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ABSTRACT

In this study, energy and exergy analysis the organic Rankine cycle (ORC)
combined with the absorption refrigeration are presented. The combined units have
been presented in 3 models to compare the thermal performance. The first model
presents the absorption system as the ORC condenser, the second model represents
technique for reducing working fluid temperature leaving the ORC expander and the
third model shows the absorption system combined with the cooling tower to
reduce temperature working fluid at the ORC condenser. R-245fais selected as working
fluid of the ORC system, while the absorption system uses water-lithium bromide
solution (H,O-LiBr) and ammonia-water solution (NH5;-H,O), respectively. From the
study results of H,O-LiBr solution, energy and exergy efficiencies of model 1 were
7.04% and 11.88%, overall efficiencies of the combined cooling and power (CCP) were
18.57% and 42.20%, levelized electric cost (LEC) and exergy levelized electric cost
(LExC) were 2.08 Baht/kWh and 8.62 Baht/kWh, respectively. NH;-H,O solution, energy
and exergy efficiencies illustrated 7.37% and 12.56%, overall efficiencies of the CCP
were 13.93% and 31.20%, LEC and LExC were 3.13 Baht/kWh and 11.33 Baht/kWh,

respectively.

Energy and exergy efficiencies of model 2 by using the working fluid H,O-
LiBr solution were 7.02% and 10.46%, overall efficiencies of the CCP were 14.43% and
31.91%, LEC and LEXC illustrated 2.87 Baht/kWh and 10.73 Baht/kWh, respectively.
NH-H,O solution, energy and exergy efficiencies illustrated 7.23% and 12.249%, while



the overall efficiencies of the CCP were 11.84% and 24.98 %, in addition LEC and LExC
were 3.63 Baht/kWh and 12.97 Baht/kWh, respectively.

Energy and exergy efficiencies of model 3 by using the working fluid H,O-
LiBr solution were 7.21% and 13.10%, while the overall efficiencies of the CCP were
7.13% and 10.61%, LEC and LExC illustrated 4.18 Baht/kWh and 17.70 Baht/kWh,
respectively. NH;-H,O solution, energy and exergy efficiencies were 8.46% and 14.36%,
overall efficiencies of the CCP illustrated 8.38% and 12.51%, in addition the LEC and
LExC were 4.53 Baht/kWh and 15.35 Baht/kWh, respectively. Optimal of the ORC
combined with absorption refrigeration presented the model number 1 by using H,O-

LiBr solution.

Keyword : Organic Rankine cycle, absorption refrigeration, energy and exergy

efficiencies, energy and exergy costings, mathematical model.
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NOMENCLATURE AND ABBREVIATION

Nomenclature

COP coefficient of performance

Cp isobaric specific heat (kJ/kg*K)

E exergy (kW)
specific enthalpy (kJ/kg)

H equivalent to the height of the fluid (m)

Inv investment expenses installing the system (Baht)

LEC leveled electricity cost (Baht/kWh)

LExC exergy electricity cost (Baht/kwh)

M annual electricity production per year (Unit/y)

m mass flow rate (kg/s)

n life time of the ORC system combined with the
absorption refrigeration (y)

P pressure (bar)

P pump (kW)

PEC production electricity cost (Baht/y)

Q heat rate (kW)

r discount rate (%)

S entropy (kJ/kg*K)

SC sub cooling (°C)

SH superheating (°C)

T temperature (°C)

t working time per year (hour/y)

W net electricity production volume of the ORC system

(kw)

X concentration (%)



Greek symbols

n

v
v

p

Subscript

A
AB
B

C
Carnot
an
C

E
Ex
Exp
G
HW
HX

ref

S

sp
th

Abbreviation

AEDP

thermodynamic efficiency (%)
exergy efficiency (%)
specific volume (m?/kg)

density (kg/m?)

absorber
absorption
boiler
condenser
carnot

cooling water
cooling
evaporator
exergy
expander
generator

hot water
heat exchanger
high

inlet

outlet

pump
refrigerant
isentropic
solution pump

thermodynamic

alternative energy development plan



CHP
HS

LiBr
LPEC
NH,
ORC
PEC
TIEB
PTORC

STORC

cooling heating and power

heat source

lithium bromide

maintenance costs

ammonia

organic Rankine cycle

production electricity cost

Thailand integrated energy blueprint

parallel double cascade-evaporator organic Rankine
cycle

series double cascade-evaporator organic Rankine cycle



Chapter 1

Introduction

Background

Ministry of energy develops the Thailand Integrated Energy Blueprint (TIEB) with
the focus on energy security, to supply energy in response to the energy demand,
which consists with the rate of economic growth, the rate of population growth and
the growth of urban areas, and diversified energy to the appropriate resources.
Economy, taking into account the energy costs are reasonable and not an obstacle to
the economic and social development of the country in the long term. Reforms in fuel
prices structure in line with costs and the tax burden reasonable to level up to national
energy utilization performance with the promotion of energy efficiency. Ecology is
increased domestic renewables energy production and production energy with high-
performance technologies to reduce the impact on environment and community
(Ministry of energy 2015, Ministry of energy 2015-2036).

In the TIEB, the ministry of energy has reviewed five energy master plans during
the year 2015-2036 in consistent with the national economic and social development
plan. The five master plans are: the power development plan, the energy efficiency
development plan, the alternative energy development plan, the oil development
plan and the gas development plan. The alternative energy development plan: AEDP
2015 is developed and focused on promoting energy production within the full
potential of domestic renewable energy resources. Development appropriated
renewable energy production is considered to the appropriate and benefit in social
and environmental dimensions of the community. They promote usage of alternative
energy to 25% within 10 years, replacing fossil fuel such as oil and natural gas and at
the same time reducing dependency on energy import. Each year, Thailand imports
more than 60% of the energy used commercially, including 80% of total domestic oil
usage, and the import portion tends to increase as local petroleum failed to catch up

with escalating demand. On the other hand, the alternative energy development will



also help to diversifying fuel procurement risk for power generation purpose. The
promotion of alternative energy development, aiming for 25% usage within 10 years is
a strategic plan that will drive for a variety of appropriate alternative energy that can
be categorized as follows: solar power, wind power, hydropower, biomass, geothermal,
etc. Thus, a high efficiency of renewable energy technology is focused and developed.

In this study, a new concept for increasing the thermal efficiency of an organic
Rankine cycle (ORC) has been considered. An absorption system is used to decrease
the ORC refrigerant temperature at the condenser. Energy and exergy analysis the ORC
system combined with the absorption refrigeration are presented. The optimal model
of the integrated ORC-absorption system is to find out. The concept of the modified

system is manifested as shown in Figure 1.
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Figure 1 Concept of the ORC combined with the absorption refrigeration.
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Objective

To study the thermal performance of the ORC combined with the absorption
refrigeration.

To analysis energy efficiency, exergy efficiency, energy costing and exergy
costing of the ORC combined with the absorption refrigeration.

To find out the optimal model of the ORC combined with the absorption

refrigeration.

Scope of research

Power generation system is the ORC system.

Working fluid of the ORC system is R-245fa.

Refrigeration system is the absorption system.

Working fluid pairs of the absorption refrigeration are water-lithium bromide
solution (H,O-LiBr) and ammonia-water solution (NH;-H,O).

Model of the ORC system combined with the absorption refrigeration are 3
models.

Heat source of the ORC system is free cost energy.

Expected benefits

The thermal performance model of the ORC system combined with the
absorption refrigeration.

The mathematical model of the ORC system combined with the absorption
refrigeration.

The optimal model of the ORC system combined with the absorption

refrigeration.



Chapter 2

Theories

Research theories include four theories: the Carnot cycle, the ORC system, the

absorption refrigeration and the economic. The details of these topics are as follows:

Carnot cycle

The Carnot efficiency is the best efficiency of the thermal system. It could
explain by the Carnot's efficiency, which is an ineffective performance in the Carnot
cycle. The concept of the Carnot cycle is shown in Figure 2, which consists of following

4 processes (Chaiyat, 2017).

a

Heat out I 3

Figure 2 The Carnot cycle.

The first process is isentropic expansion or expansion at the constant high-
temperature (Ty) because the heat input to the system. The second process is an
adiabatic expansion or expansion without heat loss. Fluid temperature at low
temperature (T)) is reduced by the process. The third process is isentropic compression

or compressions at the constant temperature (T,) and emits thermal energy to the



surrounding environment. The four process are adiabatic compression or no loss of
compression by using external work (Chaiyat 2017). From this process, Carnot cycle

could demonstrate by the following equation as:

Nearnot = (T = T / Tyl x 100 = [1- (T / Tyl x100 equation 1

Organic Rankine cycle

The ORC system is thermodynamic process as shown in Figure 3. There are four
processes in the ORC system. Process 1-2: the working fluid is pumped from low to
high pressure. Process 2-3: the high-pressure liquid enters a boiler, where it is heated
at constant pressure by an external heat source to become dry saturated vapor.
Process 3-4: the dry saturated vapor expands through an expander for generating
power at a generator. This process decreases temperature and pressure of the vapor.
Process 4-1:the wet vapor then enters a condenser, where is condensed at a constant

pressure to become a saturated liquid (Chaiyat, 2017).
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Refrigerant (We,p) (Weype)
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IR §
1
A | >
Tay Moy S

Figure 3 Diagrams of the ORC and T-s diagrams.

The mathematical equation of the ORC system at steady state steady flow

could express as follows:



® Fnergy balance
>Q +2>m h =3Q, + >m, h, equation 2
® Mass balance
>y =>m, =0 equation 3
® Boiler
Energy balance at boiler (energy in = energy out)
Qg + My hy = M; hs
Qg =Myh;—m, h, equation 4
Mass balance at boiler (mass in = mass out)
m, = M; = M, equation 5
Qg = Mer (hs = hy) equation 6
® Expander
Energy balance at condenser (energy in = energy out)
M3 hy = We,, + My g
Weyp = M3 hy =My hy equation 7
Mass balance at boiler (mass in = mass out)
M; = My = M equation 8
Weyo = Meer (s = y) equation 9
® (Condenser
Energy balance at condenser (energy in = energy out)
Qc + Mg hg =My hy

Qc=my hy -y hy equation 10



Mass balance at boiler (mass in = mass out)
My = My = M,
Qc = mref (h4 - h1)
® Pump
Wp = (Py = P) M V1/ N,
® Thermal efficiency of the ORC system

Niw = (Weyy — W] / Qg) x 100

equation

equation

equation

equation

11

12

13

14

The exergy analysis is employed to evaluate the performance of the system

and based on the irreversibility. The basic exergy equations are as follows:

® [Exergy of boiler

Eg = Myer (= hy = To[S5 - S))
® fFxergy of expander

EExp = M ¢(hs = hy = Ty [S3 — Sq))
® fxergy of condenser

Ec=Mor(hy —hy = Ty [Ss - S,))
® [xergy of pump

Ep =Mt (h, - hy = T[S, = S,)
® Fxergy efficiency of the ORC system

Wore= (g, — Epl 7 Eg) x 100

Where:

EB = QB (1- [To / Tva,i])

equation

equation

equation

equation

equation

equation

15

16

17

18

19

20



Absorption refrigeration

The absorption refrigeration is similar to the vapor compression cycle that
circulates refrigerant, the evaporator, the condenser and the expansion valve. The
difference is the compressor of the vapor. The compression cycle is replaced by the

absorption process to circulate working fluid.

THW,i TCW,C,i
——
Generator a Condenser
i (QG:TG) 1 (Qc,Tc)
THV\/,
fe} TCV\/,C,O
5 ®
Heat exchanger
XV
Solution
pump (Wep) pRY S
TCW,A,O TCW,E,i
E t
Absorber ﬁ vaporator
—— (QaTo) Qe Te
TCV\/,A,W TCV\/,E,O

Figure 4 Diagram of the absorption refrigeration.

The absorption cycle is shown in Figure 4. Weak solution in the absorber is
pumped to the generator, where external heat is applied to boil the refrigerant from
the solution. The vapor leaves from the generator into the condenser for extracting
heat from the vapor and condenses to liquid refrigerant. After that the pressure is
reduced by the expansion valve and sent to the evaporator for cooling process.

Meanwhile, the strong solution in generator is fed back to the absorber, which is
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decreased temperature and pressure by the heat exchanger and pressure reducing

valve, respectively. The mathematical equation for steady state steady flow could

express as follows:

® FEnergy balance

>Q +2>mh =>Q, +>m, h, equation 21
® Mass balance

>m, =>m, =0 equation 22
® (Concentration balance

>m X, =>m X, =0 equation 23
® (enerator

Energy balance at generator (energy in = energy out) as:

Qg + My hy = my hy + Mg hg,

Qg=m; hy + Mg hg —m; h, equation 24
Mass balance at generator (mass in = mass out) as:

m, = m; + mg equation 25
Concentration balance of solution (concentration in = concentration out) as:
Water-Lithium bromide solution (H,O-LiBr)

m, X, = Mg Xg, (X; = 0) X = % Lithium bromide equation 26
From equation 25 and equation 26 as:

(M, + mg) X; = Mg Xg

m1X7+m8X7:m8X8

m1X7:m8X8—m8X7



m; X; = Mg (Xg — X;)

Mg = My X7/ (Xg = X7), Xg > X7)

m; = m; Xg/ (Xg — X7), (Xg > X7)
Ammonia-Water solution (NH5;-H,O)

m, X; = m; X; + Mg Xg, X = % Ammonia
From equation 26 and equation 27 as:

(M + Mg) X; = My X; + Mg Xg

m, X;+ Mg X; = My, X; + Mg Xg

Mg X; — Mg Xg = My X; — My X,

Mg (X7 = Xg) = My (X; = X7)

Mg = M, (X; — X;7) / (X7 = Xg), (X; > X7 > Xg)

m; = m,; (X; — Xg) / (X7 = Xg), (X; > X7 > Xg)

® Condenser

Energy balance at condenser (energy in = energy out) as:
m, h, =Qc + m, h,
Qc =my hy - M, hy
Mass balance at condenser (mass in = mass out) as:
m; = m, = M,
Qc = M (h; = hy)

® Pump

W, = (Pyas = PLas) Mz Vo / N,

11

equation 27

equation 28

equation 29

equation 30

equation 31

equation 32

equation 33

equation 34

equation 35
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® [vaporator

Energy balance at condenser (energy in = energy out) as:
m3h3:QE+m4h4
Q. =m, hy — M5 hs equation 36

Mass balance at condenser (mass in = mass out) as:

m, = My = M, equation 37

Qr = M (hg = hs) equation 38
® Absorber

Qu =My hy + My, hyy — M5 hs equation 39

Concentration balance of solution (concentration in = concentration out) as:
Water-Lithium bromide solution (H,O-LiBr)
ms Xs = My, Xy equation 40
Ammonia-Water (NH;-H,0)
ms X5 = My X4 + My Xy equation 41
® Solution pump
Wi = (Pyag = Piag) Ms Vs / Ny, equation 42
® Heat exchanger
Qux = My Cpg (Tg = Tg) = My Cpg (T7 = Ty) equation 43
® The coefficient of the performance, (COP)
COPpp = Qe / (Qg + W) equation 44

From the second law of thermodynamic, exergy of the absorption refrigeration

is obtained destruction in the each component as follows:



Exergy of the generator

13

EG = I"h7 (h7 - TO 57) - r.ng (hg - TO Sg) - r.n1 (h1 - TO 51) + QG (1_ [TO /TG])

Exergy of the condenser

Ec =M (hi- hy = To[S; - S,))
Exergy of the expansion valve

E, =M. Ty(S, - S5)
Exergy of the evaporator

EE = Myer(hg = h3) = To (S = S3) + Qe (1= [Ty / Tel)
Exergy of the absorber

EA =My (hy = Tg Sq) + My (hyg = To Syp) = M5 (hs = T Ss)
Exergy of the solution pump

E, = M (hg - hs = Tp [S = Ss)
Exergy of the heat exchanger

EHX = Myer (hs = h7) = To (Sg = S7) + Myer (hg = hy) = Ty (Sg = So)
Exergy of the pressure reducing valve

E, = M Ty (Sy = Sy0)
Exergy coefficient of the performance

COPEXfAB = EE / (EG + EP)

equation

equation

equation

equation

equation

equation

equation

equation

equation

a5

46

a7

48

49

50

51

52

53
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Economic analysis

In economic assessment, the levelized electric cost (LEC) and the exergy
levelized electric cost (LExC) are used to carry out the ORC-absorption power output,
which could determine by various factors as: power output of the ORC system
(Wore system), POWer output of the absorption refrigeration (Qg ), production electricity
costing (PECopcap), the operating time (tgp), discount rate (r) and the ORC life time (t)

(Chaiyat, 2017), which could calculate by using the following equations:

. n PEC
va +Zﬂ
= ORC+AB t=1 (:|_—|—|f)t .
LEC= ) (Wmmm +QE,cw)tOP equation 55
=1 1+n
: a+n 3 1+
zlnv ORC+AB [7t] + ZPEC [7t]
LExC = — (1+71) _ (140 — |
N (1+7) . (141
ZWORCsystemtOP [7t] + ZEE,C\N tOP 7t:|
=g B+ 0 LR~ (1+n —1

Literature review

The ORC system is named from its organic refrigerant, with a liquid-vapor phase
or boiling point, occurring at a lower temperature than the water-steam phase change.
The ORC system could be supplied low temperature sources such as biomass
combustion, industrial waste heat, geothermal energy, solar energy etc. The low-
temperature heat is converted into electricity.

