destruction rates for different components
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Chapter 5

CONCLUSIONS AND FUTURE WORK

This study, investigates a renewable energy based multigeneration system which uses
geothermal energy to meet the energy requirements of building. The multigeneration
system is proposed for electricity generation, cooling, and hot water generation. It is
also aimed to produce hydrogen. The main reason that led to this study is to increase

efficiency and reduce environmental impacts of separate production.

The electricity production is achieved by geothermal based Rankine cycle. The
cooling on the other hand is supplied by double effect absorption cooling system
which is also based on geothermal water. Energy and exergy analysis has been
approved for the proposed system by using EES software. By the results reached by
the study is very convincing due to the use of geothermal. The subsystems and
overall system has been investigated under various operating conditions. A
parametric study is conducted to investigate the effect of various parameters such as
various mass flow rate, pressure, and ambient temperature on the total efficiencies of
the system. The total efficiencies of the system are so sensitive to the increasing of
ambient temperature of the system. Variation of exergy efficiency and exergy
destruction rate with changing ambient temperature, with varying ambient
temperature of geothermal exergy destruction rate and exergy efficiency, variation of
energetic and exergetic COPs with changing inlet mass flow rate of evaporator.

Variation of energetic and exegetic efficiency with changing inlet mass flow rate of
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Rankine cycle , variation of energetic and exegetic efficiency with changing inlet
pressure and temperature of Rankine cycle, and variation of energetic and exergetic
COPs with changing heat high temperature generator and heat of evaporator, has

been investigated.

After the system design process and, data entry to the Software EES results were
obtained. The energy and exergy efficiencies of the Rankine Cycle are found to be
25.91% and 20.99%, respectively, and it has been found that these efficiencies

increase by increasing inlet mass flow rate and pressure.

In this studies Parametric are performed to observe the effects of different parameters
namely inlet pressure and temperature of the RC high pressure and low pressure
turbines, and reference environment temperature on exergy analysis. The energy and
exergy COPs of the double effect absorption cooling system are found to be 1.437
and 0.3371 respectively, and increase in these values by increasing inlet mass flow
rate and heat of evaporator has been absorbed. Exergy destruction is calculated for
all components, the minimum is in the condenser of DEACS 1.321kW and maximum
is in RC high pressure turbine 4021 kW. The overall utilization factor has been found

as 17.65 %.

The results which are presented in this thesis should be used to develop or design

new multigeneration systems for improving results in future.

From the performed analyses, the following studies should be considered, studying
environmental impact and exergy economic parameters of these integrated systems

to be able to recognize the effect on the economics of the integrated systems.
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Engineering Equation Solver Software Codes

"Double Effect RAbsorption Cooling System™

t[0]=258

h[0]=Enthalpy(&ir, T=T[01}
pl0l=101

s[0]=Entropy{Rir, T=T[0]1,EB=P[0]}
-
t[1]=303.5

plll=0_8&

m dot[l]=0.5

x[1]=x LiBrHZO(T[1],P[1])

hill=h LiBrE20{TI1],=x[11)
s[1]=s_LiBrHZO{T[1],=x[1])
ex[1]=(h[1]-h[0])}-t[0]*(s[1]-5[0]}

pl21=8.4
t[2]1=303.8

m dot[2]=0.5

hi2]=h_ LiBrH2O(TI[2],=x[2]1)
x[2)=x_LiBrH20(T[2],P[2])
s[2]=s_LiBrHZO(T[2],x[2])
ex[2]=(h[2]-h[0])}-t[0]*{s[2]-5[01}

WEUMP=m dot[1l1*{(h[2]-h[1]}/0.B5
exdpump=m dot[l] *ex[l]l-m dot[2] *ex[2] +WFUMP

"Low Temp. Heat Exchanger"
pl3]=8_4

t[3]1=320

h[3]=h_LiBrH2O0(T[3],x[3])

