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บทคัดย่อ  
  

งานวิจัยนี้ได้ท าการวิเคราะห์พลังงานและเอ็กเซอร์จี ของวัฏจักรแรงคินสารอินทรีย์

ร่วมกับระบบท าความเย็นแบบดูดกลืน โดยระบบการท างานร่วมดังกล่าวประกอบด้วย 3 รูปแบบ คือ 
รูปแบบที่ 1 ใช้ระบบท าความเย็นแบบดูดกลืนมาระบายความร้อนแทนเครื่องควบแน่นในวัฏจั กร

แรงคินสารอินทรีย์ รูปแบบที่ 2 ใช้ระบบท าความเย็นแบบดูดกลืนมาลดอุณหภูมิสารท างานบริ เวณ
ทางออกของเครื่องขยาย และรูปแบบที่ 3 ใช้ระบบท าความเย็นแบบดูดกลืนมาลดอุณหภูมิสารท างาน
ก่อนเข้าเครื่องควบแน่น และใช้น้ าเย็นระบายความร้อนร่วมกับหอระบายความร้อนที่เครื่องควบแน่น  

ซ่ึงสารท างานที่ใช้ในวัฏจักรแรงคินสารอินทรีย์ คือ R-245fa และคู่สารท างานที่ใช้ในระบบท า ความ
เย็นแบบดูดกลืน คือ สารละลายน้ า-ลิเธียมโบรไมด์และสารละลายแอมโมเนีย-น้ า จากผลการศึกษา

พบว่า รูปแบบที่ 1 ที่ใช้สารละลายน้ า-ลิเธียมโบรไมด์ มีประสิทธิภาพด้านพลังงานและเอ็กเซอร์จี  
ของวัฏจักรแรงคินสารอินทรีย์ร่วมกับระบบท าความเย็นแบบดูดกลืนเท่ากับ 7.04% และ 11.88% 
ประสิทธิภาพด้านพลังงานและเอ็กเซอร์จีของการผลิตไฟฟ้าร่วมความเย็นมีค่าเท่ากับ 18.57% และ 

42.20% ต้นทุนการผลิตไฟฟ้าต่อหน่วยด้านพลังงานและเอ็กเซอร์จีเท่ากับ  2.08 Baht/kWh และ 
8.62 Baht/kWh ตามล าดับ ใช้สารละลายแอมโมเนีย-น้ า มีประสิทธิภาพด้านพลังงานและเอ็กเซอร์จี  

ของวัฏจักรแรงคินสารอินทรีย์ร่วมกับระบบท าความเย็นแบบดูดกลืนเท่ากับ 7.37% และ 12.56% 
ประสิทธิภาพการผลิตไฟฟ้าร่วมความเย็นด้านพลังงานและเอ็กเซอร์จีมีค่าเท่ากับ  13.93% และ 
31.20% ต้นทุนการผลิตไฟฟ้าต่อหน่วยด้านพลังงานและเอ็กเซอร์จีเท่ากับ  3.13 Baht/kWh และ 

11.33 Baht/kWh ตามล าดับ 

รูปแบบที่ 2 ที่ใช้สารละลายน้ า-ลิเธียมโบรไมด์มีประสิทธิภาพด้านพลังงานและเอ็กเซอร์จี 
ของวัฏจักรแรงคินสารอินทรีย์ร่วมกับระบบท าความเย็นแบบดูดกลืนเท่ากับ 7.02% และ 10.46% 

ประสิทธิภาพด้านพลังงานและเอ็กเซอร์จีของการผลิตไฟฟ้าร่วมความเย็นมีค่าเท่ากับ 14.43% และ 
31.91% ต้นทุนการผลิตไฟฟ้าต่อหน่วยด้านพลังงานและเอ็กเซอร์จีเท่ากับ  2.87 Baht/kWh และ 
10.73 Baht/kWh ตามล าดับ ใช้สารละลายแอมโมเนีย-น้ า มีประสิทธิภาพด้านพลังงานและเอ็ก เซอร์

 



 D 

จ ีของวัฏจักรแรงคินสารอินทรีย์ร่วมกับระบบท าความเย็นแบบดูดกลืนเท่ากับ 7.23% และ 12.24% 
ประสิทธิภาพการผลิตไฟฟ้าร่วมความเย็นด้านพลังงานและเอ็กเซอร์จีมีค่าเท่ากับ  13.93% และ 

31.20% ต้นทุนการผลิตไฟฟ้าต่อหน่วยด้านพลังงานและเอ็กเซอร์จีเท่ากับ  3.63 Baht/kWh และ 
12.97 Baht/kWh ตามล าดับ 

รูปแบบที่ 3 ที่ใช้สารละลายน้ า-ลิเธียมโบรไมด์มีประสิทธิภาพด้านพลังงานและเอ็กเซอร์จี  

ของวัฏจักรแรงคินสารอินทรีย์ร่วมกับระบบท าความเย็นแบบดูดกลืนเท่ากับ 7.21% และ 13.10% 
ประสิทธิภาพการผลิตไฟฟ้าร่วมความเย็นด้านพลังงานและเอ็กเซอร์จีมีค่าเท่ากับ  7.13% และ
10.61% ต้นทุนการผลิตไฟฟ้าต่อหน่วยด้านพลังงานและเอ็กเซอร์จีเท่ากับ  4.18 Baht/kWh และ 

17.70 Baht/kWh ตามล าดับ เม่ือใช้สารละลายแอมโมเนีย-น้ า มีประสิทธิภาพด้านพลังงานและเ อ็ก
เซอร์จี ของวัฏจักรแรงคินสารอินทรีย์ร่วมกับระบบท าความเย็นแบบดูดกลืนเท่ากับ  8.46 และ 

14.36% ประสิทธิภาพการผลิตไฟฟ้าร่วมความเย็นด้านพลังงานและเอ็กเซอร์จีมีค่าเท่ากับ  8.38% 
และ  12.51% ต้นทุนการผลิตไฟฟ้าต่อหน่วยด้านพลังงานและเอ็กเซอร์จีเท่ากับ  4.53 Baht/kWh 
และ  15.35 Baht/kWh ตามล าดับ รูปแบบการท างานร่วมที่เหมาะสมที่สุด  คือ รูปแบบที่ 1 ที่ใช้

สารละลายน้ า-ลิเธียมโบรไมด์ ซ่ึงเป็นรูปแบบที่มีต้นทุนการผลิตไฟฟ้าต่อหน่วยด้านพลังงานและเ อ็ก
เซอร์จี ต่ าที่สุด 

 