Li et al. (2015) investigated about two-stage evaporation strategy to improve
system performance for ORC. The study was divided into two cases: parallel two-stage
ORC (PTORC) and a series of two-stage ORC, STORC) and compare it with a single-layer
ORC. Test under the same conditions was the hot temperature source of 90 °C, as

shown in Figure 5.
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Generator

Generator

Evaporatorl |

Pump2

PTORC STORC

Figure 5 Schematic diagram of the PTORC and STORC.
Source: Li et al. (2015)

The result shown that the R-245fa single stage pre-treatment cycle was work
progress, produced 500 W, thermal efficiency was 8.13%. Parallel improvement
(PTORC) and serial (STORC) showed that, the thermal efficiency of the system increased
t0 9.10% and 14.20%, respectively, which led to the reusable heat recovery was 4.50%
and 7.20% respectively for PTORC and STORC.

Marin and Gheorghian (2014) investigated the efficiency of the inlet the
absorption refrigeration using water-lithium bromide and the heat from the exhaust to
the heat source of the cooling system as shown in Figure 6. This studied aimed to
analyze of the most appropriate and effective use the results had been found. Cooling
systems worked effectively by the waste heat of exhaust gases under optimum
operating conditions, the operating temperatures of the condenser and the absorber
were less than 40 °C. The evaporator temperature was 10 °C and the operating

temperature of the generator exceeded 85 °C, respectively.
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Figure 6 The diagram working flow of the absorption refrigeration.

Source: Marin and Gheorghian. (2014)

Garcia et al. (2013) presented about absorption power cycle worked with low
heating temperature sources, using the H,0-Libr binary mixture as working pair and the
solution pair, using conventional cooling sources allowed lowers the pressure at the
turbine exit, during the absorption-condensation process. In this way, this system was
benefit from the temperature matching in the heat exchangers, and it the power
produced per unit of power cycle working fluid, with low-temperature heat sources as
shown in Figure 7. The relative efficiency improvement of the absorption cycle was as
high as 40% operating with a similar turbine to that of the conventional Rankine cycle.
The absorption cycle permitted a better temperature match, reducing the exergy
destruction. Therefore, the exergetic efficiency of the absorption power cycle was

around 10% higher than that of the conventional Rankine cycle.
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Figure 7 Scheme of the absorption power system.

Source: Garcia et al. (2013)

Li et al. (2014) studied the effect of condensation temperature on the active
substance suitable for the ORC-CHP system. The organic cycle was heated at 100-160
°C and working fluid R-123. The efficiency of the ORC system increases, when the
operate temperature at the condenser was dropped, this was consistent with the
research conducted by (Chaiyat and Kiatsiriroat, 2015), Which proposed the
optimization of the ORC system combined with absorption chiller, as shown in Figure
8, the performance derived from the results of both systems. And there was not
presentation of the optimal operating conditions of the joint system.

Chaiyat et al. (2017) interested approach, the method to enhance ORC cycle
efficiency from the absorption for reducing ORC, when condenser temperature was
consider the experimental results of the R-245fa. The working fluid of absorption chiller
was a water-lithium bromide as shown in Figure 9. The water-lithium bromide solution
was chosen because this fluid mixture was optimal for producing cooled water
temperature around 5-15 °C weak solution of binary mixture was heated at the

generator and part of the absorbate (water) boiled at a high pressure.
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Figure 8 Diagram of the ORC system combine with absorption refrigerant system.

Source: Chaiyat and Kiatsiriroat. (2015)
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Chapter 3

Research methodology

Research methodology to find out the optimal performance of the ORC system

combined with the absorption refrigeration is presented the each step relation in Figure

!

!

Review paper of the ORC system

Review paper of the absorption
refrigeration

L] v
The mathematical modeling of the ORC The mathematical modeling of the
system absorption refrigeration
L] v

Comparison results the simulation and
experiment of the ORC system

Comparison results of the simulation
and experiment of the absorption
refriceration

!

The integrated models of the ORC system combined with the
absorption refrigeration

¥
Y ¥
Energy efficiency analysis of the ORC Exergy efficiency analysis of the ORC
system combined with the absorption system combined with the absorption
refriceration refrigeration
[ |
v

Comparison results of the energy and exergy efficiencies in
stages of the each model

'

Economic analysis of the energy and exergy costings in the
terms of LEC and LExC values

!

Comparison results of the economics

!

Conclusions

!

Thesis examination

Figure 10 Schematics diagram of the research process.
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Study the theory of the ORC system and the absorption refrigeration

Study the theory of the ORC system and the absorption refrigeration are
reviewed to the main advantaged points of the various refrigerant types used in the

absorption refrigeration system.

Mathematical modeling of the ORC system

Mathematical modeling of the ORC system is used to analyze the ORC
performance. In this research, the ORC mathematical model is analyzed and created.
The properties of working fluid according from the Refprop program are used. The
energy and exergy simulation steps of the ORC system are shown in Figure 11 and
Figure 12, respectively. And the initial conditions of the system are:

® The working fluid of the ORC system is R-245fa,

® Hot water temperature entering to the boiler of the ORC system (T;) is 80-
120°C,

® Hot water temperature different and working fluid in boiler (ATy.ef) is 3 °C,

® \Water temperature different inlet and outlet of boiler (AT is 15 °C,

® The cooling water temperature entering to the condenser is constants (T¢;) 32
°C,

® (Cooling water difference inlet and outlet in condenser (ATc) is 5 °C,

® (Cooling temperature different and working fluid of condenser (AT cyof) is 3 °C,

® Temperature of ambient is considered to be (T,pm) 28 °C,

® Isentropic efficiency of expander (Nsg,p) is 85 %,

® |sentropic efficiency of pump (Nsp) is 85 %,

® [fficiency of generator (Ng) is 85 %,

® Superheating (SH) is 10 °C,

® Sub cooling (SC) is 5 °C.
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Vapor quality
S = f(To)
Sec = f(TJ)
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:

Energy efficiency of the ORC system
Norc = (Weo= Wp) / Qg) x 100

End

Figure 11 Energy diagram mathematical modeling of the ORC system.
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Figure 12 Exergy diagram mathematical modeling of the ORC system.
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Comparison results of the simulation and experiment of the ORC

Comparison results of the simulation and experiment are analyzed the suitable
enhancement model of the ORC system. Which the research experiment analyzed of
the ORC system, size 20 kW, using the working fluid was R-245fa (Chaiyat and
Kiatsiriroat, 2015). Thus, it was similar to the mathematical model of simulations. Which

the experiments results of the ORC system was shown in Table 1 below:

Table 1 Testing results of the R-245fa ORC system at varying inlet hot water
temperature (Chaiyat and Kiatsiriroat, 2015).

Description Uni State 1 State 2 State 3 State 4
t

Hot water inlet (Tyyy;) °C 116.00 107.80 97.00 88.90
Hot water outlet (Tyy.) °C 89.80 81.00 75.00 77.80
Heat source capacity (Qg) kW 243.20 24820  203.40 188.30
Cool water inlet (Tcy;) °C 28.00 28.00 28.00 28.00
Cool water outlet (Tcye) °C 35.00 35.00 35.00 35.00
Condenser temperature (T) PC 37.00 37.00 37.00 37.00
Heat sink capacity (Qc) kW 219.00 215.60  210.90 211.00
Expander inlet pressure (Pyygn) kPa 1097.10  1120.00 1074.00 811.30
Expander inlet temperature (T,) °C 93.70 94.60 92.80 85.70

Expander outlet pressure (P ,.,) kPa 227.41 22740  227.00 239.30

Expander outlet temperature (T,) °C 75.00 70.60 70.60 59.50
Refrigerant pump power (Wp) kW 1.78 1.90 1.19 1.24
Oil pump power (Wqp) kW 1.40 1.40 1.40 1.40
Lift temperature (Thy; - Tew;) °C 88.00 79.80 69.00 58.80
Cycle power (Wore) kW 21.50 21.36 16.70 9.00

Cycle efficiency (Mogc) % 8.73 8.49 8.11 471
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Mathematical modeling of the absorption refrigeration

Mathematical modeling of the absorption refrigeration is developed. The
energy and exergy steps for simulation are shown in Figure 13 and Figure 14,
respectively. Moreover, the working pairs of the water-lithium bromide solution (H,O-

LiBr) and the ammonia-water solution (NH;-H,O) also programed and developed.

® The working fluid of absorption refrigeration are H,O-LiBr solution and NH;-H,O
solution,

® Maximum flow ratio (FR) for starting is lower that 20 (Chaiyat and Kiatsiriroat,
2011),

® \Vater temperature different of generator of working flow is 3 °C,

® The water temperature different of working fluid at condenser is 3 °C,

® The water temperature different of working fluid at adsorbate is 3 °C,

® The water temperatures outlet of absorbate are equally the water temperature
inlet of condenser, the water temperature different inlet and outlet of

condenser, absorbate, evaporator and generator is 5 °C,

® Temperature of ambient is considered to be 28 °C,

Isentropic efficiency of pump is 85% and

The properties of the thermodynamic H,O-LiBr solution are not the program to
calculate, that this research develop the program to useful the mathematical modeling
of the absorption refrigeration. Which the equation of the mathematical is referent of

the experiment of the research various as shown in Table 2 below:

Table 2 Properties of the thermodynamic H,O-LiBr solution.

Variable Equation Source

Enthalpy h= zAan n TZBan n TZZCan ASHRAE (2009)

Solution temperature T= ZBan +T,efZAan ASHRAE (2009)
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Variable Equation Source
Refrigerant S —2E ASHRAE (2009)
temperature D4 (D2—4E[C—logP))”’
D E
logP) =C+| — |+| —
_rref —l—ref
Density pT,m=p MiL+d Mm+d Mm"” Khairulin et al,

+d (Mm']

(X/100)
m =

(1—[X/100))
M

d (M= icj

(2006)

Isobaric specific heat

C,=A, +AX+(B, +8BX)

Kaita (2001)

Entropy

e 23: i mbJT‘

=0 j=0

Feuerecker

(1993)
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Figure 13 Energy diagram mathematical modeling of the absorption refrigeration.



TR-245fa, TCV\/,i, EHX /

H,O-Libr, NH3-H,0, SH,SC, nsp

'

Temperature
Ta=Tew, + ATcw
Te=Tew) + ATew + ATcwerer
Te = Tewei — ATcwe — ATcweref

Te = Tq — ATroasta — ATr2asfarer
Condenser ‘ Generator
T,=Tc-SC Pressure T, =T
h, = f(T,Py) ~1 Pu=f0d T = Te
hs = h, Py (T H, = (T, P
Toin = FX T Xg= Xo = X1
hg = f(Xg Tg)
Evaporator v
Tq =Teg + SH Absorber
hy = f(T4) Fe T
Xo=Xy=X=X5 X5 = Xg= Xq
v hs = fXs + Ts)
Mass balance
Mg = Qg / (hg — h3) Solution pump
Mg = m; = m, = m; AP = (P, — P)
Mg = My (Xg — X7) / (X7 = Xg) Po= f( Xs, AP)
Mg = Mgy = Myg Vs=1/p;
m; = m; + Mg v
m; = Mg= Mg

Heat exchanger
Cpg = f(X& Ty
Te=Ts
Cpe = f(Xe, Te)
Qmax =(m CP)mim (TS - Tﬁ)
Qact = Qmax Enix
T9 ~ T8 - [Qmax / (m CP)S]
T7 = Té - [Qmax / (m CP)é]
hg = f(Xg + To)
h, = f(X; + Ty)
Exergy balance

A

Ec = iy (hy — Ty S9) — g (hg — Ty Sg) — mhy (hy — T Sp) + Qg (1-[To/Te
Ec = My (hi— hy) = Ty (S, = Sy)
Ee = Meer (hy— hs) — Ty (Sq = S3) + Qe (1-[To/TeD)
En = My (hg = T Sa) + Mg (hig = Tg Si0) = s (hs — Tg Ss)
Esp = My (hg— hs) — Ty (S — Ss)
Erx = Meer (hg = h7) = T (Sg = S7) + Miee (hg = hg) — T (Sg =So)

!

Exergy coefficient of performance
COPgeynp = [Ec / (Eg + Esp)]

End

Figure 14 Exergy diagram mathematical modeling of the absorption refrigeration.
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Comparison results of the simulation and experiment of the absorption

refrigeration

Comparison the simulation and experiment are assessed the suitable

enhancement model of the absorption refrigeration system.

The integrated models of the ORC system and the absorption refrigeration

The integrated models of the ORC system and the absorption refrigeration are
designed, which the combined units have been presented 3 models, as shown in
Figures 15-17. The first model presents the absorption system as the ORC condenser,
the second model represents technique for reducing working fluid temperature leaving
the ORC expander and the third model shows the absorption system combined with

the cooling tower to reducing temperature working fluid at the ORC condenser.
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Figure 15 Schematic of the ORC combined with absorption refrigeration 1.

From the above cycle, the combined energy and exergy efficiencies could be

defined by equations below:
nOveraLL = (WExp + QE / [QB + WP + Wsp]) equation 57

\IjOverall = (EExp+EE/ [EB+ EP+ ESP]) equatiOh 58
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Figure 16 Schematic of the ORC combined with absorption refrigeration 2.