®x[3]=x LiBrHZO(T[3],P[3])
m_dot[3]=0.4
s[3]=s_LiBrH20(T[3],x[3])
ex[3]1=(h[3]-h[01)-t[01*{(s[3]-s5[0]}

t[141=31%
pll4]=8_4

=s[14]=s_LiBrHZO (T[14],:[141)

m_dot [14]=0.3331

h[l4]=h LiBrH#20(T[14],:[14])
x[14]=x_LiBrH20(T[14],P[14])
ex[14]={h[14]-h[0]1}-t[0]*(s[14]-5[0])

t[15]1=280
pll5]=0.4
s[18]=s_LiBxHIO(T[15],x[1E])

m dot[15]=m dot[14]

h[l5]=h LiBrH20(T[15],x[151)

x[15]== LiBrH20(T[15],PI15])
ex[15]={h[15]-h[0]}-t[0]1*{s[15]-5[0]
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£[19]=355
pll3]=8.4

s[19]=s_LiBrH20 (T[19],=:[1%])

x[19%]=x LiBrH20(T[19],P[1%])
h[lE]=h_LiBr]-IZDIiT[15] LELLS])

m dot[19]=m dot[3]
ex[191=(h[15]-h[01}-t[01*(s[15]-s[01)

QLHE=m dot[3]*h[3]-m_dot[13]*h[153]
exqLHE=({1-t[0]/ (c[19] /2+4:[3]/2} ) *QLHE
exdLHE=m dot[l19]%ex[153]-m dot[3]Yex[3]+exgLHE

"High Temp. Heat Exchanger"®

pl20]=8_4
x[20]=x LiBrHIO(T[20],P[20]1)
t[20]1=333

hI20]=h_LiBrH20({T[20],=x[201}
s[20]=s_LiBrHZO (T[20],x[Z0])
m_dot[20]=m_dot[4]
ex[20]={h[20]-h[0]1}-t[01*(s5[20]1-s[01}

t[12]1=353

pll2]=0.4

hil2]l=h LiBrH20({T[12],x[12])
s[12]=s_LiBrHZO(T[12],=x[12])

x[12]== LiBrH2O(T[12],PL[1l2Z])

m_dot [12]1=0.2132
ex[12]={(h[12]-h[0]1}-t[0]1*{s[12]-s[0]]

t[13]=347

pl131=6.4

x[13]== LiBrH20({T[123]1,PI[131}
s[13]=s_LiBrHZO(T[13],=:[13])

hil3l=h LiBrH20({T[13],x[131)

m dot[13]=m dot[12]
ex[13]1=(h[13]1-h[01}-t[01*(s[131-s[01}

t[4]=365

hi4]=h_LiBrHZO({T[4],x=[41)
x[4]=x_LiBrHZO({T[4],F[4])

pl4]1=5.4

s[4]l=s_LiBrHZO(T[4],x[4])
m_dot[4]=0_32
ex[4]=(h[4]-h[0]}-t[0]1*{s[4]-s[0]}

QHHE=m_dot[12]*h[12]-m dot[13]*h[13]

exgHHE={1-t[0]/ {e[12] /24+c[13]/2))* QHHE
exdiHE=m dot[l2]*ex[1Z]-m dot[1l3]*ex[13]+exgiHE
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" High Tem.(Generator™

t[51=375

pl5l=58_4

h[5]=Enthalpy(Water, T=T[5],EF=PF[5]]

s[5]1=Entropy{Water,K T=T[5],P=P[5]])

m_dot[5]=0.10&%

ex[5]=(h[5]-h[0])}-c[0]*{s[5]-s[0]}

QHTG=(m_dot[S]1*h[5])+(m dot[1lZ2]*h[12])-{m _dot[4]*h[4]}
exgHTG={1-t[0]/(c[12]/3+c[5]/3+c[4]/73)) *QHTC