ค าส าคัญ : วัฏจักรแรงคินสารอินทรีย์ ระบบท าความเย็นแบบดูดกลืน ประสิทธิภาพด้านพลังงาน
และเอ็กเซอร์จี ต้นทุนการผลิตไฟฟ้าต่อหน่วยด้านพลังงานและเอ็กเซอร์จี แบบจ าลองทาง
คณิตศาสตร์ 
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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-245fa is selected as working 
fluid of the ORC system, while the absorption system uses water -lithium bromide 
solution (H2O-LiBr) and ammonia-water solution (NH3-H2O), respectively. From the 

study results of H2O-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 elect ric cost 
(LExC) were 2.08 Baht/kWh and 8.62 Baht/kWh, respectively. NH3-H2O 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 H2O-

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. 
NH3-H2O solution, energy and exergy efficiencies illustrated 7.23% and 12.24%, while 

 



 E 

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 H2O-

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. NH3-H2O 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 H2O-
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/kgK) 
Ė    exergy (kW) 

h     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) 

ṁ    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/kgK) 
SC    sub cooling (oC) 

SH    superheating (oC) 
T    temperature (oC) 
t    working time per year (hour/y) 

W net electricity production volume of the ORC system 
(kW) 

X    concentration (%) 
 
 

 



 Q 

Greek symbols 

ɳ    thermodynamic efficiency (%) 

ψ    exergy efficiency (%) 

ν    specific volume (m3/kg) 

    density (kg/m3) 
 

Subscript 
 

A    absorber 

AB    absorption  
B    boiler 

C    condenser 
Carnot    carnot 
CW    cooling water 

c    cooling 
E    evaporator 

Ex    exergy 
Exp    expander 
G    generator 

HW    hot water 
HX    heat exchanger 

H    high 
i    inlet 
o    outlet 

P    pump 
ref    refrigerant 
s    isentropic 

sp    solution pump 
th    thermodynamic 
 

Abbreviation 
 

AEDP     alternative energy development plan 



 R 

CHP    cooling heating and power 
HS    heat source 

LiBr    lithium bromide 
LPEC    maintenance costs 

NH3    ammonia 
ORC    organic Rankine cycle 
PEC     production electricity cost 

TIEB     Thailand integrated energy blueprint 
PTORC parallel double cascade-evaporator organic Rankine 

cycle 
STORC   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 
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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 
 

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

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

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

refrigeration. 
 

Scope of research 
 

1. Power generation system is the ORC system. 

2. Working fluid of the ORC system is R-245fa. 
3. Refrigeration system is the absorption system. 

4. Working fluid pairs of the absorption refrigeration are water-lithium bromide 
solution (H2O-LiBr) and ammonia-water solution (NH3-H2O). 

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

models. 
6. Heat source of the ORC system is free cost energy. 

 

Expected benefits 
 

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

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

refrigeration. 
3. 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). 

 

 
 

Figure 2 The Carnot cycle. 
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temperature (TH) because the heat input to the system. The second process is an 
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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: 
 

ɳcarnot = [(TH – TL) / TH] × 100 = [1– (TL / TH)] ×100 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). 
 

 
 

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: 
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 Energy balance 
 

∑Qi + ∑ṁi hi = ∑Qo + ∑ṁo ho  equation 2 
 

 Mass balance 
 

∑ṁi = ∑ṁo = 0  equation 3 
 

 Boiler 
 

   Energy balance at boiler (energy in = energy out) 
 

QB + ṁ2 h2 = ṁ3 h3 
 

QB = ṁ3 h3 – ṁ2 h2   equation 4 
 

Mass balance at boiler (mass in = mass out) 
 

ṁ2 = ṁ3 = ṁref  equation 5 
 

QB = ṁref (h3 – h2)  equation 6 
 

 Expander 
 

Energy balance at condenser (energy in = energy out) 
 

ṁ3 h3 = Wexp + ṁ4 h4 
 

WExp = ṁ3 h3 – ṁ4 h4  equation 7 
 

Mass balance at boiler (mass in = mass out) 
 

ṁ3 = m4 = ṁref    equation 8 
 

WExp = ṁref (h3 – h4)  equation 9 
 

 Condenser 
 

Energy balance at condenser (energy in = energy out) 
 

QC + ṁ4 h4 = ṁ1 h1 
 

QC = ṁ4 h4 – ṁ1 h1 equation 10 
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Mass balance at boiler (mass in = mass out) 
 

ṁ4 = ṁ1 = ṁref  equation 11 
 

QC = ṁref (h4 – h1) equation 12 
 

 Pump 
 

WP = (PH  – PL) ṁref   ν1 / ɳsp equation 13 
 

 Thermal efficiency of the ORC system 
 

ɳth = ([WExp – WP] / QB) × 100 equation 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 
 

ĖB = ṁref (h3 – h2 – T0 [S3 – S2]) equation 15 
 

 Exergy of expander 
 

ĖExp = ṁref (h3 – h4 – T0 [S3 – S4]) equation 16 
 

 Exergy of condenser 
 

ĖC = ṁref (h4 – h1 – T0 [S4 – S1]) equation 17 
 

 Exergy of pump 
 

ĖP = ṁref (h2 – h1 – T0 [S2 – S1]) equation 18 
 

 Exergy efficiency of the ORC system 
 

ψORC= ([ĖExp  – ĖP] / ĖB) × 100 equation 19 
 

Where: 
 

ĖB = QB (1– [T0 / THW,i]) equation 20 
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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.  
 

 
 

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 
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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: 
 

 Energy balance 
 

∑Qi + ∑ṁi hi = ∑Qo + ∑ṁo ho equation 21 
 

 Mass balance 
 

∑ṁi = ∑ṁo = 0 equation 22 
 

 Concentration balance 
 

∑ṁi Xi = ∑ṁo Xo = 0  equation 23 
 

 Generator 
 

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

QG + ṁ7 h7 = ṁ1 h1 + ṁ8 h8, 
 

QG = ṁ1 h1 + ṁ8 h8 – ṁ7 h7 equation 24 
 

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

ṁ7 = ṁ1 + ṁ8 equation 25 
 

Concentration balance of solution (concentration in = concentration out) as: 
 

Water-Lithium bromide solution (H2O-LiBr) 
 

ṁ7 X7 = ṁ8 X8, (X1 = 0) X = % Lithium bromide equation 26 
 

From equation 25 and equation 26 as: 
 

(ṁ1 + ṁ8) X7 = ṁ8 X8 
 

ṁ1 X7 + ṁ8 X7 = ṁ8 X8 

ṁ1 X7 = ṁ8 X8 – ṁ8 X7 
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ṁ1 X7 = ṁ8 (X8 – X7) 
 

ṁ8 = ṁ1 X7 / (X8 – X7), (X8 > X7) equation 27 
 

ṁ7 = ṁ1 X8 / (X8 – X7), (X8 > X7) equation 28 
 

Ammonia-Water solution (NH3-H2O) 
 