From the above cycle, the combined energy and exergy efficiencies could be

defined by equations below:
n Overall = (ngp + QE / [QB + Wp + ng]) equation 59

W overal = (EExp+EE / [EB + EP + Esp]) equation 60
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Figure 17 Schematic of the ORC combined with absorption refrigeration 3.

From the above cycle, the combined energy and exergy efficiencies could be

defined by equations below:
Noveral = Wey, / [Qg + Wp + Wsp]) equation 61

WOverall: (EExp / [EB + EP + ESP]) equation 62
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Energy and exergy efficiency analyzes of the ORC system combined with the

absorption refrigeration
Energy and exergy efficiencies of the ORC system combined with the absorption
refrigeration are determined the energy efficiency and exergy efficiency of the each
models.

Comparison results of the energy and exergy efficiencies

Comparison results of the energy and exergy efficiencies are analyzed the

suitable enhancement models of the ORC combined with the absorption refrigeration.

Economic analysis of the ORC combined with the absorption refrigeration

Economic analyses, energy electricity cost, exergy electricity cost, energy and

exergy costings are to carry out the ORC-absorption power output.

Comparison results of the economic results of the energy and exergy costings

Comparison of the energy and exergy costings are assessed of the electricity per

unit price of the ORC system combined with the absorption refrigeration.



Chapter 4

Result and discussion

In this study, a new concept for increasing the thermal efficiency of the ORC
had been considered. Energy and exergy analysis of the ORC combined with the
absorption refrigeration were presented. The optimal model of the integrated ORC-
absorption system was to find out, which R-245fa was selected as working fluid of the
ORC system, while the absorption refrigeration used H,O-LiBr solution and NH;-H,O

solution. The results were detailed as follows:

Mathematical modeling of the ORC system

The assessment, mathematical modeling of the ORC system was used the

working fluid R-245fa, which the results were shown below:

1. Energy analysis the model of the ORC system.

Figure 18 presents the ORC system and the Carnot efficiencies components
with temperature difference of heat source and heat sink. In the mathematical model,
R-245fa was selected as the ORC working fluid, the hot water temperature (T
entering to the system was about 80-120 °C and the cooling water temperature (T¢y;)
was around 32 °C. The simulation results, it found that the efficiencies of the ORC
system and the Carnot cycle were increased with hot water temperature entering to
the system. The average efficiencies of the ORC system and the Carnot cycle were
6.98% and 11.16%, respectively. Thus, consistent with the Carnot theory that the
efficiency of the system was increased when the hot temperature difference of heat
source and heat sink increased. While comparison results of the efficiencies of the ORC
system and the Carnot cycle presented in Figure 18, it could be explained the

efficiency of the ORC system lower that efficiency of the Carnot cycle around 59%.
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Figure 18 The comparison efficiency of the ORC system and the Carnot cycle

components with hot water temperature entering to the system.

Figure 19 shows the heat capacity of the ORC system components with the hot
water temperature entering to the system about 80-120 °C. Which heat capacity of the
boiler (Qg) was defined 180 kW. Heat capacity of the condenser (Q.) was decreased,
while the hot water temperature entering to the systems upgraded that. Due to
enthalpy entering to condenser was higher that the enthalpy leaving the condenser.

Figure 20 presents the ORC power output (W, ) and power supply to the ORC
pump (Wp) components with the hot temperature entering to the system about 80-
120 °C. From the simulation results, the ORC power output was increased with the hot
water temperature entering the system. Because the temperature and enthalpy
entering to the ORC expander were higher that the temperature enthalpy leaving the
ORC expander. While the ORC power outputs upgraded to heat source entering for the

systems. The power supply to the ORC pump was nearly constant.
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Fisure 19 The heat capacity of the ORC components with hot water temperature

entering to the system.
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Figure 20 The power of the ORC system components with hot water temperature

entering to the system.

2. Exergy analysis of the ORC system.
Figure 21 illustrates the relationship between the exergy efficiency of the ORC
system with temperature difference of heat source and heat sink. From the calculate

results, it could be seen that the exergy efficiency of the ORC system were increased
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with the temperature difference of heat source and heat sink entering to the system.
The average of exergy efficiency of the ORC was about 11.51%. Thus, consistent with
the Carnot theory that, the efficiency of the system was increased when the hot

temperature difference of heat source and heat sink increased.

16

48 58 68 78 88
T o)

HW,i © TCW,i

Figure 21 The exergy efficiency of the ORC system with temperature difference of heat

source and heat sink.

Figure 22 presents the exergy rate components with the hot water temperature
entering to the ORC boiler. From the study results, it could be seen that the exergy
heating of the ORC boiler was upgraded but the exergy heating of the ORC condenser
was dropped, while the hot water entering to the ORC boiler or heat source was
increased at 80-120 °C. Due to the enthalpy entering to the ORC boiler was lower that
the enthalpy leaving the ORC boiler and higher than temperature of ambient entropy
entering-leaving the ORC boiler. The average exergy rate of the ORC boiler and the
ORC condenser were around 121.57 kW and 149.27 kW, respectively.

Figure 23 presents the ORC power output (Weyexe) and power supply to the
ORC pump (We,p) of the exergy components with the hot water temperature entering
to the system about 80-120 °C. From the simulation results, it could be found that

when the hot water temperature entering to the system increased, the ORC power
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output and the power supply to the ORC pump upgraded. The average of the ORC
power output was about 12.20 kW, and power supply to the ORC pump illustrated
around 0.41 kW,, respectively.
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Figure 22 The exergy rate component with hot water temperature entering

to the system.

Furthermore, the working fluid temperature leaving the ORC expander before
entering the ORC condenser (T4) was about 57-69 °C, while hot water temperature
entering to the ORC boiler was about 80-120 °C, as shown in Figure 24. The temperature
of the substance illustrated the relationship between operation the absorption
refrigeration. Which the working fluid temperature leavings the ORC expander were

heat source energy for the absorption refrigeration.
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Fisure 23 The exergy power of the ORC system components with hot water

temperature entering to the system.
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Figure 24 The working fluid temperature leaving the ORC expander with hot water

temperature entering to the system.
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Comparison results of the simulation and experiment of the ORC system

The simulation and experiment assessments of the ORC system were used the
working fluid R-245fa (Chaiyat and Kiatsiriroat, 2015), which the study results were
shown below:

Figure 25 shows the simulation and experiment efficiencies of the ORC system
with temperature difference of heat source and heat sink. From the calculate results,
it could be seen that the efficiencies of the ORC system increased with the
temperature difference of heat source and heat sink supply to the system. Which

mathematical model was accreted.

15
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Rz = 0.9961

Efficiency of ORC (%)
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I
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Figure 25 Comparison results of the simulation and experiment efficiencies.

Mathematical modeling of the absorption refrigeration

The mathematical modeling of the absorption system used the working fluid
H,O-LiBr and NH;-H,O solutions, which the results were shown below:
1. Mathematical modeling of the absorption refrigeration by using the working fluid

H,O-LiBr solution.
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In a H,O-LiBr vapor absorption refrigeration system, H,O was used as the
refrigerant, while LiBr was used as the absorbent. Which the results were shown
following:

® Fnergy analysis of the absorption refrigeration modeling

From the study above as shown in Figure 24, which the working fluid
temperature leaving the ORC expander was the heat sound entering to the absorption
system. The strong solution of H,O-LiBr at generator (X;=Xs) was smaller for the
absorption refrigeration starting. From the calculate results, the optimal concentration
of the H,O-LiBr solution with the heat source entering to the system was about 34-43
%Libr and flow ratio was greater than 20, as shown in Figure 26. Which in this studied,
manufacturer’s concentration was 34 %Libr for the system starting with the low heat

source entering to the absorption generator.
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Figure 26 The working fluid temperature leaving the ORC expander with the strong

solution of the H,O-LiBr at generation.

Figure 27 illustrates the heat capacity of the absorption system components
with the working fluid temperature leaving the ORC expander (heat source) at 57-69
°C, while the cooling water temperature entering to the ORC condenser was fixed at

around 32 °C. The study results, when the heat source entering to the system upgraded
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the heat capacity of the generator and the absorber were increased. Because the
enthalpy entering to the generator and the absorber were higher that the enthalpy
leaving. The heat capacity of the condenser and the evaporator were steady.

Ficure 28 presents the coefficient of performance (COP) of the absorption
refrigeration with the heat sources entering to the absorption system at 57-69 °C. The
concentration of the H,O-LiBr solution at the generator was about 34 %Libr. Cooling
water temperature entering to the absorption condenser was 32 °C to predict the
behavior of the system. The study results, it could be found that when the heat source
increased the COP,g of absorption refrigeration was decreased. Which maximum of the

COP,g Wwas 0.945 from the working fluid temperature entering to the absorption

generator at 57 °C.
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Figure 27 The heat capacity component of the working fluid temperature leaving the

ORC expander.
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Figure 28 The COP,g with the working fluid temperature leaving the ORC expander.

Figure 29 illustrates the COP,gof the absorption refrigeration with the different
temperature entering-leaving of the generator. From the study results, when the
working fluid temperature different inlet and outlet of the absorption generator
increased, the COP,z of the system was dropped. Dou to the heat capacity of the

generator was higher according to the heat source entering to the system.
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Figure 29 The COP,g with different temperature entering-leaving of the generator.
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Figure 30 shows the COP,z of the absorption refrigeration with the cooling water
entering to the condenser and the absorber of the absorption refrigeration about 5-45
°C. From the study results, it could be seen that the cooling water temperature
entering to the condenser and the absorber were higher than 42 °C, the absorption

refrigeration was stop. While refrigerant of the absorption system was crystallization.
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Figure 30 The COP, with the cooling water temperature entering to the system.

Figure 31 presents the COP,z of the absorption refrigeration with the
effectiveness of the heat exchanger at 60-100%. From the simulation results, the
effectiveness of the heat exchanger were relationship between of the COP g, it found
that the COP,g of absorption system was increased with the effectiveness of the heat

exchanger.
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Figure 31 The COP,g with the effectiveness of the heat exchanger at 60-100%.

® [xergy analysis model of the absorption refrigeration

From the second law of thermodynamic, exergy of the absorption refrigeration
obtained destruction in the each component as follows:

Figure 32 illustrates the exergy rate components for the working fluid
temperature leaving the ORC expander before entering the ORC condenser at 57-69
°C and the cooling water entering the condenser was about 32 °C. The simulation
results, it found that the heat capacity of generator decreased, while the heat source
entering to the system was upgraded. Which heat capacity of the condenser the
evaporator and the absorber were steady.

Figure 33 illustrates the COPgy_ag Of the absorption refrigeration with the working
fluid temperatures leaving the ORC expander before entering to the ORC condenser at
57-69 °C. The concentration of the H,O-LiBr solution at generator was about 34 %Libr.
Cooling water temperature entering to the absorption condenser was 32 °C to predict
the behavior of the system. From the simulation results, it could be seem that the
maximum COPgy_xg Of the absorption refrigeration was 1.43 from generator temperature

of the working fluid entering to the absorption generator at about 69 °C.
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Figure 32 The exergy rate components with the working fluid temperatures leaving the

ORC expander.
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Figure 33 The COPgy_agWith the working fluid temperatures leaving the ORC expander.

Figure 34 shows the COPgy.g Of the absorption refrigeration with different
temperatures entering-leaving of the absorption generator at 52-64 °C. It could be seen

that the COPgy 45 Of the absorption refrigeration were increased with the working fluid
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temperature entering to the system. Due to the heat transfer rate of the main

equipment in the absorption refrigeration system was quite high.
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Figure 34 The COPgy 45 With different temperatures entering-leaving of the generator.

Figure 35 illustrates the COPgy_agOf the absorption refrigeration with the cooling
water entering to the condenser and the absorber of the absorption refrigeration at 5-
45 °C. The study results, when heat sink was higher than 42 °C, it could be seen that
the absorption refrigeration stop, while inasmuch the refrigerant was crystallization.

Figure 36 illustrates the COPgy g Of the absorption refrigeration with the
effectiveness of the heat exchanger at 60-100%. From the study results, it found that
the effectiveness of the heat exchanger was relationship between of the COP¢yap
When effectiveness of the heat exchanger increased, the COPgy g was drop. The

average of the COPgy_ag Was about 1.43.
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Figure 35 The COP:y_agWith the cooling water temperature entering to the system.
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Figure 36 The COPgy_ a5 With the effectiveness of the heat exchanger at 60-100%.

2. Mathematical modeling of the absorption refrigeration by working fluid NH;-H,O
solution.
This article described the various parts of NH;-H,O absorption system. In this

system NH; worked as the refrigerant and water worked as the absorbent. The major
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advantage of this system was that H,O had strong affinity for NH; and solution highly

stable. Which the study results were shown below:

® Fnergy analysis of the absorption refrigeration modeling

The mathematical modeling of the absorption refrigeration, NH;-H,O solution
was working fluid of the absorption refrigeration. Which the study results were shown
following:

From the study results in Figure 24 used to analyze combined with the
absorption refrigeration to find the appropriate concentration of the heat source. Which
the weak solution of NH;-H,O at generator (X;=Xs) was smaller for the absorption
refrigeration starting. From the simulation results, the optimal the concentration of
weak solution of NH;-H,O was around 35-55 %NH; and flow ratio was greater than 20
as shown in Figure 37. Which in this study, the manufacturer’s concentration was about
55 %NH; for the absorption refrigeration system could be started in the low heat

source fed to the system.
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Figure 37 The working fluid temperature leaving the ORC expander with concentration

of the NH;-H,O solution.
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Figure 38 shows the heat capacity of the absorption refrigeration components
with the working fluid temperature leaving the ORC expander before entering the ORC
condenser at 57-69 °C. From the simulation results, when the refrigerant temperature
upgraded the heat capacity of generator was drop. In addition, the condenser, the

evaporator and the absorber were steady.
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Fisure 38 The heat capacity of the absorption refrigeration components with the

working fluid temperature leaving the ORC expander.

Figure 39 illustrates the COP,g of the absorption refrigeration with the heat
sources entering to the system. Which concentration of the NH;-H,O solution at
generator was 55 %NH;. The cooling water temperature entering the condenser was
about 32 °C to predict the behavior of the system. The study results, it could be found
that the COP,z of the absorption system was increased with the heat sources entering
to the system. While maximum of the COP,5 was 0.590 from generator temperature of
the working fluid entering generator at around 69 °C.

Figure 40 presents the COP,z of the absorption refrigeration with the
effectiveness of the heat exchanger at 60-100%. The study results, the effectiveness
of the heat exchanger were relationship between of the COP 4z Which the COP,5 of

the system increased with the effectiveness of the heat exchanger.
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Figure 39 The COP,g with the working fluid temperature leaving the ORC expander.
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Figure 40 The COP,; with effectiveness of the heat exchanger.

Figure 41 shows the COP,g of the absorption refrigeration with the cooling water

temperature entering to the condenser and the absorber of the absorption refrigeration

at 5-45°C. It could be found that the cooling water or heat sink higher than 43 °C, the

absorption refrigeration was stop because the refrigerant crystallization.
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Figure 41 The COP, with cooling water temperature entering to the system.