exdHTG=m dot[4]*ex[4]-m dot[5] *ex[E]l-m dot[l2] *ex[12]+exgHIG

"Low Temp.Generator™

t[22]=365

pl22]=0.4

x[22]== LiBrHZO(T[22],PL22])
hi2Z2]=h LiBrH2O0({T[22],x[22])
s[Z2]=s_LiBrHIO(T[2Z],=x=[22])
m_dot[22]=0_18

t[681=317
h[&]=Enthalpy (Water, T=T[&],F=F[&]]
plel=8_4

s[6]=Entropy (Water, T=T[&] ,P=P[&])
m dot[e]=m dot[5]
ex[e]=(h[&]-h[0]}-c[0]*{s[e]l-s[0]}

hl23]=h LiBrHZO(T[23],=x[23])
t[23]=302

plz3]=6.4
x[23]1==_LiBrH20(T[23],P[23]1)
s[23]=s_LiBrH20(T[23],2[23])
m dot[23]=0.1153

t[71=338

h[7]=Enthalpy(Water, I=T[7],P=F[T1]]
pl71=8_4

s[7]1=Entropy{Water, T=T[7],BP=F[7])

ex[7]=(h[7]1-h[0]}—c[0]*{s[7]1-s[0]}
m_dot [7]1=0.0&01

QLTG={m_dot[23]*h[23]}+(m_dot[6]1*h[e]l)+ {m_dot[T]1*h[7]}-im_dot[22]
*hi2Z2])-im _dot[51*h[5]]
exqLTG={1-t[0]/ {c[23] /5+c[T] /5+c[22] /E+t[E] /E+u[E] /E) )} ¥ QLIG
exdLTG=-m dot[6]*ex[6]-m dot[23]*ex[23]-m dot[T7] *ex[7]+m dot[2Z]¥*
ex[22]+m dot[5] *ex[5]+exglI

ex[22]={(h[22]-h[0]1}-t[0]*{s[22]-s[0]]

ex[23]={h[23]-h[0]1}-t[0]1*{s5[23]1-5[01}
"Condenser Heat Exchanger"
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t[17]1=323

pl[17]=68.4

m_d.ct [17]=0_1

h[17]=h LiBrHZO(T[17],x[17])
x[17]=x_LiBrH20(T[171,PI171)

s[17]=s LiBrH2O(T[17],2[171)
ex[17]=(h[17]1-h[01}-t[01* (s[17]-5[01]

t[18]=313

plla]=08_4

hll8]=h LiBrH20({T[18],x[1&81)
x[18]=x_LiBrH?0(T[18],P[181)

s[18]=s LiBrHZO(T[18],x[18])
m_dot[18]=m dot[17]
ex[18]1={h[18]-h[01}-t[01* (s[18]-s[01)

QCHE=-m dot[6] *h[6]+m dot[B8]*h([A]
exqCHE={1-t[0]/(c[8] /2+c[6]/2) ) * QCEE
exdCHE=m dot[&]*ex[6]-m dot[B] *ex[B]-—exqCHE

" Condenser®™

t[81=300

plBl=E_4

h[8]=Enthalpy(Water, T=T[8],P=F[8]]
s[8]1=Entropy{Water, T=T[B] ,BP=P[&])
m_dot[B]=0_.10&3
ex[8]=(h[8]-h[0]}-c[0]*{s[B]-s[0]}

t[31=t[5&]

plol=E_4

h[9]=Enthalpy(Water, T=T[9],B=F[9]]
m_dot[3]=0.1&7
s[9]=Entropy{Water, T=T[93] ,P=P[5%])

QCOND=m dot[7]1*h[7]1+m _dot[B]*h[B]-m dot[3)1*h[5]
ex[3]=(h[3]-h[0])-t[0]*(s[3]-s[0]}

exqCOND=(1-c[0] f(c[B]/3+c[7]1/3+c[5]/3) ) *QCOND

exdCOND=m dot[7]*ex[T]+m dot[B]*ex[8]-m dot[9] *ex[5]-exqgCOND

"Evaporator®™

t[10]=273

h[10]=Enthalpy{Water,K T=T[10],B=P[10])
m_dot [10]=0.1&7

pll0]=0.35

s[10]=Entropy(Water, T=T[10],EP=P[10]}
ex[10]={h[10]-h[0]1}-t[0]1*{(s[10]1-s[01}

t[11]=280
h[ll]=Enthalpy{Water, T=T[11l],F=P[11]]
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plll]=0.86&
s[1l1l]=Entropy(Water, T=T[11],P=P[11]}
ex[11]={h[11]-h[01}-t[0]1*{s[11l]1-s[01}