ṁ7 X7 = ṁ1 X1 + ṁ8 X8, X = % Ammonia equation 29 
 

From equation 26 and equation 27 as: 
 

(ṁ1 + ṁ8) X7 = ṁ1 X1 + ṁ8 X8 
 

ṁ1 X7+ ṁ8 X7 = ṁ1 X1 + ṁ8 X8 
 

ṁ8 X7 – ṁ8 X8 = ṁ1 X1 – ṁ1 X7 
 

ṁ8 (X7 – X8) = ṁ1 (X1 – X7) 
 

ṁ8 = ṁ1 (X1 – X7) / (X7 – X8), (X1 > X7 > X8) equation 30 
 

ṁ7 = ṁ1 (X1 – X8) / (X7 – X8), (X1 > X7 > X8) equation 31 
 

 Condenser 
 

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

ṁ1 h1 = QC + ṁ2 h2 
 

QC = ṁ1 h1 – ṁ2 h2 equation 32 
 

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

ṁ1 = ṁ2 = ṁref equation 33 
 

QC = ṁref (h1 – h2)  equation 34 
 

 Pump 
 

Wp = (PH,AB – PL,AB) ṁ2 ν2 / ɳsp equation 35 
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 Evaporator 
 

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

ṁ3 h3 = QE + ṁ4 h4 
 

QE = ṁ4 h4 – ṁ3 h3 equation 36 
 

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

ṁ4 = ṁ3 = ṁref equation 37 
 

QE = ṁref (h4 – h3)  equation 38 
 

 Absorber 
 

QA  = ṁ4 h4 + ṁ10 h10 – ṁ5 h5 equation 39 
 

Concentration balance of solution (concentration in = concentration out) as: 
 

Water-Lithium bromide solution (H2O-LiBr) 
 

ṁ5 X5 = ṁ10 X10 equation 40 
 

Ammonia-Water (NH3-H2O) 
 

ṁ5 X5 = ṁ4 X4 + ṁ10 X10 equation 41 
 

 Solution pump 
 

Wsp = (PH,AB – PL,AB) ṁ5 ν5 / ɳsp equation 42 
 

 Heat exchanger 
 

QHX = ṁ6 Cp8 (T8 – T9) = ṁ6 Cp6 (T7 – T6) equation 43 
 

 The coefficient of the performance, (COP) 
 

COPAb = QE / (QG + Wsp) equation 44 
 

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

is obtained destruction in the each component as follows: 
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 Exergy of the generator 
 

ĖG = ṁ7 (h7 – T0 S7) – ṁ8 (h8 – T0 S8) – ṁ1 (h1 – T0 S1) + QG (1– [T0 / TG])
 equation 45 

 Exergy of the condenser  
 

ĖC = ṁref (h1– h2 – T0 [S1 – S2]) equation 46 
 

 Exergy of the expansion valve 
 

Ėv = ṁref T0 (S2 – S3)  equation 47 
 

 Exergy of the evaporator 
 

ĖE = ṁref (h4 – h3) – T0 (S4 – S3) + QE (1– [T0 / TE]) equation 48 
 

 Exergy of the absorber 
 

ĖA  = ṁ4 (h4 – T0 S4) + ṁ10 (h10 – T0 S10) – ṁ5 (h5 – T0 S5)  equation 49 
 

 Exergy of the solution pump 
 

Ėp = ṁref (h6 – h5 – T0 [S6 – S5]) equation 50 
 

 Exergy of the heat exchanger  
 

ĖHX = ṁref (h6 – h7) – T0 (S6 – S7) + ṁref (h8 – h9) – T0 (S8 – S9)  equation 51 
 

 Exergy of the pressure reducing valve 
 

Ėv = ṁref T0 (S9 – S10) equation 52 
 

 Exergy coefficient of the performance 
 

COPEX-AB = ĖE / (ĖG + ĖP) equation 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 
(WORC,system), power output of the absorption refrigeration (QE ,CW), production electricity 
costing (PECORC-AB), the operating time (tOP), discount rate (r) and the ORC life time (t) 

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



 15 

 
 

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 

to 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 H20-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 
oC 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 oC 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) 
 

 
 

Figure 9 Schematic diagram of absorption system combined with ORC. 
Source: Chaiyat et al. (2017) 



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 
10. 

 
 

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 (THW,i) is 80-

120 oC, 

 Hot water temperature different and working fluid in boiler (∆THW-ref) is 3 oC, 

 Water temperature different inlet and outlet of boiler (∆THW) is 15 oC, 

 The cooling water temperature entering to the condenser is constants (TCW,i) 32 
oC,  

 Cooling water difference inlet and outlet in condenser (∆TCW) is 5 oC,  

 Cooling temperature different and working fluid of condenser (∆TCW-ref) is 3 oC, 

 Temperature of ambient is considered to be (TAbm) 28 oC, 

 Isentropic efficiency of expander (ɳS,Exp) is 85 %,  

 Isentropic efficiency of pump (ɳS,P) is 85 %,  

 Efficiency of generator (ɳG) is 85 %, 

 Superheating (SH) is 10 oC, 

 Sub cooling (SC) is 5 oC. 
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Figure 11 Energy diagram mathematical modeling of the ORC system. 

Start

THW,i,TCW,i

Condenser
T1 = Tc – SC

h1 = f(T1)
n = f(T1)
S1 = f(T1)

Temperature
TB = THW,i  – ∆THW – ∆THW-ref
TC = TCW,i + ∆TCW + ∆TCW-ref

Pressure
PH = f(TB)
PL = f(TC)

Boiler
T3 = f(TB + SH)

h2' = f(TB)
h3' = f(TB)

h3 = f(TH,TB + SH)
S3 = f(PH,TB)

Refrigerant
S2s = S1

h2s = f(PH,S2s)
h2 = f(h2s – h1) / hSP

T2 = f(PH,h2)

Mass
ṁref  = ṁ1= ṁ2= ṁ3= ṁ4

ṁref  = QB / (h3–h2s)  

Heat pump
2  = f(T2)

H = f(PH / g) / 1000

Expander
S4s = S3

T4 = f(PL,TB + SH)
h4s = f(PL,TB)

h4 = h3 – hExp (h3 – h4s)
S4 = f(PL,h4)

Vapor quality
Sf,c = f(Tc)
Sg,c = f(Tc)

Sfg = Sg,c – Sf,c
qv4 = (S4 – Sf,c) / Sfg

Energy balance
QB = ṁref (h3 – h2)
QC = ṁref (h4 – h1)

WP = (PH  – PL) ṁref  ν1 / hsp
WExp = ṁref (h3 – h4)

Energy efficiency of the ORC system
hORC = ((WExp– WP) / QB) × 100

End

Refrigerant, ∆THW-ref, TCW-ref, T0, SH, SC, hSP,hExp
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Figure 12 Exergy diagram mathematical modeling of the ORC system. 