® [xergy analysis model of the absorption refrigeration

Figure 42 shows exergy rate of the absorption refrigeration components with
heat source entering to the absorption system at around 57-69 °C and the cooling
water entering the condenser was about 32 °C. The study results, it could be seen that
the capacity of the generator was upgraded with the heat source entering to the
absorption system, while heat capacity of the condenser, the evaporator and the
absorber were nearly steady.

Figure 43 illustrates the COPgy_ag With heat source entering to the absorption
system. When the heat source was upgraded COPgy 5 Of the absorption refrigeration
dropped because the heat transfer rate of the main equipment in the absorption

refrigeration system quite high, which the maximum of the COP¢y A5 was around 1.13.
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Figure 42 The exergy rate components with the working fluid temperature leaving the

ORC expander at 57-69 °C.
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Figure 43 The COPgy_ g with the working fluid temperature leaving the ORC expander.

Figure 44 presents the COPgy g With the effectiveness of the heat exchanger at

60-100%. It could be found that the COPgy_sg0f absorption refrigeration was decreased,

when the effectiveness of the heat exchanger upgraded. Which average of the COP¢y.

ag Was around 0.97.



53

1.08
1.01 L
g
&
[a
S
094 |
0.87 L L L
60 70 80 90 100
Effitiveness (%)

Figure 44 The COPgy 55 With the effectiveness of the heat exchanger at 60-100%.

Figure 45 shows the COPgy_ag with the cooling water temperature entering to
condenser and absorber of the absorption refrigeration at 5-45 °C. it could be seen
that the cooling water temperature entering to the system was higher than 35 °C, the

absorption refrigeration stop because refrigerant crystallization.
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Figure 45 The COPgy_ag With the cooling water temperature entering to the system.
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Comparison results of the simulation and experiment of the absorption

refrigeration

In this section comparison between the simulation and experiment analyzed
of the absorption refrigeration, which the study results were shown below:

From the results, simulation and experiment (Xangpheuak, 2017) analyzed, as
shown in Figure 46. It could be seen that the COP,of the simulation and experiment
of the absorption refrigeration were nearly. Which it could be explained the results, of

the mathematical model was accreted.

1.0
y =-0.0013x + 0.6064 e Experiment
08 I Rz = 0.9998 . .
¢ Simulation
P value = 2.51 x 10-28
ot 00 - sesop gl ot o o0
O
y = 0.0016x + 0.573
04
R2 = 0.8935
P value = 1.35 x 10-12
0.2 N | |
6 7 8 9 10 11 12
(THW,G,i - Tc) / (TCW,A,i - TE)

Figure 46 Comparisons results of the COP of simulation and experiment.

When consider the electric powers of the absorption refrigeration to compare
with air conditioning were shown in Figure 47. It could be seen that the electric power
supply to the absorption refrigeration by using the working fluid of H,O-LiBr and NH;-

H,O solutions were lower that air conditioning.
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Figure 47 Comparison results of the electric powers of the absorption refrigeration and

star air.

The integrated models of the ORC system and the absorption refrigeration

The integrated models of the ORC system and the absorption refrigeration were
designed, which the combined systems presented 3 models.

Figure 48 and Figure 49 present the refrigerant temperature leaving the
condenser or the temperature point 1 (T;) of the ORC combined with the absorption
refrigeration of all 3 models by using H,O-LiBr solution and NH;-H,O solution
components with the hot water temperature entering to the system at 80-120 °C.
From the simulation results, it could be seen that all 3 models started temperature of
35 °C, when the heat source entering to the system increased the working fluid
temperature of the models 1 and 2 were increased. The maximum values of 43.99 and
44.80 °C of H,O-LiBr solution, 45.66 and 46.14 °C of NH5-H,O solution, but the working
fluid temperature of the model 3 decreased. Due to use the cold water produced
from an evaporator of the absorption refrigeration to reducing temperature working
fluid with cooling tower at the ORC condenser. As a result, the working temperature
of the model 3 decreased with the lowest value of about 30.60 °C of H,O-LiBr and

30.96 °C of NH5-H,O solutions.
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Figure 48 Temperature leaving of the ORC condenser components with hot water

Figure 49 Temperature leaving of the ORC condenser components with hot water
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Energy and exergy efficiency analyzes of the ORC combined with the

absorption refrigeration

From the calculate energy and exergy efficiencies of the combined systems
were determined. Which the combined units had been presented 3 models as shown

following:

1. The ORC combined with the absorption refrigeration of the model 1.

From the information of Figure 49 and Figure 50, the optimal of model 1 (The
absorption system as the ORC condenser) of the ORC-absorption system was used.
The capacity of the absorption refrigeration were about 24.62 kW (7 TR) of H,O-LiBr
solution and 29.89 kW (8.5 TR) of NH5-H,O solution.

Figure 50 and Figure 51 illustrate the energy and exergy powers output of the
model 1 by using the H,O-LiBr solution and NH;-H,O solution working fluid at the
absorption system components with hot water temperature entering to the system at
80-120 °C. The simulation results, it could be seen that the energy and exergy powers
output of the combined cycle were upgraded with hot water temperature entering to
the system. H,O-LiBr solution was selected as working fluid for the absorption
refrigeration as shown in Figure 50, which averages of the energy and exergy powers
output were about 12.58 kW, and 12.79 kW,, respectively. While NH;-H,O solution was
selected as working fluid for the absorption refrigeration as shown in Figure 51, the
energy power output was 13.21 kW, and exergy power output was 13.43 kW,.. When
comparison results of the combined system by using the difference working fluid, it
found that the energy and exergy power of NH;-H,O solution was higher that the H,O-
LiBr solution about 5.01% and 5.00%, respectively.
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Figure 50 Energy and exergy powers output of the model 1 components with hot water

temperature entering to the system: H,O-LiBr solution.
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Figure 51 Energy and exergy powers output of the model 1 components with hot water

temperature entering to the system: NH;-H,O solution.

Figure 52 and Figure 53 present the relationship between the energy and exergy

powers supplying to the ORC pump of the ORC combined with absorption refrigeration

by using H,O-LiBr solution and NH;-H,O solution working fluid at absorption
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components with hot water temperature entering to the systems at 80-120 °C. From
the calculate results, the hot water temperature entering to the system increased the
energy and exergy powers supply to the ORC pump was increased. Because the
temperature and pressure leavings the ORC condenser were drop. As a results, the
input power to the ORC pump was higher for accrue the pressure from the low
pressure to equal the pressure in the ORC boiler. Thus, the averages of the energy and
exergy powers supply to the ORC pump were about 0.42 kW, and 0.44 kW, of H,O-LiBr
solution. And NHs-H,O solution was 0.44 kW, and 0.44 kW, respectively. When
comparison results of the combined system, it found that the energy and exergy

powers were nearLy.

0.8
A
06 L =--Enmodl ——Ex-mod1
&
=04
ge]
c
©
202 = ORC: R-245fa
Absorption: H,O-Libr
0 1 1 1
80 90 100 110 120
Ty O

Figure 52 Energy and exergy powers supply to the ORC pump model 1 components

with hot water temperature entering to the system: H,O-LiBr solution.
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Figure 53 Energy and exergy powers supply to the ORC pump model 1 components

with hot water temperature entering to the system: NH;-H,O solution.

Figure 54 and Figure 55 show the energy and exergy efficiencies of the ORC
combined with the absorption refriceration by using difference working fluid at
absorption components with the hot water temperature entering to the systems at 80-
120 °C. The study results, the efficiencies of the combined cycle were upgraded with
the hot water temperature entering to the system. Do to the energy and exergy power
output of the combined cycle was increased. Thus, the averages of the energy and
exergy efficiencies were about 7.04% and 11.88%, respectively of H,O-LiBr solution.
NH;-H,O solution illustrated 7.37% and 12.56%, respectively. Which in this result was
corresponded with the literatures studied of Liu et al. (2014) and Li et al. (2014), when
the ORC condenser temperature was reducing the ORC efficiency was enhanced. When
comparison results of the combined system by using the difference working fluid, it
could be seen that the energy and exergy efficiencies of the NH;-H,O solution was

higher that the H,O-LiBr solution about 4.69% and 5.72%, respectively.
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Figure 54 Energy and exergy efficiencies of the model 1 components with hot water

temperature entering to the system: H,O-LiBr solution.
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Figure 55 Energy and exergy efficiencies of the model 1 components with hot water

temperature entering to the system: NH;-H,O solution.
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Which the model 1 was a model combined cooling and power (CCP) production
of results from the combined system as power and cooling. Therefore, when analyzed
the overalls energy and exergy efficiencies of the CCP was around 18.57% and 42.20%,
respectively of H,O-LiBr solution. NHs-H,O solution was about 13.93% and 31.20%
respectively. When comparison results of the combined system by using H,O-LiBr and
NH;-H,O solutions of the working fluid in absorption, it found that the overalls energy
and exergy efficiencies of the H,O-LiBr solution was higher that the NH;-H,O solution

about 33.31% and 35.26%, respectively. There were shown Figure 56 and Figure 57

below:
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Figure 56 Overall energy and exergy efficiencies of the model 1 components with hot

water temperature entering to the system: H,O-LiBr solution.
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Figure 57 Overall energy and exergy efficiencies of the model 1 components with hot

water temperature entering to the system: NH;-H,O solution.

From the above study results, the energy and exergy powers of NH;-H,O
solution were higher that the H,O-LiBr solution about 5.01% and 5.00%, while energy
and exergy efficiencies illustrated about 4.69% and 5.72%, respectively. In addition to
the overalls energy and exergy efficiencies of the H,O-LiBr solution was better that the

NH;-H,O solution about 33.31% and 35.26%, respectively.

2. The ORC combined with the absorption refrigeration of the model 2.

The integrated model 2 of the ORC system and the absorption refrigeration was
designed. In this model represented technique for reducing working fluid temperature
leaving the ORC expander. The optimal of the absorption refrigeration were 17.59 kW
(5 TR) of H,O-LiBr solution and 10.55 kW (3 TR) of NH5-H,O solution.

Figure 58 presents the energy and exergy powers of the model 2 components
with hot water temperature entering to the system at 80-120 °C and cooling water
temperature at about 32 °C. From the simulation results, it could be seen that the
energy and exergy powers of the combined system were increased with the hot water
temperature entering to the system. Which average of the energy and exergy powers

were about 11.08 kW, and 11.27 kW, of H,O-LiBr solution. While NH5;-H,O solution was
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selected as working fluid in the absorption refrigeration as shown in Figure 59. The
energy and exergy powers illustrated 12.98 kW, and 13.19 kW,, respectively. When
comparison results of the combined system, it found that the energy and exergy
powers of NH;-H,O solution was higher that the H,O-LiBr solution about 17.15% and
17.04%, respectively.

Figure 60 shows the energy and exergy powers supplying to the ORC pump
combined with absorption refrigeration by using H,O-LiBr solution working fluid at
absorption components with hot water temperature entering to the systems at 80-120
°C. From the simulation results, the energy and exergy powers supply to the ORC
pump were about 0.40 kW, and 0.44 kW,, respectively. When used the NH;-H,O
solution for the absorption working fluid as shown in Figure 61, the energy and exergy
powers supply to the ORC pump were around 0.53 kW, and 0.57 kW,, respectively.
When comparison results of the combined system, it could be seen that the energy
and exergy powers supply to the ORC pump of H,O-LiBr solution was less that NH;-
H,O solution about 32.55% and 29.54%, respectively.

——FEn-mod2 ——Ex-mod2

ORC: R-245fa
Absorption: H,O-LiBr

80 90 100 110 120
Ty CO)

Fisure 58 Energy and exergy powers of the model 2 components with hot water

temperature entering to the system: H,O-LiBr solution.
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Fisure 59 Energy and exergy powers of the model 2 components with hot water

temperature entering to the system: NH;-H,O solution.
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Figure 60 Energy and exergy powers supply to the ORC pump model 2 components

with hot water temperature entering to the system: H,O-LiBr solution.
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Figure 61 Energy and exergy powers supply to the ORC pump model 2 components

with hot water temperature entering to the system: NH;-H,O solution.

Figure 62 and Figure 63 illustrate the energy and exergy efficiencies of the
ORC combined with absorption refrigeration by using difference working fluid at
absorption components with the hot water temperature entering to the system at 80-
120 °C. From the study results, the effect of energy and exergy efficiencies of the
combined cycle were upgraded with powers output of the ORC expander and the heat
source entering to the system. Thus, the averages of the energy and exergy efficiencies
were 7.02% and 10.46%, respectively, of H,O-LiBr solution. NH;-H,O solution illustrated
7.23% and 12.24%, respectively. When consider the results comparison of the
combined system by using the difference working fluid, it could be found that the
energy and exergy efficiencies of the NH;-H,O solution was higher that the H,O-LiBr
solution about 3.00% and 17.02%, respectively.
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Fisure 62 Energy and exergy efficiencies of model 2 components with hot water

temperature entering to the system: H,O-LiBr solution.
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Figure 63 Energy and exergy efficiencies of the model 2 components with hot water

temperature entering to the system: NH;-H,O solution.
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In this model CCP productions of results were power and cooling water.
Overalls energy and exergy efficiencies of the CCP were around 14.43% and 31.919%,
respectively of H,O-LiBr solution as shown in Figure 64. When used the NH;-H,O
solution for the absorption working fluid as shown in Figure 65, the overalls energy and
exergy efficiencies of the CCP were around 11.84% and 24.98% respectively. When
comparison results of the combined system by using H,O-LiBr solution and NH;-H,O
solution of the working fluid at absorption refrigeration, it found that the overalls

energy and exergy efficiencies of H,O-LiBr solution were higher that the NH;-H,O
solution about 21.87% and 27.74%, respectively.
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Figure 64 Overall energy and exergy efficiencies of the model 2 components with hot

water temperature entering to the system: NH;-H,O solution.
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Figure 65 Overall energy and exergy efficiencies of the model 2 components with hot

water temperature entering to the system: NH;-H,O solution.

From the above study results, it could be seen that the energy and exergy
powers of NH;-H,O solution were higher that the H,O-LiBr solution about 17.15% and
17.04%, powers supply to the ORC pump about 32.55% and 29.549%, efficiencies at
around 3.00% and 17.02%. But the overalls energy and exergy efficiencies of NH;-H,0O
solution were less that the H,O-LiBr solution about 21.87% and 27.74%, respectively.

3. The ORC combined with the absorption refrigeration of the model 3.

The integrated model 3 of the ORC system and the absorption refrigeration was
designed. Which this model presented the absorption system combined with the
cooling tower to reducing temperature working fluid at the ORC condenser. The
optimal of the absorption refrigeration were about 3.517 kW (1 TR) of H,O-LiBr solution
and 3.517 kW (1 TR) of NH5-H,O solution.

Figure 66 and Figure 67 show the energy and exergy powers of the ORC
combined with the absorption refrigeration model 3 by using the H,O-LiBr solution and
NH;-H,O solution working fluid at the absorption system components with the hot
water temperature entering to the system at 80-120 °C. From the simulation results, it

could be found that the energy and exergy powers were around 12.88 kW, and 13.10
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kW,, of the H,O-LiBr solution, While NH;-H,O solution illustrated 15.15 kW, and 15.40
kW,, respectively. When consider the results comparison of the combined system. It
found that the energy and exergy powers of NH;-H,O solution was higher that the H,O-
LiBr solution about 17.62% and 17.55%, respectively.