QEVAP=m dot[ll]*h[ll]-m dot[10]*h[10]
exgEVAP=(1-c[0] F(c[11]/2+c[10]F2))* QEVAP
exdEVAP=ex[10] —ex[1l1l] +exgEVAL

"Bbsorber"
plle]=0_8&
t[16]=350

x[1l&]=x_LiBrH20(T[16],P[16])
s[1l6]=s_LiBrHZO (T[16],x[1&])

m dot[l6]=m dot[15]
h[lél=h_LiBrH2O(T[16],x[1&1)
ex[161=(h[16]1-h[01}-t[01*(s[161-5[01)

QRBS=m dot[11l]1*h[ll]l+m dot[le] *h[l&6]-m dot[1l]*h[1]
exghBS={1-t[0]/(c[1] /3+c[16] /3+c[11]/3))* QRBE
exdABS=m dot[ll]*ex[1l]+m dot[lc]*ex[le]l-m dot[l]*ex[l]-exghBS

t[21]1=332

pl211=8_4

x[21]== LiBrHZO(T[Z21],PLZ1])
s[21]=s_LiBrHZO (T[21],x[Z1])

hiZ2ll=h LiBrH2O0({T[21],x[211}
m_dot[211=0.08
ex[21]={(h[Z21]-h[0]}-t[0]*{s[21]-s[0]]

t[24]=205+273

pl24]1=500
hiZ4]=Enthalpy (Water, K T=T[24],P=P[24]}
s[Z4]=Entropy (Water, T=T[Z4] ,B=P[24]}
ex[24]=(h[24]-h[0])})-t[0]1*(5[24]-5[0])
m_dot[Z24]=3

t[25]=T75+273

pl251=p[24]

h[25]=Enthalpy{Water,K T=T[25],P=P[25])
s[25]=Entropy (Water, T=T[25] ,P=P[25]}
ex[25]={(h[25]-h[0]}-t[0]*({s[25]-s5[0])
m_dot[25]=m_dot [24]

"total COPBT

copEn=QEVAFP/ {(wFUHEP+OETG)
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copEx=—exgEVAP/ (WwPIMP+exgHTG])
"RC High pressure Turbine"

pl23]=500
h[29]=Enthalpy{Water K T=T[29],P=P[29])
s[Z29]=Entropy (Water, T=T[Z5%] ,P=P[259])}
m_dot [28]=5
ex[29]=(h[29]1-h[01}-t[01*(s5[25]1-5[01}
t[29]=176+273

pl30]1=20

t[30]=100+273

h[30]=Enthalpy{Water, K T=T[30],P=P[30])
s[30]=Entropy (Water, T=T[30] ,P=P[30]}

m_dot [30]=m_dot[29]
ex[30]=(h[30]-h[0]}-t[0]1*(s[30]-s[0])

WRCHT={ {m_dot[2%1*h[29]}-{m dot[30]*h[30]1})
exdRCHT=m dot[23]*ex[Z23]-m dot[30]*ex[30]-WrcET

"BC Low pressure Turbina"™
t[31]=30+273

pl3l]=20
h[31l]=Enthalpy{Water, K T=T[31],P=P[31]]
s[31]=Entropy (Water, T=T[31] ,P=P[31])
m_dot[31]=m_dot [30]
ex[31]={h[31]-h[0]1}-t[0]1*{(s[31]1-s[01}

pl32]1=10

t[32]=5Z+273

m_dot[32]=m_dot [31]

hi32]1=Enthalpy (Water, T=T[32],P=FP[3Z2]]
s[32]=Entropy(Water, I=T[32],B=P[32]]
ex[32]=(h[3Z2]-h[0])-t[0]1*(s[32]—-s[0]}