Start

THW,i,TCW,i

Condenser
T1 = Tc – SC

h1 = f(T1)
n = f(T1)
S1 = f(T1)

Temperature
TB = THW,i  – ∆THW – ∆THW-ref
TC = TCW,i + ∆TCW + ∆TCW-ref

Pressure
PH = f(TB)
PL = f(TC)

Boiler
T3 = f(TB + SH)

h2' = f(TB)
h3' = f(TB)

h3 = f(TH,TB + SH)
S3 = f(PH,TB)

Refrigerant
S2s = S1

h2s = f(PH,S2s)
h2 = f(h2s – h1) / hSP

T2 = f(PH,h2)

Mass
ṁref  = ṁ1= ṁ2= ṁ3= ṁ4

ṁref  = QB / (h3–h2s)  

Heat pump
2  = f(T2)

H = f(PH / g) / 1000

Expander
S4s = S3

T4 = f(PL,TB + SH)
h4s = f(PL,TB)

h4 = h3 – hExp (h3 – h4s)
S4 = f(PL,h4)

Vapor quality
Sf,c = f(Tc)
Sg,c = f(Tc)

Sfg = Sg,c – Sf,c
qv4 = (S4 – Sf,c) / Sfg

Exergy balance
ĖB  = ṁref (h3 – h2 – T0 [S3 – S2])
ĖC  = ṁref (h4 – h1 – T0 [S4 – S1])
ĖP = ṁref (h2 – h1 – T0 [S2 – S1])
ĖExp = ṁref (h3 – h4 – T0 [S3 – S4])

ĖB  = QB (1 – [T0 / THW,i])

Exergy efficiency of the ORC system
ψEX-ORC = (( ĖExp– ĖP) / ĖB) × 100

End

Refrigerant, ∆THW-ref, TCW-ref, T0, SH, SC, hSP,hExp
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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 kWe 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
t 

State 1 State 2 State 3 State 4 

Hot water inlet (THW,i) °C 116.00 107.80 97.00 88.90 

Hot water outlet (THW,o) °C 89.80 81.00 75.00 77.80 
Heat source capacity (QB) kW 243.20 248.20 203.40 188.30 

Cool water inlet (TCW,i)  °C 28.00 28.00 28.00 28.00 

Cool water outlet (TCW,o)  °C 35.00 35.00 35.00 35.00 
Condenser temperature (TC) °C 37.00 37.00 37.00 37.00 

Heat sink capacity (QC)  kW 219.00 215.60 210.90 211.00 
Expander inlet pressure (PHigh)  kPa 1097.10 1120.00 1074.00 811.30 

Expander inlet temperature (T1) °C 93.70 94.60 92.80 85.70 
Expander outlet pressure (PLow)  kPa 227.41 227.40 227.00 239.30 
Expander outlet temperature (T2)  °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 (WOP) kW 1.40 1.40 1.40 1.40 

Lift temperature (THW,i - TCW,i)  °C 88.00 79.80 69.00 58.80 
Cycle power (WORC)  kW 21.50 21.36 16.70 9.00 

Cycle efficiency (hORC)  % 8.73 8.49 8.11 4.71 
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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 (H2O-
LiBr) and the ammonia-water solution (NH3-H2O) also programed and developed. 

 The working fluid of absorption refrigeration are H2O-LiBr solution and NH3-H2O 

solution, 

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

 Water temperature different of generator of working flow is 3 oC, 

 The water temperature different of working fluid at condenser is 3  oC, 

 The water temperature different of working fluid at adsorbate is 3  oC, 

 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 oC, 

 Temperature of ambient is considered to be 28 oC, 

 Isentropic efficiency of pump is 85% and 

 The properties of the thermodynamic H2O-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 H2O-LiBr solution. 

Variable Equation Source 
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Variable Equation Source 
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Figure 13 Energy diagram mathematical modeling of the absorption refrigeration. 

Heat exchanger
CP8 = f(X8, T8) 

T6 = T5 
CP6 = f(X6, T6) 

Qmax = (ṁ CP)min (T8 – T6)
Qact = Qmax εHX

T9 = T8 – [Qmax / (ṁ CP)8]
T7 = T6 – [Qmax / (ṁ CP)6]

h9 = f(X9 + T9)
h7 = f(X7 + T7)

Start

Condenser
T2 = TC – SC
h2 = f(T2,PH)

h3 = h2
Tmin = f(X,Tc)

Temperature
TA = TCW,I + ∆TCW

 TC = TCW,I + ∆TCW + ∆TCW-ref
 TE = TCW,E,i –  ∆TCW,E – ∆TCW-ref
 TG = T4 – ∆TR-245fa – ∆TR-245fa-ref

Pressure
PH = f(TC)
PL = f(TE)

Generator
T1 = TG 
T8 = TG 

H1 = f(T1,PH)
X8 = X9  = X10
h8 = f(X8,T8)

Evaporator
T4 = TE + SH

h4 = f(T4)
X4 = X1 = X2 = X3

Absorber
T5 = TA 

X5 = X6 = X7
h5 = f(X5 + T5)

Mass balance 
ṁ4 = QE / (h4 – h3)
ṁ4 = ṁ1 = ṁ2 = ṁ3 

ṁ4 = ṁ4 (X1 – X7) / (X7 – X8)
ṁ8 = ṁ9 = ṁ10 
ṁ7 = ṁ1 + ṁ8
ṁ7 = ṁ6= ṁ5

Solution pump
∆P = (PH – PL) 
2= f( X5, ∆P)
n5 = 1 / 2 

Coefficient of performance
COPAB  = [QE / (QG + WP)]

End

Heating capacity
QG = ṁ1 h1 + ṁ8 h7 – ṁ7 h7

QC = ṁ1 h1 – ṁ2 h2 
QE = ṁ4 h4 – ṁ3 h3 

QA = ṁ4 h4 + ṁ10 h10 – ṁ5 h5
ṁ7 = ṁ1 + ṁ8

WP = ṁ4ν5 (PH – PL) / ɳS,P

TR-245fa, TCW,i, εHX

H2O-Libr, NH3-H2O, SH,SC, ɳS,P
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Figure 14 Exergy diagram mathematical modeling of the absorption refrigeration. 