Figure 68 and Figure 69 present the energy and exergy power supplying to the
ORC pump combined with the absorption refrigeration by using H,O-LiBr solution and
NH;-H,O solution working fluid at absorption components with the hot water
temperature entering to the systems at 80-120 °C. From the study results, when the
hot water temperature entering to the system increased the energy and exergy powers
supply to the ORC pump was increased. Because the temperature and pressure
leavings the ORC condenser were drop. As a results, the input power to the ORC pump
was higher for accrue the pressure from the low pressure to equal the pressure in the
ORC boiler. Thus, the averages of the energy and exergy powers supplied to the ORC
pump at around 0.41 kW, and 0.45 kW, of H,O-LiBr solution, in addition to the NH;-
H,O solution illustrated around 0.50 kW, and 0.51 kW,, respectively. When consider
the results comparison of the combined system, it could be seen the energy and

exergy powers were opinion nearly.
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Fisure 66 Energy and exergy powers of the model 3 components with hot water

temperature entering to the system: H,O-LiBr solution.
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Fisure 67 Energy and exergy powers of the model 3 components with hot water

temperature entering to the system: NH;-H,O solution.
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Figure 68 Energy and exergy powers supply to the ORC pump of model 3 components

with hot water temperature entering to the system: H,O-LiBr solution.
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Figure 69 Energy and exergy powers supply to the ORC pump of model 3 components

with hot water temperature entering to the system: NH;-H,O solution.

Figure 70 and Figure 71 illustrate the energy and exergy efficiencies of the ORC
combined with absorption refrigeration by using difference working fluid at absorption
components with hot water supply to the systems at 80-120 °C. From the study results,
it could be seen that the effect of energy and exergy efficiencies of the combined
cycle were increased with the energy and exergy powers output of the ORC expander.
Thus, the averages of the energy and exergy efficiencies were around 7.21% and
12.16%, respectively, of H,O-LiBr solution, while the NH;-H,O solution illustrated about
8.46% and 14.36%, respectively. When consider the results comparison of the energy
and exergy efficiencies of the combined system, it found that the energy and exergy
efficiencies of the H,O-LiBr solution were less that the NH;-H,O solution about 17.34%

and 18.09%, respectively.
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Figure 70 Energy and exergy efficiencies of the model 3 components with hot water

temperature entering to the system: H,O-LiBr solution.
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Figure 71 Energy and exergy efficiencies of the model 3 components with hot water

temperature entering to the system: NH;-H,O solution.

Figure 72 and Figure 73 present the overall energy and exergy efficiencies of

the combined system. In this model presented the absorption system combined with

the cooling tower to reducing temperature working fluid at the ORC condenser (the



74

power output of this model was power output of the ORC system). Which average of
the overall energy and exergy efficiencies of the combined system by using the H,O-
LiBr solution were about 7.13% and 10.619%, respectively. In addition of the NH;-H,O
solution were 8.38% and 12.51%, respectively. It found that the NH;-H,O solution was

the overall energy and exergy efficiencies higher that H,O-LiBr solution.
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Figure 72 Overall energy and exergy efficiencies of the model 3 components with hot

water temperature entering to the system: H,O-LiBr solution.



75

—
(00]

—e—FENn-mod3 —a—FEXx-mod3

H
o
T

ORC: R-245fa

o)
nOveraLl and \IIOveralL ( /0)
—
(@)
T

Absorption: NH,-H,0

2 I I I

80 90 100 110 120
T, €O

Figure 73 Overall energy and exergy efficiencies of the model 3 components with hot

water temperature entering to the system: NH;-H,O solution.

From the information above, it could be found that the model 3 by using NH;-
H,O solution in absorption system were better that H,O-LiBr solution. Which the energy
and exergy powers of the combined system were higher that the H,O-LiBr solution
about 17.62% and 17.55%, the energy and exergy efficiencies of the combined system
were higher that the H,O-LiBr solution about 17.34% and 18.09%, in addition of the
overall energy and exergy efficiencies were about 48.80% and 49.21%, respectively.

While the energy and exergy powers supply to the system were opinion nearly.

Comparison results of the energy and exergy efficiencies

From the mathematical model shows in Figure 74, the energy and exergy
efficiencies of the ORC-absorption system all 3 models by using refrigerate of NH;-H,0
solution was better that H,O-LiBr solution. It found that the energy and exergy
efficiencies of the model number 3 were about 8.46% and 14.36%. In addition to the
overall energy and exergy efficiencies of the combined system at shown in Figure 75
presented the model number 1 by using refrigerates of the H,O-LiBr solution better

that any models.
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Figure 75 Overall energy and exergy efficiencies of the models 1 and 2.
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Economic analysis of the ORC system combined with the absorption

refrigeration

In economic analysis, the ORC machine cost was referred the product machine
in Thailand (Nattaporn, 2560) as shown in Table 3. For the absorption refrigeration

machine cost as shown in Figure 74 was used to evaluate the capital cost of absorption

refrigeration below:

Table 3 Present commercial cost of the ORC (Nattaporn, 2560).

Capacity (kW) Cost (Baht)
10 1,500,000
20 1,800,000
30 2,000,000
120 5,000,000
100,000
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Figure 76 Cost of absorption refrigeration (Chaiyat et al. 2017).

Table 4 shows the economic results of the integrating system by the working
fluid of the H,O-LiBr solution, it could be seen that the power production of the ORC
(Worcsystem) Were around 12.58 kW, 11.09 kW, and 12.88 kW,, respectively. From the
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ORC capacity, it could be stated that the capital cost of the ORC power production
varies between 10-20 kW, as shown in Table 3. Which ORC costs were around 1,529,016
Baht, 1,473,548 Baht and 1,542,444 Baht, respectively. The suitable of cooling capacity
of the absorption refrigeration system (Qg ) were around 24.62 kW, 17.59 kW and 2.98
kW. Thus, the absorption machine costs were about 470,667 Baht, 436,380 Baht and
200,000 Baht, respectively. While the working fluid of the NH;-H,O solution was about
13.21 kW,, 12.98 kW, and 15.15 kW,, the ORC costs were 1,593,249 Baht, 1,587,653
Baht and 1,653,332 Baht. The capacity of absorption refrigeration system illustrated
29.89 kW, 10.55 kW, and 2.98 kW, which absorption machine costs were about 377,285
Baht, 318,190 Baht and 200,000 Baht, respectively, as shown in Table 5. Operating and
maintenance cost calculated at 5% of the ORC cost. Therefore this investment cost
was used to consider the economical assessment. Form the simulation results, it could
be seen that the LEC and LExC of model 1 were evaluated to be 2.08 Baht/kWh and
8.62 Baht/kWh, model 2 were 2.87 Baht/kWh and 10.73 Baht/kWh, while the model 3
illustrated 4.81 Baht/kWh and 17.70 Baht/kWh. If use NHs;-H,O solution in the
absorption system, the LEC and LExC of model 1 were 3.13 Baht/kWh and 11.33
Baht/kWh, while the model 2 illustrated 3.63 Baht/kWh and 12.97 Baht/kWh, in
addition to the model 3 illustrated 4.53 Baht/kWh and 15.35 Baht/kWh, respectively.

Table 4 LEC and LExC results of the integrating system by the working fluid of the H,O-

LiBr solution.

Descriptions Model 1 Model 2 Model 3
ORC power (Wopc systern) [KW] 12.58 11.09 12.88
The suitable of cooling capacity of the

24.62 17.59 2.98
absorption refrigeration system (Qg cy,) [kW]
Power production (Wopcsystemt Qe cw) [KW] 36.50 26.04 15.87
Operating time (t,) [h/y] 8,400 8,400 8,400
Power production (Wgpc,ap) [KWH/Y] 306,586 218,724 133322
Cost of the ORC unit? (Zoge) [Baht] 1,529,016 1,473,548 1,542,444

Cost of the absorption system2 (Zag) [Baht] 470,667 436,380 200,000
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Descriptions Model 1 Model 2 Model 3

Operating and maintenance cost® (Zo) [Baht] 76,451 73,678 77,122
Discount rate (r)* [%] 7.12 7.12 7.12
Life time (n) [y] 20 20 20
LEC [Baht/kWh] 2.08 2.87 4.81
LExC [Baht/kWh] 8.62 10.73 17.70

Remark : 'Referred cost of the ORC from Nattapom, (2560), “Referred cost of the absorption refrigeration from
Chaiyat et al. (2017), 3Calculated at 5% of the ORC cost, *Referred the discount rate from Krungthai Bank online
(accessed 05 March 2018)

Table 5 LEC and LExC results of the integrating system by the working fluid of the NH;-

H,O solution.

Descriptions Model 1 Model 2 Model 3
ORC power (Wopcsysterm) [KW] 13.21 12.98 15.15
The suitable of cooling capacity of the 29.89 10.55 298

absorption refrigeration system (Qg cy) (kW]

Power production (Wogc systemt Qe cw) [KWI 25 .28 21.42 17.97
Operating time (t,,) [h/y] 8,400 8,400 8,400
Power production (Wgpc,ag) [KWh/Y] 211,780 179,967 150,907
Cost of the ORC unit (Zgge) [Baht] 1,593,224 1587,653 1,653,332
Cost of the absorption system (Z,g) [Baht] 377,285 318,190 200,000

Operating and maintenance cost (Zg) [Baht/y] 79,663 79,383 82,667

Discount rate (r) [%] 712 712 712
Life time (n) [y] 20 20 20
LEC [Baht/kWh] 3.13 3.63 4.53

LExC [Baht/kWh] 11.33 12.97 15.35
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Comparison results of the economic results of the energy and exergy costings

Figure 77 illustrates comparison results of the LEC and LExC between all 3
models by using H,O-LiBr and NH;-H,O solutions. From the simulation results, it could
be found that the model 1 were evaluated to be 2.08 Baht/kWh and 8.62 Baht/kWh,
model 2 were 2.87 Baht/kWh and 10.73 Baht/kWh, while the model 3 illustrated 4.81
Baht/kWh and 17.70 Baht/kWh. When used NH;-H,O solution for the absorption
refrigeration, the LEC and LEXC of model 1 were 3.13 Baht/kWh and 11.33 Baht/kWh,
while the model 2 illustrated 3.63 Baht/kWh and 12.97 Baht/kWh in addition to the
model 3 illustrated 4.53 Baht/kWh and 15.35 Baht/kWh, respectively. From the above
study results, it could be seen that the model 1 presented the better impact in the

tern of LEC and LExC.

W
(@)

LEC [A LEXC

N
(@)
T

—
(@)

Levelized cost (Baht/kWh)

Figure 77 Comparison of economic result in the term of LEC and LEXC factors.

When these costs were compared with the Feed-in tariff (Fits) of renewable
power plans in Thailand [energy policy and planning office, ministry of energy,
Thailand, Feed-in tariff of renewable energy in Thailand]. It found that the LECs of all

3 models by using H,O-LiBr and NH;-H,O solutions at absorption refrigeration was lower
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that the Fits of solar rooftop at around 6.40 Baht/kWh, wind at 6.06 Baht/kWh, while
the LECs similarly with Fits of biomass and biogas at about 5.34 Baht/kWh.

From the above study results, the optimal of the ORC combined with absorption
refrigeration were the model number 1 of H,O-LiBr solution. Which the energy and
exergy efficiency illustrated 7.04% and 11.88%, overall efficiencies of the CCP were
1857% and 42.20%, LEC and LExC were 2.08 Baht/kWh and 8.62 Baht/kWh,

respectively.



Chapter 5

Conclusion and further work

In this research institutions, energy and exergy analysis of the ORC combined
with the absorption refrigeration were presented. R-245fa was selected as working fluid
of the ORC system, while the absorption system used H,O-LiBr and NH5-H,O solutions,

respectively. Which it could be conclusion and future works were shown below:

Conclusion

From the mathematical models of the energy and exergy of the ORC combined
with the absorption refrigeration were presented, as shown below:

The energy and exergy efficiencies of the ORC were 6.96% and 11.51%, hot
water temperature entering to the ORC boiler at about 80-120 °C and cooling water
temperature entering to the ORC condenser at 32 °C. Furthermore, the working fluid
temperature leaving the ORC expander before entering the ORC condenser was about
57-69 °C. Optimal concentrations of the H,O-LiBr solution and NH;-H,O solution for the
absorption refrigeration were 34-43 %LiBr and 35-55 %NHj;, respectively. Thus, the
COP,gand COPgy 4g0f the absorption refrigeration were 0.93 and 1.42 at concentrations
of H,O-LiBr solution about 34 %LiBr, and 0.58 and 1.02 at concentration of NH;-H,O
solution about 55 %NH;. Which in this studied, energy and exergy analysis the ORC
system combined with the absorption refrigeration were presented, as shown
following:

Model 1 presented the absorption system as the ORC condenser. Energy and
exergy efficiencies were 7.04% and 11.88%, overall efficiencies of the CCP were 18.57%
and 42.20%, LEC and LEXC were 2.08 Baht/kWh and 8.62 Baht/kWh, respectively of
H,O-LiBr solution. NHs-H,O solution, energy and exergy efficiencies illustrated 7.37%
and 12.56%, overall efficiencies of the CCP were 13.93% and 31.20%, LEC and LExC
were 3.13 Baht/kWh and 11.33 Baht/kWh, respectively.
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Model 2 represented technique for reducing working fluid temperature leaving
the ORC expander. H,O-LiBr solution, energy and exergy efficiencies were 7.02% and
10.46%, overall efficiencies of the CCP were 14.43% and 31.91%, LEC and LExC
illustrated 2.87 Baht/kWh and 10.73 Baht/kWh, respectively. NH;-H,O solution, energy
and exergy efficiencies illustrated 7.23% and 12.249%, overall efficiencies of the CCP
were 11.84% and 24.98%, while the LEC and LExC were 3.63 Baht/kWh and 12.97
Baht/kWh, respectively.

Model 3 showed the absorption system combined with the cooling tower to
reducing temperature working fluid at the ORC condenser. H,O-LiBr solution, energy
and exergy efficiencies were 7.21% and 13.10%, overall efficiencies of the CCP were
7.13% and 10.61%, LEC and LExC illustrated 4.18 Baht/kWh and 17.70 Baht/kWh,
respectively. NH;-H,O solution, energy and exergy efficiencies were 8.46% and 14.36%,
while overall efficiencies of the CCP were 8.38% and 12.51%, in addition to the LEC
and LExC were 4.53 Baht/kWh and 15.35 Baht/kWh, respectively.

From the above study results, the optimal of the ORC combined with
absorption refrigeration were the model number 1 by using the H,O-LiBr solution in

absorption system.