WRCLT={({m dot[231]*h[31]}-i{m dot[32]*R([32]})

exdBCLT=m dot[31]%*ex[31l]l-m dot[32]*ex[32]-WrclT
"RC Condencer”

pl331=10
m_dot[33]=m_dot [32]
x[33]=0

T[33]=Temperature {Acetone, P=P[33],x==[33])
wv[33]=Volume {(Water, T=T[33],2x=x[33])
h[33]=Enthalpy (Water, P=P[33],x=x[33])
s[33]=Entropy(Water, x=x[33] ,P=P[33])}

ex[33]=(h[33]-h[0]1}-t[0]*{s[33]-5[0]]
QRCcond=m dot[32]1*h[32]-m dot[33]*h[33]

exqRCoond= (1-t[01/ (£ [321/2+t[331/2) ) *qRCcond
exdRCocond=m _dot [32]*ex[3Z]—m dot[33] *ex[33] —exgRCcond
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"BC Pump"

pl34]=500

T[24]=47+273

m dot[34]=m dot[332]

h[34]1=h[33] twRCpump

s[34]1=Entropy (Water, T=T[34],P=P[34]}
ex[34]={(h[34]-h[0])})-t[0]*(5[34]-5[0])

WRCpump=v [33]* (p[34] -p[33])

exdRCPump=m dot[33]*ex[33]m dot[34] *ex[34]+WrcPump

"RC Heat Exchanger™

pl27]1=900

t[2T]1=1T77+273

m_dot[27]=1
hi(27]1=Enthalpy (Water K T=T[27]1,B=P[27]]
s[Z7]=Entropy (Water, T=T[27] ,P=P[Z7]}
ex[27]1={(h[27]-h[0]}-t[0]*(s[27]-5([0])

pl28]1=5300

t[28]1=110+273

m_dot[28]=m dot[27]

s[28]1=Entropy (Water, T=T[28],P=P[28]}
h[28]=Enthalpy(Water T=T[28],B=P[28])
ex[28]={h[ZB]1-h[0]}-t[0]1* (s[2B]-s[0]1]

gRCheatexchanger=-m dot[31]1*h[31]+m dot[27]*h[27]-m_dot[28]*h[28]
-m dot[23]*h[29]4m dot[34]*h[34]4m dot[30]%R([30]
exqgRCheatexchanger={1-t[0]/{t[27]1/6+c[28] /6+t[30] /64 (23] FE+E[31]
fe+c[34]1/6) ) *gRCheatexchanger

exdRCheatexchanger=-m dot[31]%ex[31]+m dot[2T7] *ex[27]-m dot[2B]*e
x[28]+m_dot[29]*ex[25]-m dot[34]*ex[34]+m_dot [30]*ex[30]-exgRChea
texchanger

plZ2&]1=900

t[Z26]1=205+273
m_dot[26]=m_dot[27]+m_dot[24]
h[Ze]=Enthalpy (Water,K T=T[26],PF=P[2&]]
s[Ze]=Entropy (Water, T=T[2g] ,P=P[Z&]}
ex[26]={h[26]-h[0]}-t[0]1*{s[26]-s[0])

HWootal=wrcHT+wrcLT
"Wnet=Wtotal -WRCpump"

EfficiencyTH=Wnet/ (m_dot[2&] *h[26])

EfficiencyEX=Wnet/(m dot[2&] *ex[2&]}
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"Electrolyzer"”

EFelec=0.55

EHV[1]1=141800
m_dotE2=((EFelec*0.4*Wnet) /HHV[1])
MH2=2_016

hH2=4_2004

"Utilization factor™

Uf=(Wnet+QEVAP+QCOND+ (m_dotHZ*hH2)}) / (m_dot[26]*h[2€])
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