Heat exchanger
CP8 = f(X8, T8) 

T6 = T5 
CP6 = f(X6, T6) 

Qmax = (ṁ CP)min (T8 – T6)
Qact = Qmax εHX

T9 = T8 – [Qmax / (ṁ CP)8]
T7 = T6 – [Qmax / (ṁ CP)6]

h9 = f(X9 + T9)
h7 = f(X7 + T7)

Start

Condenser
T2 = TC – SC
h2 = f(T2,PH)

h3 = h2
Tmin = f(X,Tc)

Temperature
TA = TCW,I + ∆TCW

 TC = TCW,I + ∆TCW + ∆TCW-ref
 TE = TCW,E,i –  ∆TCW,E – ∆TCW-ref
 TG = T4 – ∆TR-245fa – ∆TR-245fa-ref

Pressure
PH = f(TC)
PL = f(TE)

Generator
T1 = TG 
T8 = TG 

H1 = f(T1,PH)
X8 = X9  = X10
h8 = f(X8,T8)

Evaporator
T4 = TE + SH

h4 = f(T4)
X4 = X1 = X2 = X3

Absorber
T5 = TA 

X5 = X6 = X7
h5 = f(X5 + T5)

Mass balance 
ṁ4 = QE / (h4 – h3)
ṁ4 = ṁ1 = ṁ2 = ṁ3 

ṁ4 = ṁ4 (X1 – X7) / (X7 – X8)
ṁ8 = ṁ9 = ṁ10 
ṁ7 = ṁ1 + ṁ8
ṁ7 = ṁ6= ṁ5

Solution pump
∆P = (PH – PL) 
2= f( X5, ∆P)
n5 = 1 / 2 

TR-245fa, TCW,i, εHX

H2O-Libr, NH3-H2O, SH,SC, ɳS,P

End

Exergy balance
ĖG = ṁ7 (h7 – T0 S7) – ṁ8 (h8 – T0 S8) – ṁ1 (h1 – T0 S1) + QG (1–[T0/TG])

ĖC = ṁref (h1– h2) – T0 (S1 – S2)
ĖE = ṁref (h4– h3) – T0 (S4 – S3) + QE (1–[T0/TE])

ĖA = ṁref (h4 – T0 S4) + ṁ10 (h10 – T0 S10) – ṁ5 (h5 – T0 S5)
ĖS,P = ṁref (h6 – h5) – T0 (S6 – S5)

ĖHX = ṁref (h6 – h7) – T0 (S6 – S7) + ṁref (h8 – h9) – T0 (S8 –S9)

Exergy coefficient of performance
COPEX-AB = [ĖE / (ĖG  + ĖSP)]
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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: 
 

hOverall = (WExp + QE / [QB + WP + WSP]) equation 57 
 

Overall = (ĖExp+ĖE / [ĖB+ ĖP + ĖSP]) equation 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: 
 

h Overall = (WExp + QE / [QB + WP + WSP]) equation 59 
 

  Overall = (ĖExp+ĖE / [ĖB + ĖP + ĖSP]) 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: 
 

hOverall = (WExp / [QB + WP + WSP]) equation 61 
 

Overall = (ĖExp  / [ĖB + ĖP + ĖSP]) 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 H2O-LiBr solution and NH3-H2O 
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 (THW,i) 

entering to the system was about 80-120 °C and the cooling water temperature (TCW,i) 
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%. 
  
 



 34 

 
 

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 (QB) was defined 180 kW. Heat capacity of the condenser (QC) 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 (WExp,e) 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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Figure 19 The heat capacity of the ORC components with hot water temperature 

entering to the system. 
 

 
 

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 

150

160

170

180

190

80 90 100 110 120

He
at

 ca
pa

cit
y 

(k
W

)

THW,i (˚C)

Boiler Condenser

0

3

6

9

12

15

18

80 90 100 110 120

Po
we

r (
kW

e)

THW,i (˚C)

Expander Pump



 36 

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. 

 

 
 

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 (WEx-exp,e) and power supply to the 
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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 kWe and power supply to the ORC pump illustrated 

around 0.41 kWe, respectively. 
 

 
 

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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Figure 23 The exergy power of the ORC system components with hot water 

temperature entering to the system. 
 

 
 

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. 
 

   

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 

H2O-LiBr and NH3-H2O solutions, which the results were shown below: 
1. Mathematical modeling of the absorption refrigeration by using the working fluid 
H2O-LiBr solution. 
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 In a H2O-LiBr vapor absorption refrigeration system, H2O was used as the 
refrigerant, while LiBr was used as the absorbent. Which the results were shown 

following: 

 Energy 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 H2O-LiBr at generator (XG=X5) was smaller for the 

absorption refrigeration starting. From the calculate results, the optimal concentration 
of the H2O-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. 

 

 
 

Figure 26 The working fluid temperature leaving the ORC expander with the strong 

solution of the H2O-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.  
 Figure 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 H2O-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 COPAB of absorption refrigeration was decreased. Which maximum of the 

COPAB was 0.945 from the working fluid temperature entering to the absorption 
generator at 57 °C. 
 

 

 
 

Figure 27 The heat capacity component of the working fluid temperature leaving the 
ORC expander. 
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Figure 28 The COPAB with the working fluid temperature leaving the ORC expander. 

 
 Figure 29 illustrates the COPAB of 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 COPAB of the system was dropped. Dou to the heat capacity of the 

generator was higher according to the heat source entering to the system. 
 

 
 

Figure 29 The COPAB with different temperature entering-leaving of the generator. 
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 Figure 30 shows the COPAB 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. 
 

 
 

Figure 30 The COPAB with the cooling water temperature entering to the system . 
 
 Figure 31 presents the COPAB 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 COPAB, it found 

that the COPAB of absorption system was increased with the effectiveness of the heat 
exchanger. 
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Figure 31 The COPAB with the effectiveness of the heat exchanger at 60-100%. 

 

 Exergy 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 COPEX-AB 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 H2O-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 COPEX-AB 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. 
 

 
 

Figure 33 The COPEX-AB with the working fluid temperatures leaving the ORC expander. 
 
 Figure 34 shows the COPEX-AB of the absorption refrigeration with different 
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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. 

  

 
 

Figure 34 The COPEX-AB with different temperatures entering-leaving of the generator. 

 
 Figure 35 illustrates the COPEX-AB of 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 COPEX-AB 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 EX-AB. 
When effectiveness of the heat exchanger increased, the COPEX-AB was drop. The 
average of the COPEX-AB was about 1.43. 
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Figure 35 The COPEX-AB with the cooling water temperature entering to the system. 

 

 
 

Figure 36 The COPEX-AB with the effectiveness of the heat exchanger at 60-100%. 
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advantage of this system was that H2O had strong affinity for NH3 and solution highly 
stable. Which the study results were shown below: 

 Energy analysis of the absorption refrigeration modeling 
 The mathematical modeling of the absorption refrigeration, NH3-H2O 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 NH3-H2O at generator (XG=X5) was smaller for the absorption 
refrigeration starting. From the simulation results, the optimal the concentration of 

weak solution of NH3-H2O was around 35-55 %NH3 and flow ratio was greater than 20 
as shown in Figure 37. Which in this study, the manufacturer’s concentration was about 

55 %NH3 for the absorption refrigeration system could be started in the low heat 
source fed to the system. 
 