Future work

For the future study, it should be tested the ORC combined with the absorption
refrigeration by using the working fluid such as H,O-LiBr and NH;-H,O solutions of the
absorption system to compar. Moreover, different types of refrigeration system such

as adsorption system, ejector refrigerator and Kalina cycle should be studied.
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Appendix A
Mathematical modeling of the ORC system
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Analysis the mathematical modeling of the ORC system is used the working

fluid R-245fa, which the calculated by program Rafprop version 10 on Microsoft excel,

as shown below:
1. The working fluid of the ORC system is
Hot water temperature entering to the ORC boiler (Tyy;) is

Water temperature different inlet and outlet of boiler (ATy) is

Heat souse capacity (Qg) is
Temperature of ambient (Tapm) is
Isentropic efficiency of expander (Msgy,) is

Isentropic efficiency of pump (Nsp) is

A T A L S

Efficiency of generator (Ng) is
10. Superheating (SH) is
11. Sub cooling (SC) is

The calculation:

Stage 1) Calculation the temperature of the ORC boiler and condenser:
Temperature of the ORC boiler (Tg = Ty — ATy — AT ef)
Temperature of the ORC condenser (Tc = Tew; + ATew + AT, ef)

Stage 2) Calculation the pressure of the ORC boiler and condenser:

High pressure consider at the ORC boiler (Py = f(Tg)

Calculate on Microsoft excel as: =Pressure("R-245fa","Tvap",'mks", 273.15+82)

Low pressure consider at the ORC condenser (P = f(T¢)

Calculate on Microsoft excel as: =Pressure("R-245fa","Tvap","mks", 273.15+42)

Stage 3) Consider the working fluid at ORC pump
Temperature point 1 (T; = Tc = SCO)
Enthalpy point 1 (h; = (T - SO))

Calculate on Microsoft excel as: =Enthalpy("R-245fa","Tlig","mks", 273.15+42)

Cooling water temperature entering to the ORC condenser (T¢;) is 32

37

R-245fa
100  °C
15 °C
°C
180 kW
28 °C
85 %
85 %
85 %
10 °C
5 °C
82 °C
a2 °C
830.56 kPa

26741 kPa

°C

24850 kJ/kg
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Specific volume point 1 (V, = f(T,) 0.00077 m>/kg
Calculate on Microsoft excel as: =Volume("R-245fa","Tliq","mks",273.15+37)
Entropy point 1 (S;= f(T,) 117 K/ke'K
Calculate on Microsoft excel as: =Entropy("R-245fa","Tliq",'mks",273.15+37)

Entropy point 2 (S,, = S;) 117 kJ/kg'K
Enthalpy point 2s (h,, = f(P,;,S,)) 248.88 kJ/kg
Calculate on Microsoft excel as: =Enthalpy("R-245fa","PS","mks",830.56, 1.17)
Enthalpy point 2 (h, = [((hys + hy)/Nsp) + hql 249.05 kJ/ke
Temperature point 2 (T, = f(Py,h,)) 3729 °C

Calculate on Microsoft excel as: =Temperature("R-245fa","PH","mks",830.56,
249.05) - 273.15

Stage 4) Consider the working fluid at ORC boiler
Enthalpy point 2’ (h, = f(Ty) 31212 kl/kg
Calculate on Microsoft excel as: = Enthalpy("R-245fa","Tlig","mks",273.15+82)
Temperature point 2 (T, = flP,,h,) 82 °C
Calculate on Microsoft excel as: = Temperature("R-245fa","HP","'mks",82 , 830.56)-

273.15

Enthalpy point 3 (hy = f(Tg)) 463.86 kJ/kg
Calculate on Microsoft excel as: = Enthalpy("R-245fa", Tvap","'mks",273.15+82)
Temperature point 3 (T’ = f(Py,hs) 82 °C
Calculate on Microsoft excel as: = Temperature("R-245fa","HP","'mks",82 , 463.86)-

273.15
Temperature point 3 (T; = f(Tg+SH) 92 °C
Enthalpy point 3 (h; = f(Tg+SH+Py) 47499 kJ/kg

Calculate on Microsoft excel as:=Enthalpy('R-245fa","TP","mks",273.15+92,463.86)

Entropy point 3 (S; = f(T5,Py) 1.81 kJ/kg'K

Calculate on Microsoft excel as:=Entropy('R-245fa","TP","mks",273.15+93,463.86)
Stage 5) Consider the working fluid at ORC expander

Entropy point 4s (Sq¢ = S5) 1.81 kJ/kg'K

Enthalpy point 4s (hys = (P, Sis)) 453.20 kJ/kg
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Calculate on Microsoft excel as:=Enthalpy('R-245fa","PS","mks",267.41,453.20)
Enthalpy point 4 (hy = hs3-Msex(hs-ha)) 456.47 ki/kg
Temperature point 4 (T, = f(P,h,) 63.10 °C
Calculate on Microsoft excel as:=Temperature("R245fa","PH","mks",267.41,456.47)-
273.15
Entropy point 4 (S, = f(P_,h,)) 1.82  kl/kg'K
Calculate on Microsoft excel as:=Entropy('R-245fa","PH","mks",267.41,456.47)
Entropy of the saturated liquid at condenser (S¢ =f(T()) 1.19  kl/kg'K
Calculate on Microsoft excel as:=Entropy(("R-245fa","Tlig","mks",273.15+42)
Entropy of the saturated vapor at condenser (S, =f(Tc)) 1.76  kJ/kg'K
Calculate on Microsoft excel as:= Entropy(("R-245fa","Tvap","mks",273.15+42)
Entropy at condenser (S¢y = Sgc— Sf.0) 0.57  kl/kg'K
Stage 6) Consider the working fluid leaving of the ORC expander
The working fluid leaving of the ORC expander (qvq = (Sq = S¢ )/ Sfq )

111.46 %
Stage 7) Consider mass flow rate of the working fluid
Mass flow rate (M = Qg /(hs - hy)) 0.79  kg/s
Stage 8) Consider the high of flow rate
Density of working fluid leaving the ORC pump (P, = f(T,) 1304.44 kg/m’

Calculate on Microsoft excel as:=Density("R-245fa","Tlig","'mks",273.15+37.29)

High of flow rate (H,=(Py/P,g)x 1000) 64.82 m
Stage 9) Consider the capacity of the ORC system

Power output of the ORC expander (We,,= M.(h; - hy) 1476 kW

Net power output of the ORC expander (We,, o= Wiy X Nseyy) 1257 kW,

Heat capacity of ORC condenser (Qc= m.(hs - h;) 165.67 kW

Power supply to the ORC pump (Wp= (MV1(Py = P))/ Nsp) 032 kw
Stage 10) Consider the thermal efficiency of the ORC system

Efficiency of the ORC system (Mopc= [(We,pe~Wp)/ Qgl x 100) 6.95 %
Stage 11) Consider the exergy capacity of the ORC system



Power output of the ORC expander (EEXp = M, (hs =y = Ty [S5 = Sa)
1501 kW,
Exergy rate of ORC condenser (Ec = m,.r(hy—h, = Ty [S; = S,1)  148.90 kW
Exergy power supply to the ORC pump (Ep = M, (h, — hy = To [S, = S.1)
043 kW
Stage 12) Consider the exergy efficiency of the ORC system
Exergy efficiency of the ORC system (Worc= ([EEXp— Esl / Ep x 100) 11.90%

91
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Appendix B

Properties of water-Lithium Bromide solutions

Enthalpy, Concentration and Temperature for Water-Lithium Bromide solutions,

(ASHRAE, 2009)

For Concentration X < 40 %Libr
Solution temperature range 15 < T < 165 °C
h=21.4817157 - 2.38366711(X) + 3.90458186(T) + 0.03625001(X?) + 5.25010607
x 10 (t%) - 0.0369249939(TX), [kJ/kg]
For Concentration 0 < X < 70 %Libr

Solution temperature range 15 <t < 165 (@

h= iAnX" + Tian“ BT, icmx” J[kJ/kgl

Where

Ay = -2024.33 By = 18.2829 Cy= —3.7008214 E-2
A; = 163.309 B, = -1.1691757 C, = 28877666 E-3
A, = -4.88161 B, = 3.248041 E-2 C,=-8.1313015E-5
As = 6.302948 E-2 B, = -4.034184 E-4 C;= 99116628 E-7
A, = -2913705E-4 By = 1.8520569 E-6 Cq = -4.4441207 E-9

Solution _temperature-refriseration temperature and saturation pressure, (ASHRAE,

2009)
For  Refrigerant —15 < T,o;< 110 °C

Solution temperature range 5 < T < 175 °C

Concentration 0 < X < 70 %lLibr
T=Y8BX+T > AX[C

T =@ —ian”VTrefiAnx",["q



Log(P) =C+D/T_ +E/T_[P=kPa;T_ =K]

—2E

ref

D+[D" —4E(C—Log(P)]”

Where

Ay = -2.00755 By = 124.937 C=7.05

A; = 0.16976 B, =-7.71649 D =-1596.49
A, = -3.133362 E-3 B, = 0.152286 E =-1040955
A; = 1.97668 E-5 B; = -7.9509 E-4

Density of Water-Lithium bromide Solutions, (Khairulin et el., 2006)

For Solution temperature range T < 250 °C

Concentration 30 < X < 65 %Libr

P(T,m) = P (M1 + dy (MM + d, (Mm™ + d, (Mm?], [ke/m>]

(X/100)
m = (1—[X/100]),[mole/kg]
MS
dMm=>.CT

P, (T) = Density of pure water (kg/m”)
Mg = 0.086845 [kg/mole]

Table B.1 The value of coefficients C;
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ifi 0 1 2 3 4
0 6.9979E-2  -9.36591E-5 1.1770035E-6  -2.829722E-9 7.963374E-12
1 ~7.30855E-3 1.78947E-5 -3.458841E-8  -8.88725E-10 1.085224E-12

2 1.811867E-4 -1.9292E-6 - 1565022E-8 2.082693E-10 -3.761121E-13




Heat capacity of Water-Lithium bromide solutions, (Kaita, 2000)

For Solution temperature range 40 < T < 210 °C

Concentration 40 < X < 65 %lLibr

Cp = (Ay + AX) + (By + BX)T, [kd/kg K]

Where
Ay = 3.462023 By = 1.3499 E-3
A = -2.679895E-2 B, = -6.55 E-6

Entropy of Water-Lithium bromide solutions, (Feuerecker, 1993).

For Solution temperature 40 < T < 210 °C
Concentration 40 < X < 65 %lLibr

S= iiBHXJT‘,[kj/kg K]

=0 =0

Table B.2 The value of coefficients B;;

94

i Bio Bis B2 Bis

0 5.127558 E-01 -1393954E-02 2924145 E-05 9.035697 E-07
1 1.226780 E-02 -9.156820 E-05 1.820453 E-08 -7.991806 E-10
2 -1.364895 E-05 1.068904 E-07 -1.381109 E-09 1.529784 E-11

3 1.021501 E-08 0 0

0
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Appendix C

Mathematical modeling of the absorption refrigeration by using H,O-Libr

solution

Analysis the mathematical modeling of the absorption refrigeration system use

the working fluid H,O-Libr solution, which the calculated by program Rafprop version

10 on Microsoft excel and initial condition as shown below:

1.
2.
3.

10.

11.

12.

13.

14.

15.

16.

17.

18.

The working fluid of the absorption refrigeration H,O-Libr
Heat source (Tgoasem = Ta)is 60 °C
Cooling water temperature entering to the ORC condenser and absorpber
(Tew,) is 32 °C
Water temperature different inlet and outlet of condenser and absorpber
(ATew) is 5 °C
Water temperature different with working fluid (AT cy.ef) iS 3 °C
Water entering to evaporator (Tgy,) 32 °C
Water temperature different inlet and outlet of evaporator (AT is

15 °C
Temperature of ambient (Txpm) is 28 °C
Isentropic efficiency of evaporetor (Nsg) is 85 %
Isentropic efficiency of generator (Ng) is 85 %
Effectiveness of heat exchanger (€,y) is 85 %
Superheating (SH) is 5 °C
Sub cooling (SC) is 5 °C
Heat capacity of evaporator (Qg) is 24.62 kW
Concentration (X) 40 %
Concentration (X; = X, = X5 = X,) 0 %Libr
Concentration (Xg = Xo = X;0) 34 %Libr
Concentration (X5 = X4 = X7) 31 %Libr
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The calculation:

Stage 1) Calculation the temperature of the system

Temperature at absorber (T, = Tew, + ATcw) 37 °C
Temperature at condenser (Tc = Tew, + ATew + ATcwrer) 40 °C
Temperature at evaporator (Tg = Tewei— ATewe — ATewere) 12 °C
Temperature at generator (Tg = T — ATgoasta— ATroasfarer) 5217 °C
Low temperature entering to generator (T, = f(X,T¢) 46.26 °C

Calculate on Microsoft excel as: =li_Tsolution(31,40)

Temperature point 1 (T, = Tg) 52.17 °C
Temperature point 2 (T, = T¢ = SC) 36 °C
Temperature point 4 (T, = T¢ — SH) 17 °C
Temperature point 5 (Ts = T,) 37 °C
Temperature point 6 (Tg = Ts) 37 °C
Temperature point 8 (Tg = Tg) 52.17 °C

Stage 2) Calculation high pressure and low pressure of the system:
High pressure (Py,=f(T¢)) 7.78 kPa
Calculate on Microsoft excel as: = Pressure("WATER","Tlig","mks", 273.15+40)
Low pressure (P p=f(T¢)) 140 kPa
Calculate on Microsoft excel as: = Pressure("WATER","Tvap","'mks", 273.15+12)
Stage 3) Consider enthalpy of the system
Enthalpy point 1 (hy = f(T},Pyap) 2596.73 kl/kg
Calculate on Microsoft excel as: = Enthalpy("WATER","TP","mks",
273.15+452.17,7.78)
Entropy point 1 (S, = f(T,)) 0.73  kJ/kg'K
Calculate on Microsoft excel as: =Entropy("WATER",'Tlig","mks",52.17+273.15)
Enthalpy point 2 (h, = f(T,,Pyap) 150.81 kJ/kg
Calculate on Microsoft excel as: = Enthalpy("WATER","TP","mks", 273.15+36,7.78)
Entropy point 2 (S, = f(T,,Py) 051 kJ/kg'K
Calculate on Microsoft excel as: =Entropy("WATER","TP","mks",273.15+36,7.78)
Enthalpy point 3 (h; = h,) [throttling process] 150.81 kJ/kg
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Temperature point 3 (T; = f(hs,P A1) 285.15 K

12 °C
Calculate on Microsoft excel as: =Temperature("WATER","HP","'mks",150.81, 1.40)
Entropy point 3 (S; = S,) 051 kJ/kg'K
Enthalpy point 4 (h, = f(T,)) 2531.97 kJ/kg
Calculate on Microsoft excel as: = Enthalpy("WATER","Tvap","'mks", 273.15+17)
Entropy point 4 (S, = f(T,)) 0.25 ki/kg'K
Calculate on Microsoft excel as: = Entropy("WATER","Tliq","mks", 273.15+17)

Stage 4) Consider mass flow rate of refrigerant and solution

Specific heat of hot water entering the system (Cpgx = f(Thwpiuk)

4.18  ki/kg'K
Calculate on Microsoft excel as: = Cp("WATER","Tlig","mks", 273.15+Thwsiuk)
Mass flow rate of refrigerant point 4 (M, = Qg / (hy — h3)) 0.012 kg/s
Mass flow rate of refrigerant point 3,2,1 (h, = m; = m, = m;) 0.012 kg/s

Mass flow rate of solution point 8 (Mg = M,(X; — X;) / (X; = Xg) 0.129  kg/s

Mass flow rate of solution point 9,10 (Mg = My = M) 0.129 kg/s
Mass flow rate of solution point 7 (M; = M, + Mg) 0.142 kg/s
Mass flow rate of solution point 6,5 (M, = My = M;) 0.142 kg/s