 
 

Figure 37 The working fluid temperature leaving the ORC expander with concentration 
of the NH3-H2O 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. 
 

 
 

Figure 38 The heat capacity of the absorption refrigeration components with the 
working fluid temperature leaving the ORC expander. 

 

 Figure 39 illustrates the COPAB of the absorption refrigeration with the heat 
sources entering to the system. Which concentration of the NH3-H2O solution at 

generator was 55 %NH3. 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 COPAB of the absorption system was increased with the heat sources entering 

to the system. While maximum of the COPAB was 0.590 from generator temperature of 
the working fluid entering generator at around 69 °C. 

 Figure 40 presents the COPAB 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 COPAB, Which the COPAB of 

the system increased with the effectiveness of the heat exchanger. 
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Figure 39 The COPAB with the working fluid temperature leaving the ORC expander. 

 

 
 

Figure 40 The COPAB with effectiveness of the heat exchanger. 

 
 Figure 41 shows the COPAB 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 COPAB with cooling water temperature entering to the system. 
 

 Exergy 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 COPEX-AB with heat source entering to the absorption 
system. When the heat source was upgraded COPEX-AB 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 COPEX-AB was around 1.13. 
 

 

0.0

0.2

0.4

0.6

0.8

5 15 25 35 45

CO
P A

B

TCW,i ( C)



 52 

 
 

Figure 42 The exergy rate components with the working fluid temperature leaving the 

ORC expander at 57-69 ˚C. 
 

 
 

Figure 43 The COPEX-AB with the working fluid temperature leaving the ORC expander. 
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Figure 44 The COPEX-AB with the effectiveness of the heat exchanger at 60-100%. 

 
Figure 45 shows the COPEX-AB 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. 

 

 
 

Figure 45 The COPEX-AB 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 COPAB of the simulation and experiment 

of the absorption refrigeration were nearly. Which it could be explained the results, of 
the mathematical model was accreted.  

  

 
 

Figure 46 Comparisons results of the COP of simulation and experiment. 
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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 (T1) of the ORC combined with the absorption 

refrigeration of all 3 models by using H2O-LiBr solution and NH3-H2O 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 H2O-LiBr solution, 45.66 and 46.14 ˚C of NH3-H2O 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 H2O-LiBr and 

30.96 ˚C of NH3-H2O solutions. 
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Figure 48 Temperature leaving of the ORC condenser components with hot water 

temperature entering to the system: H2O-LiBr solution. 
 

 
 

Figure 49 Temperature leaving of the ORC condenser components with hot water 
temperature entering to the system: NH3-H2O solution. 
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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 H2O-LiBr 
solution and 29.89 kW (8.5 TR) of NH3-H2O solution.  

 Figure 50 and Figure 51 illustrate the energy and exergy powers output of the 
model 1 by using the H2O-LiBr solution and NH3-H2O 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. H2O-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 kWe and 12.79 kWe, respectively. While NH3-H2O solution was 

selected as working fluid for the absorption refrigeration as shown in Figure 51, the 
energy power output was 13.21 kWe and exergy power output was 13.43 kWe. When 

comparison results of the combined system by using the difference working fluid, it 
found that the energy and exergy power of NH3-H2O solution was higher that the H2O-
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: H2O-LiBr solution. 
 

 
 

Figure 51 Energy and exergy powers output of the model 1 components with hot water 
temperature entering to the system: NH3-H2O solution. 

 

 Figure 52 and Figure 53 present the relationship between the energy and exergy 
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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 kWe and 0.44 kWe of H2O-LiBr 

solution. And NH3-H2O solution was 0.44 kWe and 0.44 kWe, respectively. When 
comparison results of the combined system, it found that the energy and exergy 

powers were nearly. 
 

 
 

Figure 52 Energy and exergy powers supply to the ORC pump model 1 components 
with hot water temperature entering to the system: H2O-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: NH3-H2O solution. 
 
 Figure 54 and Figure 55 show the energy and exergy efficiencies of the ORC 

combined with the absorption refrigeration 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 H2O-LiBr solution. 
NH3-H2O 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 NH3-H2O solution was 
higher that the H2O-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: H2O-LiBr solution. 
 

 
 

Figure 55 Energy and exergy efficiencies of the model 1 components with hot water 
temperature entering to the system: NH3-H2O 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 H2O-LiBr solution. NH3-H2O solution was about 13.93% and 31.20% 

respectively. When comparison results of the combined system by using H2O-LiBr and 
NH3-H2O solutions of the working fluid in absorption, it found that the overalls energy 
and exergy efficiencies of the H2O-LiBr solution was higher that the NH3-H2O solution 

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

 

 
 

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

water temperature entering to the system: H2O-LiBr solution. 
 

5

15

25

35

45

80 90 100 110 120

h
Ov

er
al

l a
nd

 ψ
Ov

er
al

l
(%

)

THW,i (˚C)

En-mod1 Ex-mod1

ORC: R-245fa
Absorption: H2O-Libr



 63 

 
 

Figure 57 Overall energy and exergy efficiencies of the model 1 components with hot 

water temperature entering to the system: NH3-H2O solution. 
 
 From the above study results, the energy and exergy powers of NH3-H2O 

solution were higher that the H2O-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 H2O-LiBr solution was better that the 
NH3-H2O solution about 33.31% and 35.26%, respectively. 
 

2. The ORC combined with the absorption refrigeration of the model 2.  
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designed. In this model represented technique for reducing working fluid temperature 
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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 kWe and 13.19 kWe, respectively. When 

comparison results of the combined system, it found that the energy and exergy 
powers of NH3-H2O solution was higher that the H2O-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 H2O-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 kWe and 0.44 kWe, respectively. When used the NH3-H2O 
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 kWe and 0.57 kWe, respectively. 

When comparison results of the combined system, it could be seen that the energy 
and exergy powers supply to the ORC pump of H2O-LiBr solution was less that NH3-

H2O solution about 32.55% and 29.54%, respectively. 
  

 
 

Figure 58 Energy and exergy powers of the model 2 components with hot water 
temperature entering to the system: H2O-LiBr solution. 
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Figure 59 Energy and exergy powers of the model 2 components with hot water 

temperature entering to the system: NH3-H2O solution. 
 

 
 

Figure 60 Energy and exergy powers supply to the ORC pump model 2 components 
with hot water temperature entering to the system: H2O-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: NH3-H2O 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 H2O-LiBr solution. NH3-H2O 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 NH3-H2O solution was higher that the H2O-LiBr 
solution about 3.00% and 17.02%, respectively. 
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Figure 62 Energy and exergy efficiencies of model 2 components with hot water 

temperature entering to the system: H2O-LiBr solution. 
 

 
 

Figure 63 Energy and exergy efficiencies of the model 2 components with hot water 
temperature entering to the system: NH3-H2O 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 31.91%, 

respectively of H2O-LiBr solution as shown in Figure 64. When used the NH3-H2O 
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 H2O-LiBr solution and NH3-H2O 
solution of the working fluid at absorption refrigeration, it found that the overalls 

energy and exergy efficiencies of H2O-LiBr solution were higher that the NH3-H2O 
solution about 21.87% and 27.74%, respectively. 

 

 
 

Figure 64 Overall energy and exergy efficiencies of the model 2 components with hot 

water temperature entering to the system: NH3-H2O 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: NH3-H2O solution. 
 
 From the above study results, it could be seen that the energy and exergy 

powers of NH3-H2O solution were higher that the H2O-LiBr solution about 17.15% and 
17.04%, powers supply to the ORC pump about 32.55% and 29.54%, efficiencies at 

around 3.00% and 17.02%. But the overalls energy and exergy efficiencies of NH3-H2O 
solution were less that the H2O-LiBr solution about 21.87% and 27.74%, respectively. 
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kWe, of the H2O-LiBr solution, While NH3-H2O solution illustrated 15.15 kWe and 15.40 
kWe, respectively. When consider the results comparison of the combined system. It 

found that the energy and exergy powers of NH3-H2O solution was higher that the H2O-
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 H2O-LiBr solution and 
NH3-H2O 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 kWe and 0.45 kWe of H2O-LiBr solution, in addition to the NH3-

H2O solution illustrated around 0.50 kWe and 0.51 kWe, respectively. When consider 
the results comparison of the combined system, it could be seen the energy and 
exergy powers were opinion nearly. 

 

 
 

Figure 66 Energy and exergy powers of the model 3 components with hot water 

temperature entering to the system: H2O-LiBr solution. 
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Figure 67 Energy and exergy powers of the model 3 components with hot water 

temperature entering to the system: NH3-H2O solution. 
 

 
 

Figure 68 Energy and exergy powers supply to the ORC pump of model 3 components 
with hot water temperature entering to the system: H2O-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: NH3-H2O 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 H2O-LiBr solution, while the NH3-H2O 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 H2O-LiBr solution were less that the NH3-H2O 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: H2O-LiBr solution. 
 

 
 

Figure 71 Energy and exergy efficiencies of the model 3 components with hot water 
temperature entering to the system: NH3-H2O solution. 
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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 H2O-

LiBr solution were about 7.13% and 10.61%, respectively. In addition of the NH3-H2O 
solution were 8.38% and 12.51%, respectively. It found that the NH3-H2O solution was 

the overall energy and exergy efficiencies higher that H2O-LiBr solution. 
 

 
 

Figure 72 Overall energy and exergy efficiencies of the model 3 components with hot 
water temperature entering to the system: H2O-LiBr solution. 
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Figure 73 Overall energy and exergy efficiencies of the model 3 components with hot 

water temperature entering to the system: NH3-H2O solution. 
 

From the information above, it could be found that the model 3 by using NH3-

H2O solution in absorption system were better that H2O-LiBr solution. Which the energy 
and exergy powers of the combined system were higher that the H2O-LiBr solution 

about 17.62% and 17.55%, the energy and exergy efficiencies of the combined system 
were higher that the H2O-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 NH3-H2O 
solution was better that H2O-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 H2O-LiBr solution better 

that any models. 
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Figure 74 Energy and exergy efficiencies of the 3 models. 
 

 
 

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 (kWe) Cost (Baht) 

10 1,500,000 
20 1,800,000 
30 2,000,000 

120 5,000,000 

 

 
 

Figure 76 Cost of absorption refrigeration (Chaiyat et al.  2017). 
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ORC capacity, it could be stated that the capital cost of the ORC power production 
varies between 10-20 kWe 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 (QE ,CW) 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 NH3-H2O solution was about 
13.21 kWe, 12.98 kWe and 15.15 kWe, 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 NH3-H2O 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 H2O-

LiBr solution. 

Descriptions Model 1 Model 2 Model 3 

ORC power (WORC,system) [kW] 12.58 11.09 12.88 

The suitable of cooling capacity of the 
absorption refrigeration system (QE ,CW) [kW] 

24.62 17.59 2.98 

Power production (WORC,system+ QE ,CW) [kW] 36.50 26.04 15.87 

Operating time (top) [h/y] 8,400 8,400 8,400 

Power production (WORC+AB) [kWh/y] 306,586 218,724 133,322 

Cost of the ORC unit1 (ZORC) [Baht] 1,529,016 1,473,548 1,542,444 

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

Operating and maintenance cost3  (ZOM ) [Baht] 76,451 73,678 77,122 
Discount rate (r)4 [%] 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 : 1Referred cost of the ORC from Nattaporn, (2560), 2Referred cost of the absorption refrigeration from 
Chaiyat et al. (2017), 3Calculated at 5% of the ORC cost, 4Referred 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 NH3-

H2O solution. 

Descriptions Model 1 Model 2 Model 3 

ORC power (WORC,system) [kW] 13.21 12.98 15.15 

The suitable of cooling capacity of the 

absorption refrigeration system (QE ,CW) [kW] 

29.89 10.55 2.98 

Power production (WORC,system+ QE ,CW) [kW] 25.21 21.42 17.97 

Operating time (top) [h/y] 8,400 8,400 8,400 

Power production (WORC+AB) [kWh/y] 211,780 179,967 150,907 

Cost of the ORC unit (ZORC) [Baht] 1,593,24 1,587,653 1,653,332 
Cost of the absorption system (ZAB) [Baht] 377,285 318,190 200,000 

Operating and maintenance cost  (ZOM ) [Baht/y] 79,663 79,383 82,667 
Discount rate (r) [%] 7.12 7.12 7.12 

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 H2O-LiBr and NH3-H2O 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 NH3-H2O 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. 

 

  
 

Figure 77 Comparison of economic result in the term of LEC and LExC factors. 
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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 H2O-LiBr solution. Which the energy and 

exergy efficiency illustrated 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. 