Stage 5) Consider enthalpy of solution
Enthalpy point 8 (hg = f(Xs,Tg)) 121.98 kJ/kg
Calculate on Microsoft excel as: = libr_h(34,52.17)
Entropy point 8 (Sg = f(Xg,Tg)) 0.47  kJ/kg'K
Calculate on Microsoft excel as: = libr_s(34,52.17)
Enthalpy point 5 (hs = f(X;5,T5)) 82.46 kJ/kg
Calculate on Microsoft excel as: = libr_h(31,37)
Entropy point 5 (S5 = f(X5,Ts)) 047 kJ/kg'K

Calculate on Microsoft excel as: = libr s(31,37)

Stage 6) Consider at solution pump

Pressure difference of the system (AP = Phab — PLab) 6.38 kPa
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Density (Ps = f(Xs5,AP)) 1144.07 kg/m?>

Calculate on Microsoft excel as: = libr_density(31,6.38)

Specific volume (Vs = 1/pPs) 0.00087 m?/kg

Power supply to the solution pump (Wep = (MsVSAP/ Ngp))  0.00093 kW
Stage 7) Consider at heat exchanger

Hot flow rate

Specific heat of solution at point 8 (Cpg = f(X5,T5)) 2.60 kJ/kg'K

Calculate on Microsoft excel as: = libr Cp(34,52.17)

Cool flow rate

Specific heat of solution at point 6 (Cpg = f(X¢,Te)) 2,67 ki/kg'K

Calculate on Microsoft excel as: = libr Cp(31,37)

Heat capacity of heat exchanger (Qy .« = (MCP)min(Tg —Tg) 547 kW
(Qucruat = Qua€i) 465 kW

Temperature point 9 (Tg = Tg = (Qucrua / (MCps))) 38.42 °C

Enthalpy point 9 (hy = f(X,To)) 84.91 kJ/kg

Calculate on Microsoft excel as: = libr_h(34,38.42)

Entropy point 9 (Sq = f(Xo,Ts)) 0.38  kJ/kg'K
Calculate on Microsoft excel as: = libr_s(34,38.42)

Temperature point 7 (T7 = Ty + (Quetual / (MCpe)) 48.23 °C
Enthalpy point 7 (h; = f(X7,T7)) 116.77 ki/kg

Calculate on Microsoft excel as: = libr_h(31,48.23)
Entropy point 7 (S; = f(X;,T7)) 0.38  klJ/kg'K
Calculate on Microsoft excel as: = libr s(34,48.23)

Stage 8) Heat capacity of the absorption system

Generator (Qg = M, h; + Mg hg — My hy) 31.80 kW
Condenser (Qcpp = My hy = M, hy) 30.70 kw
Evaporator (Qg ap, = My hy — M5 h3) 29.89 kw
Absorber (Q, = M, hy + My, hyy — M5 hs) 31.09 kW

Stage 9) Coefficient of performance

Coefficient of performance (COPpg = Qg p,/ Qg + Wsp) 093



99

Stage 10) Exergy rate of the absorption system
Generator (E¢ = M, (h; = Ty S;) — Mg (hg = Ty Sg) — My (hy = Ty Sy) + Qg (1- [T, /
TeD) 3299 kW
Condenser (E¢ = M, (hy— h, - Ty [S; = S,0) 3062  kw
Evaporator (Eg = M, (hy — hs) = Ty (Sy = S5) + Qc (1= [Ty / Te)) 47.06 kW
Absorber (E, = My (hy — Ty Sa) + My (hyg — To Syo) = My (hs — Ty Ss))
31.07 kW
Solution pump (Ep = M,of (he— s = Ty [Sg — Ss1) 0.17 kW
Stage 11) Exergy coefficient of performance

Exergy coefficient of performance (COPg,pp = EEVp/(EG +Ep) 141
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use

the working fluid HN5-H,O solution, which the calculated by program Rafprop version

10 on Microsoft excel and initial condition as shown below:

1.
2.
3.

10.

11.

12.

13.

14.

15.

16.

17.

18.

The working fluid of the absorption refrigeration HN-H,O
Heat source (Tgoasem = Ta)is 60 °C
Cooling water temperature entering to the ORC condenser and absorpber
(Tew,) is 32 °C
Water temperature different inlet and outlet of condenser and absorpber
(ATew) is 5 °C
Water temperature different with working fluid (AT cy.ef) iS 3 °C
Water entering to evaporator (Tgy,) 32 °C
Water temperature different inlet and outlet of evaporator (AT¢) is

15 °C
Temperature of ambient (Txpm) is 28 °C
Isentropic efficiency of evaporetor (Nsg) is 85 %
Isentropic efficiency of generator (Ng) is 85 %
Effectiveness of heat exchanger (&€,y) is 85 %
Superheating (SH) is 5 °C
Sub cooling (SC) is 5 °C
Heat capacity of evaporator (Qg) is 24.62 kW
Concentration (X) 100 %
Concentration (X; = X, = X5 = X,) 0 %Libr
Concentration (Xg = Xo = X;0) 55 %Libr
Concentration (X5 = X4 = X7) 51 %Libr
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The calculation:

Stage 1) Calculation the temperature of the system

Temperature at absorber (T, = Tew, + ATcw) 37 °C
Temperature at condenser (Tc = Tew, + ATew + ATcwrer) 40 °C
Temperature at evaporator (Tg = Tewei— ATewe — ATcwere) 12 °C
Temperature at generator (Tg = Tg — ATgoasta— ATr2asfaurer) 5275 °C
Low temperature entering to generator (T, = (Tey + ATew+SH) 46 °C
Temperature point 1 (T, = Tg) 5275 °C
Temperature point 2 (T, = T¢ = SC) 36 °C
Temperature point 4 (T, = T + SH) 17 °C
Temperature point 5 (T5 = T,) 37 °C
Temperature point 6 (Tg = Ts) 37 °C
Temperature point 8 (Tg = Tg) 5275 °C

Stage 2) Calculation high pressure and low pressure of the system:

High pressure (Py,=f(Tg)) 2183.38 kPa
Calculate on Microsoft excel as: = Pressure("Ammonia","Tvap","mks",
273.15+52.75)

Low pressure (P p=f(T¢)) 615.04 kPa

Calculate on Microsoft excel as: = Pressure("Ammonia","Tlig","mks", 273.15+12)

Stage 3) Consider enthalpy of the system

Enthalpy point 1 (hy = f(T},Pyap) 1634.05 kJ/kg
Calculate on Microsoft excel as: = Enthalpy("Ammonia","Tvap","mks",
273.15+52.75)

Entropy point 1 (S, = f(T,)) 231  ki/kg'K

Calculate on Microsoft excel as:=Entropy("Ammonia","Tliq","mks",52.75+273.15)
Enthalpy point 2 (h, = f(T,,Pyap) 490.07 kJ/kg
Calculate on Microsoft excel as:=Enthalpy("Ammonia","TP","mks",
273.15+36,2183.38)

Entropy point 2 (S, = f(T,)) 197  kJ/kg'K

Calculate on Microsoft excel as: =Entropy("Ammonia","Tliq","mks",273.15+36)
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Enthalpy point 3 (h; = h,) [throttling process] 490.07 kJ/kg
Temperature point 3 (T5 = fths,P ap) 283.15K
10 °C

Calculate on Microsoft excel as: =Temperature("Ammonia","HP","mks",490.07,

615.04)

Entropy point 3 (S5 = S,) 197  kJ/kg'K
Enthalpy point 4 (hg = f(T,)) 1,633.30 kJ/kg
Calculate on Microsoft excel as: = Enthalpy("Ammonia"," Tvap","mks",
273.15+17)

Entropy point 4 (S, = f(T,)) 163 kJ/kg'K

nn

Calculate on Microsoft excel as: = Entropy("Ammonia","Tlig","mks", 273.15+17)

Stage 4) Consider mass flow rate of refrigerant and solution
Specific heat of hot water entering the system (Cpgiuk = f(Thwgur)

4.18

kJ/kg 'K

Calculate on Microsoft excel as: = Cp("WATER","Tlig","mks", 273.15+Tyguk)

Mass flow rate of refrigerant point 4 (M, = Q¢ / (hy — h3)) 0.003 kg/s
Mass flow rate of refrigerant point 3,2,1 (m, = m; = m, = m;) 0.003 kg/s
Mass flow rate of solution point 8 (Mg = M;(X; — X;) / (X; = Xg) 0.034  kg/s
Mass flow rate of solution point 9,10 (g = My = M) 0.034 kg/s
Mass flow rate of solution point 7 (M; = M, + my) 0.037 kg/s
Mass flow rate of solution point 6,5 (M, = M, = Ms) 0.037 kg/s
Stage 5) Consider enthalpy of solution
Enthalpy point 8 (hg = f(Tg)) 209.25 kJ/kg

non

Calculate on Microsoft excel as: = Enthalpy("Ammonia-water","Tlig","mks",

273.15+52.75)
Entropy point 8 (Sg = f(Tg,Pyap) 0.67
Calculate on Microsoft excel as: = Entropy("Ammonia-

water","Tlig'","mks",273.15 +52.75,2183.38)

kJ/kg*K

Enthalpy point 5 (hs = f(Ts)) 115.02 kJ/kg
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Calculate on Microsoft excel as: = Enthalpy("Ammonia-water","Tlig","mks",
273.15+37)

Entropy point 5 (Ss = f(T5,Pyap) 1.16  kJ/kg K
Calculate on Microsoft excel as: =Entropy("Ammonia-water","Tlig","mks",273.15

+52.75,2183.38)

Stage 6) Consider at solution pump

Pressure difference of the system (AP = Phab = PLab) 1,568.33 kPa
Density (Ps = f(T4) 799.88 kg/m’
Calculate on Microsoft excel as: =Density("Ammonia-water",'Tlig","mks",37
+273.15)

Specific volume (Vs = 1/Ps) 0.0012 m?/kg

Power supply to the solution pump (Wep = (s VSAP/ Ns) 008 kW
Stage 7) Consider at heat exchanger

Hot flow rate

Specific heat of solution at point 8 (Cpg = f(Tg)) 479  kl/keg'K

Calculate on Microsoft excel as: = Cp("Ammonia-water","Tlig","mks",52.75

+273.15)

Cool flow rate

Specific heat of solution at point 6 (Cpg = f(Ty)) 461 ki/kg'K

Calculate on Microsoft excel as: = Cp("Ammonia-water","Tlig","mks",37

+273.15)

Heat capacity of heat exchanger (Qy.x = (MCP)min(Tg —Tg) 1.87  kw
(Qactual = Quax€rix) 159  kw

Temperature point 9 (Tg = Tg = (Qucrual / (MeCpg))) 4248 °C

Enthalpy point 9 (hy = f(Ty)) 115.02 kJ/kg

non

Calculate on Microsoft excel as: = Enthalpy("Ammonia-water","Tlig","mks",
273.15+42.48)

Entropy point 9 (Sg = f(Tg,Pyap) 0.38  klJ/kg'K
Calculate on Microsoft excel as: = Entropy("Ammonia-water","TP","mks",

273.15+42.48,2183.38)
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Temperature point 7 (T7 = Tg + (Qucrual 7 (MsCpg)) 2549 °C
Enthalpy point 7 (h; = f(T;)) 116.77 kl/kg
Calculate on Microsoft excel as: = Enthalpy("Ammonia-water","Tlig","mks",
273.15+25.49)

Entropy point 7 (S7 = f(T7,P_ap) 133 kJ/kg K
Calculate on Microsoft excel as: =Entropy("Ammonia-water","TP","mks",
273.15+25.49,615.04)

Stage 8) Heat capacity of the absorption system

Generator (Qg = M, h; + Mg hg — M, hy) 584 kw
Condenser (Qcap =My hy = M, hy) 351 kw
Evaporator (Qg ap, = My hy — M; h3) 351  kw
Absorber (Q, = My hg + My hyg — M5 hs) 467 kw

Stage 9) Coefficient of performance
Coefficient of performance (COPg = Q¢ ap/ Qg + Wsp) 0.59

Stage 10) Exergy rate of the absorption system
Generator (E¢ = M, (h; = Ty S;) = Mg (hg = Ty Sg) — My (hy = Ty Sp) + Qg (1- [T, /
TeD) 510 kw
Condenser (E¢ = M, (hy— h, — Ty [S; = S,0) 349 kW
Evaporator (Eg = M,¢ (hy = hs) = Ty (S — S5) + Qe (1= [Ty / Tel) 577 kw
Absorber (E, = My (hy — Ty Sg) + My (hyo — T Sio) — Ms (hs = Ty S5)  4.62 kW
Solution pump (E,, = Myef (he= hs = Ty [S = Ss]) 0.006 kw

Stage 11) Exergy coefficient of performance

Exergy coefficient of performance (COPg,ap = EEVp/(EG +Ep) 1.13
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Abstract

This research studies enhancement of energy and exergy efficiencies of an organic
Rankine cycle (ORC) by reducing the working fluid temperature at the ORC cond

with an ion Two ORC. models have been

presented for comparing with the normal ORC model. The first model presents the
technique for reducing working fluid temperature leaving the ORC expander before
entering the ORC condenser, while the second model presents the absorption system as
the ORC condenser. Working fluid of the ORC and absorption systems is R-245fa and
water-ithium bromide solution (H,O-LiBr), respectively. From the study results, it could be
found that the energy and exergy efficiencies of the nommal ORC system are 7.01% and
11.66% at hot water temperatures entering the ORC boiler between 80-30 °C and the
refrigerant temperature leaving the ORC expender is higher than 70 °C. When the ORC-
absorption model 1 is focused, the energy and exergy efficiencies are 10.39% and
18.25%, while the ORC-absorption model 2 illustrates 3.03% and 4.07%, respectively. But
in the last model, it could be presented the overall energy and exergy efficiencies of
combined cooling and power are 22.47% and 48.25%.

Key : organic Rankine cycle, ab

ion refrigeration, energy efficiency, exergy

efficiency, mathematical model
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Abstract

In this study, energy and exergy costings of an organic Rankine cycle (ORC) combined with
an absorption chiller are presented. The combined units have been presented 3 models to
compare the thermal performance. The first model presents the absorption system as the ORC
condenser, the second model represents technique for reducing working fluid temperature leaving
the ORC expander and the third model shows the absorption system combined with the cooling
tower to reducing temperature working fluid at the ORC condenser. R-245fa is selected as working
fluid of the ORC system, while the absorption system uses an ammonia-water (NHx-H,0) solution.
From the study results, the optimal combined system was model number 1. Levelized energy and
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exergy costs of the model 1 were 3.48 and 16.08 Bath/kWh, while the model 2 were 4.06 and

18.55 Bath/kWh in addition to the model 3 illustrated 4.93 and 22.09 Bath/kWh, respectively.

Keywords: Organic Rankine cycle, Absorption chiller, Energy costing, Exergy costing, Mathematical
model
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wé’wwmi‘}u{]ﬁu'ﬁﬁﬂﬁ'tummiiam'i)miﬁoumﬂszmﬂmqﬁwumwgﬁq wazdean fadualdmiuun
madluitelinslindnuiaudBunniu Tasssuumsinusuvemdsnuauieu mudy was
nsuanNA1 (Combined cooling heating and power generatlon CCHP) Lﬁuivuuwun'numau'lwaa
aaandsaululiagiu Luaamnwsvawﬁqua ua.,miawuﬁumuﬂaumqqn mqmnsusqﬂumsauwia
(Organic Rankine cycle, ORC) ua.,i.,uu‘n’lﬂ’JmmuuUUQﬂnau (Absorption chiller) Wunilsluwneluladii
gnimunitelindsumaununndnlniuasaudu  Toumasesdeuiiiifnenmuasimanyasliun
sruueity Anudoumdeis witnuuaseriing nasnumadeulifian ndruiuna wanidendes
s

Tossmddeiifedosiussuundandnusanofigu Hamdullahpur et al. (2011); F.A.Al-Sulaiman
etal. (2012) mtauamsmuﬂs"ﬁwﬁmwmuwamuuavxanma 3 (Exergy) ﬂﬂﬂmnsusmua'\sawm oy
angamgiiamheuuinameenvesiviueuiigeiesniuuiy shessunhauduuuugendu wails
nuih ausaiuUsEavBn e unausasdniweiTlaUseinm 28% luvasd Dincer et al. (2012)
Uszidiuaussaugvesssuunmahanudy anudeu waglwihhuduiifundnusasenfinduuunisluda
(Solar parabolic) Haifléwuin Ussavsamdundeusandneeivosssuuiauwiniu 46% uas 88%
muddiu Chaiyat and Kiatsiriroat (2015) tnausnisiiaszavsnmvesiginsussumsduridsmiy
sruuhanduwuugandudenndesiunuideuss Xangpheuak and Nattapom (2016) inuUseAvsnm
myinuresiginsusiAuansdunidiuiussuuimmubunuugandu ok 2 eAdedingn aanse
wansedvEnmeesiginsussAuansdun3sléussunn 50% Bicer and Dincer (2016) Aaswsiusyavaam
funduuazidnigesivesssuunsansauwuurainvane (Multi-generation) lagléarudeusin
wawuldRanuasndsauuaefing aenndseiuauiduves Bellos and Tzivanidis (2017) Ynauanisifiu
Uszdviznimeesiginsussfuarsdunid  saufumsvhanudukazaudeu (Trigeneration) Tngldans
¥i9u 8 win 'lum*svmaaumqwn'ﬁﬁwws"mﬁmmzau Mohammadi et al. (2017) dynausmsiiasiz
aussauzszuuiiaiy aufeu wagluirfuduiiuanuassruuviiauibusuudale
Bounkhamxiong et al. (2017) Tinswvivssdnsamdundsuuadnigesivesiginsushuaisdunid
swfussuwihAubuluugandu Chaiyat et al. (2017) ﬁuauagduwmsxﬁuﬂisﬁw'ﬁmwn'ﬁv‘hmu
vovipdnsussAuansdurdd Mmessuvhenudunuugandu Tasmsangaumgiianmiauvenaissniuuiy
uafflénudn annsafiuyssavinmeesigdnsussdumsdundidussnn 7.22% wavdununisudnlnin
siomaeiiu 0.1088 USD/KWh )

RNNMsAnwINUITeTeRy wuln ﬁalﬂﬂmﬁiﬂlﬂﬁnauamsvnyuuwn‘m‘iwmﬁmmxau'luﬁw
isngmanindsnuuaziBnisesl veeiginsussfuasdunidiuiussuvhaudunuugandu Tasans
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viawildlutpdnsusiAuansdurid Ae R245fa  warssuvvhmubusuugandy  Ae  datsavans
worlanile-vh (Ammonia-water solution, NH;-H,0)
nquijiiieatos

1. i9dnsusefuasdunid

TpdnsusshuansBuniduseneuluiae 5 gunsaindn fie Huensviu (Refrigerant pump) siwthil
wudsummhaukasiummduliuissuy wiedu (Boilen vmhiidomarwieuliurarsihelu
2UU Ay (Turbine) vhwihildumaniisefuirdssiudninituiiondnlnih indosdudelriwiviiingn
ol uazindesmauntiy (Condensen) vimthilszuismiudsusenganmizmouen fuandluguil 1 &
annsedaseimussdvnniundusandnisesivesiginsussuasduridfuansuaunmsi 1
uar aunsi 2

W —-—
n=——r" L w
QB
Y= @
EB
Riler (BT
T @B Tw
2
GCRMAa
Refrigerart
l purp (¥
A 1

) ° v u a a ac
EU'VI 1 BHUNINAITYINIUYBIIYINTHIIAUAITOUNTY

2. ssuuiharudusuuganiu
o o - v, « w o < o v du
ssuuianaduuuuganduuseneuludae 7 guasaindn fie lauwweisines (Generator) imthiisu
aufoudinunamduauieuasdiemamuieuiilafuiingsyuu iniesnruuiiu (Condenser) vin
- ) o < o el o o
wihiisuigmnuieusenganniznisuen @@ (Expansion valve) iwtifiansvduaiusiuves
o ' i o Y v '
arsvihaulinssuy in3essume (Evaporaton) vimihiisuawieusnatsusnidngizuy weueeinues
o v_a - o - v
(Absorber) iwthilganduasvaniluanuslefilmassnnaniedosssimels naneituveumadluguves
asazany  Uuarsazane (Solution pump) vmthimudsuasinunasiiuanuiuliunssuy uay

358




120

a ¥4
miﬂszqu'zmmsszﬁumﬁ IAMBEST A3 3
The 3° National Conference on Informatics, Agriculture, Management,
Business Administration, Engineering, Science and Technology ELELLL

_.w

gunsaiuaniuAsuauiou (Heat exchangen) vmiiidnewmanudeuninvedlvagumgiigeludwesiva
gamaiin dauanslugudl 2 Fawnselrssimauyseansaussousimundinuuasidnigasivesssuuyi
Andusugandu dwansluaunsi 3 uazaunisi 4
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3. MIATIwRBATUgAans

MslATevisuYuNsHaR I RoMIed NG (Levelized energy cost; LEC) uasfuyunswan
Irtihromiiedudniensd (Levelized exergy cost; LExC) anunsaussidiuldainiedesne q wu e
Smndauan snenidevessuims Adule wasddelonia Wudu Feamnseliessifunumsnanlvin
sombesuansaunisi 5 wavaunsii 6 Aeluil

w5 PEC
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5 WVhosron™ “towte .
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1. afvuuudaemadamanivesipinsusiduasdunid Taodoulvdusuililunsinnei
Faseluil

1) asviu fie R-245fa

2 Vnamnwdouiivsiadu (Qp) Wity 180 kw

3)  gumgithouiitoudiginsussiuansBunis (T,y,) wiiu 80-120 °C

4) qmwn‘,ﬂﬁﬁxmam'\u%auvﬂ"lLﬂfiaqm'uu.ﬁu (Tew,) wiriu 32 °C

5)  gaumgiidwinden (Tuy) Wity 28°C

6) 'E'(’ﬂmmsv'hmwaﬁ'ginsuiqﬁumsﬁuw‘iévfaﬂ (top) WU 8,400 h/y (Chaiyat et al., 2017)

7) autRvesasviinuiianiazeine 4 $dnlusunsy Refprop (NIST, 2018)

2. aauuuhassadamansvssssuuimudusuugandu Teodeuludusuililunisiinsed
finswieluil

o fasvha Ae asazaouesluiiy-th

. ‘t'i'ﬂmmsﬁwm‘umswuv‘hmwtﬁuuuuqmﬁudaﬂ Wiy 8,400 h/y (Chaiyat et al. 2017)

e davdunisiva (Flow ratio, FR) lailiu 20 (Chaiyat and Kiatsiriroat. 2011)

3. Ansgiduunandainihdeniedundinuuandnessd veepinsussduansduvddsiu
srunhmndusvugandusuud 1 duandugui 3

4. Anmgiununisudnliihdemizedundinuuandnigesd vesipinsussduasduridiauiu
sunhmudusuugeanauuuud 2 duanduguil ¢

5. Ansziduunskaainihronbefundinusasdneesd veeiginsusshumsBuniduiu
srunhmsdusuuganauuuui 3 fuanduguil 5

6. Wisuigusuvunsuaniwiveniedundanuuadnigesd veeipinsusdumsdunidsuiu
szunimduiuuganduresusiasguiuy Wednnfinnsamnguuuumsinunusaiivanzauiie
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mamsSeuiiieuszuumaihanuiaum 3 sUuuu

s @ uamuamsuﬁﬂmﬁauqmwnﬁmsﬁ‘muu?nmmqaanvmm’?mmuuu'u i amunﬁqaﬁ
1(Ty) waaamnsusmvmsauwsaiqunusvuumm’mwuwummﬂaum 3 qUuuy Tﬁaamwnumsauwﬂau
qunsyuuag'lu-m 80-120°C mailéwu 1 3 suuvuiigamgdansyenuiduduit 35°C wiiy logamgd
ihfeuittiouliurisy 'uumuawuama‘lwamunumsmﬂwmsﬂu.mm 1 uay 2 fifadunuludaed
mqqaﬂﬂivmm 45.66°C uaw 46.14°C auadu uaﬂumonaunuamwnumswmwmsdu.uuw 3 anas
maqmnhmmeNavﬂmmnswummwmuwu'umﬂnawma'lumss"mammsauvumsaamuuuwang
Snausehuasdunid Seiiariligamgliansviuvesguuuit 3 anadlaeiirviagauszinm 30.96°C

5Ui 8 (b) uamsmansSeuifiuihadliihiindaldndiuresigdnsusdumsdunid safussuy
uuvugendus 3 JUuuy raitldnudn ilegamgihieuiteuliunssuuiiuiudamalimiewa
{]mqmnwuaqmﬂLauwaﬁmmanu.matuvmumLauwﬂau'lwunmsmmuu.uuumm Jovihiauildan
sruuiimndunaludae umn']aa‘lﬂﬁw{]aulwun\']uumtwwu iesnthszuieawieuiidails
gumgilarsinusasauduiivenannieionivutivanas dewaldidsinihideuliunduiidanniu
sauansluzuil 8 () erummsunnamdusliiuduyhiumwsilumiosurssssuy

Ui 8 () uansmamsFsuifisuUsEansamiundsuuandnisedd vestginsusshumsdunis
Tufussuwhmdusuugandu saflinud gUuuu 3 aunsadassdvsnmdundsnuuandnioes
3 'um1gansuioﬂumiawiﬂﬂuumLaaUUnmm 10.46% uaz 18.01% mwawy luvasiiguuuud 2
fifnRduysanm 9.38% uas 16.17% audiu u.adﬂu.uuvu 1 fifadeUseinm 9.52% uaz16.41%
AU wazdawudn §Uumm 1 uag 2 uJus.,'uunﬁwmus’mu.uumwanlﬂﬂﬂuazmmﬁu (Combined
cooling and power, CCP) ﬁ'quam'lug'uﬁ 8 (o) Wlevmsliassivssansnmnsudnlnihs ey
wuh JUuLLil 1 fivssAvBninundsnuuandnisesdiiutuiu 25.80% uas 50.45% auddy Tuuoss
figUuuudl 2 Sewviniu 19.76% uaz 42.60% sy
uansiAnsiduATegANEnS

lunsliensianududmisduasvgmanivesnisuaalniion Yginsussduansdunidsuiy
ssuuihmudusuuganiu tnesiasiBuavesusarguuuuduanddumsed 1 uarguit 10 wam
nansFeuiisuiunumsuanitihvemieiunduusasdnigesd vesipinsussduarsdunidsmiu
ssuuhanuduiuugandu. wuih gusuumahoauiiivensaniae Ae uuuui 1 Tesiiddunums
wanliihwiomheiundsnuuandniveiiiniu 3.8 ua 16.08 Bath/kwh sudhsiu luvaiiguuuudl 2
fiewiifu 4.06 way 1855 Bath/kWh sudidu wasgusuud 3 fidwiniy 4.93 way 2209 Bath/kWh
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Descriptions ; Model 1 Model 2 Model 3
Power production (Wopc system+ Qe.cw) [KW] 41,01 32.05 18.75
Power production [kWh/y] 344,484 269,220 157,500
Cost of the ORC unit1 [Baht] 1,712,686 1,705,609 1,765,109
Cost of the absorption system2 [Baht] 504,954 453,524 200,000
Operating time (top) (h/y] 8,400 8,400 8,400
Cost of piping and housing [Baht] ; 1,000,000 1,000,000 1,000,000
Operating and maintenance cost* [Baht/y] 85,634 85,280 88,256
Discount rate” (r) [%] 712 7.12 7.12

Life time (n) [y] 20 20 20

Remark : 'Referred cost of the ORC from Nattapom, (2560), “Referred cost of the Absorption chiller from Chaiyat et al. (2017)
“Referred the operating time from Chaiyat et al. (2017), "Calculated at 5% of the ORC cost,
*Referred the discount rate from Krungthai Bank online (accessed 05 March 2018)
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j‘l]’ll 10 nan1sw3sy Lﬁuumwgumsuamﬁmwm giuNdsuLazIdnweiIvesaRNaIIUTM

, a3
NnuanITasmeadnmanivesipinsusiduasdunidilléasviu e R-245f saufuszuui
mudusuuganduiiligansasaensnlinie-vh aunseagUld

1) dunumandnlisemheiundinusandnessd vesiginsussduansdunidhutuszuuri
Auduuvuganduzusuuil 1 fiRinfu 3.48 uaz 16.08 Bath/kWh smaidhify

2) dunumsuaniihremieimundinuuandnigesd veeipinsusiAuasdunidiwiuss vuih
amuunvuganduguiui 2 fidwinfu 4.06 uas 18.55 Bath/kWh mudady

3) sunumsndalvidomieiundinuuandnieesd vesiginsussuasduriidiuiussuui
adunuugenduguuuui 3 fiswiniu 4.93 way 22.09 Bath/kWh nuddy
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tigns loegd. mavhaudeuiianduiiu (Waste heat recovery). Insndundssmumauny smninerdowils
dninfaviaminendowld Ruiadeit 4 unsien we. 2560,

igns leegd. waluladwdsauanuiouldfian (Geothermal energy technology). Anendumwdenu
naunu avinendowld dninfaiiminendowils, faindd 6 unsieu we. 2560.

sumsnyelneg. Sanmenideiuliauide. soulavihttp://www.ktb.co.th/Download/rateFee/
RateFeeDownload_4161loan_16_05_60.pdf, Witadle : 05 fiuneu 2561.

Bounkhamxiong Navongxay, 1gws lvegnd dnswus n”mﬂué‘haqa waz ¥3lsed ledu. 2018. msTiaseyt
UseAvBnmenundsnunasdnieeiivesiginsusshuansduridsaniussuurhanudusuugandu,
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Xangpheuak Inthavideth uastigws lysgd. 2016, n1sTiasizvaussauzmsMuYesiginsusedu
asBuridsmfussuumanuusuugandu, desmstiemdummsiousazinalugunsaiiny
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A Absorber

AB ' Absorption
Amb Ambien

B Boiler

C Condenser

cw Cooling water
EX Exergy

E Evaporator

Tur Turbine

e Electric

G Generator

HW Hot water

HX Heat exchanger
H Hight

i Inlet

- Low

o Outlet

OP Operating time
ORC Organic Rankine cycle
P Pump

ref Refrigerant

SP Solution pump
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