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 H2O-LiBr and NH3-H2O 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 H2O-LiBr solution and NH3-H2O solution for the 
absorption refrigeration were 34-43 %LiBr and 35-55 %NH3, respectively. Thus, the 

COPAB and COPEX-AB of the absorption refrigeration were 0.93 and 1.42 at concentrations 
of H2O-LiBr solution about 34 %LiBr, and 0.58 and 1.02 at concentration of NH3-H2O 

solution about 55 %NH3. 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 
H2O-LiBr solution. NH3-H2O 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. H2O-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. NH3-H2O solution, energy 

and exergy efficiencies illustrated 7.23% and 12.24%, 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. H2O-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. NH3-H2O 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 H2O-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 H2O-LiBr and NH3-H2O 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 

 
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  R-245fa 

2. Hot water temperature entering to the ORC boiler (THW,i) is  100  oC 
3. Water temperature different inlet and outlet of boiler (∆THW) is  15  oC 

4. Cooling water temperature entering to the ORC condenser (TCW,i) is 32  oC 
5. Heat souse capacity (QB) is  180  kW 
6. Temperature of ambient (TAbm) is  28  oC 

7. Isentropic efficiency of expander (ɳS,Exp) is  85 % 
8. Isentropic efficiency of pump (ɳS,P) is  85 % 

9. Efficiency of generator (ɳG) is  85 % 
10. Superheating (SH) is  10 oC 
11. Sub cooling (SC) is  5 oC 

The calculation: 
Stage 1) Calculation the temperature of the ORC boiler and condenser: 

Temperature of the ORC boiler (TB = THW,i – ∆THW – ∆Tref) 82 oC 

Temperature of the ORC condenser (TC = TCW,i + ∆TCW + ∆Tref) 42 oC 
Stage 2) Calculation the pressure of the ORC boiler and condenser: 

High pressure consider at the ORC boiler (PH = f(TB) 830.56   kPa 
Calculate on Microsoft excel as: =Pressure("R-245fa","Tvap","mks", 273.15+82) 
Low pressure consider at the ORC condenser (PL = f(TC) 267.41   kPa 

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 (T1 = TC – SC) 37 oC 
Enthalpy point 1 (h1 = f(TC – SC)) 248.50   kJ/kg 
Calculate on Microsoft excel as: =Enthalpy("R-245fa","Tliq","mks", 273.15+42) 
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Specific volume point 1 (n1 = f(T1) 0.00077 m3/kg 
Calculate on Microsoft excel as: =Volume("R-245fa","Tliq","mks",273.15+37) 

Entropy point 1 (S1= f(T1) 1.17      kJ/kg·K 
Calculate on Microsoft excel as: =Entropy("R-245fa","Tliq","mks",273.15+37)  

Entropy point 2 (S2s = S1) 1.17      kJ/kg·K 
Enthalpy point 2s (h2s = f(PH,S2s)) 248.88   kJ/kg 

Calculate on Microsoft excel as: =Enthalpy("R-245fa","PS","mks",830.56, 1.17) 
Enthalpy point 2 (h2 = [((h2s + h1)/ɳS,P) + h1] 249.05   kJ/kg 

Temperature point 2 (T2 = f(PH,h2)) 37.29 oC 
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 ́ (h2 ́ = f(TB)) 312.12 kJ/kg 

Calculate on Microsoft excel as: = Enthalpy("R-245fa","Tliq","mks",273.15+82) 

Temperature point 2 ́ (T2 ́ = f(PH,h2 ́) 82 oC 

Calculate on Microsoft excel as: = Temperature("R-245fa","HP","mks",82 , 830.56)-
273.15 

Enthalpy point 3 ́ (h3 ́ = f(TB)) 463.86 kJ/kg 
Calculate on Microsoft excel as: = Enthalpy("R-245fa","Tvap","mks",273.15+82) 

Temperature point 3 ́ (T3 ́ = f(PH,h3 ́) 82 oC 
Calculate on Microsoft excel as: = Temperature("R-245fa","HP","mks",82 , 463.86)-

273.15 
Temperature point 3 (T3 = f(TB+SH) 92 oC 

Enthalpy point 3 (h3 = f(TB+SH+PH)) 474.99 kJ/kg 
Calculate on Microsoft excel as:=Enthalpy("R-245fa","TP","mks",273.15+92,463.86) 

Entropy point 3 (S3 = f(T3,PH)) 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 (S4s = S3) 1.81 kJ/kg·K 
Enthalpy point 4s (h4s = f(PL, S4s)) 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 (h4 = h3-(ηS,Exp(h3-h4s))) 456.47 kJ/kg 

Temperature point 4 (T4 = f(PL,h4) 63.10 oC 
Calculate on Microsoft excel as:=Temperature("R245fa","PH","mks",267.41,456.47)-

273.15 

Entropy point 4 (S4 = f(PL,h4)) 1.82 kJ/kg·K 

Calculate on Microsoft excel as:=Entropy("R-245fa","PH","mks",267.41,456.47) 

Entropy of the saturated liquid at condenser (Sf ,c=f(TC)) 1.19 kJ/kg·K 

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

Entropy of the saturated vapor at condenser (Sg,c=f(TC)) 1.76 kJ/kg·K 

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

Entropy at condenser (Sf g,c= Sg,c – Sf ,c)) 0.57 kJ/kg·K 

Stage 6) Consider the working fluid leaving of the ORC expander 
The working fluid leaving of the ORC expander (qv4 = (S4 – Sf ,c)/ Sf g,c) 

 111.46 % 
Stage 7) Consider mass flow rate of the working fluid  

Mass flow rate (ṁref = QB /(h3 – h2)) 0.79 kg/s 
Stage 8) Consider the high of flow rate 

Density of working fluid leaving the ORC pump (2 = f(T2) 1304.44 kg/m3 

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

High of flow rate (H2=(PH/2g) x 1000) 64.82  m 
Stage 9) Consider the capacity of the ORC system 

Power output of the ORC expander (WExp= ṁref(h3 – h4) 14.76  kW 

Net power output of the ORC expander (WExp,e= WExp x ηS,Exp) 12.57 kWe 

Heat capacity of ORC condenser (QC= ṁref(h4 – h1) 165.67 kW 

Power supply to the ORC pump (WP= (ṁrefn1(PH – PL))/ ηS,P) 0.32  kW 
Stage 10) Consider the thermal efficiency of the ORC system 

Efficiency of the ORC system (ηORC= [(WExp,e–WP)/ QB] x 100) 6.95  % 
Stage 11) Consider the exergy capacity of the ORC system 
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Power output of the ORC expander (ĖExp = ṁref (h3 – h4 – T0 [S3 – S4])) 
  15.01 kWe 

Exergy rate of ORC condenser (ĖC = ṁref (h4 – h1 – T0 [S4 – S1])) 148.90 kW 
Exergy power supply to the ORC pump (ĖP = ṁref (h2 – h1 – T0 [S2 – S1])) 

  0.43  kW 
Stage 12) Consider the exergy efficiency of the ORC system 

Exergy efficiency of the ORC system (ψORC= ([ĖExp – ĖP] / ĖB) × 100) 11.90 % 
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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(X2) + 5.25010607 

x 10-4 (t2) – 0.0369249939(TX), [kJ/kg] 
For Concentration 0 ≤ X < 70 %Libr 

 Solution temperature range 15 < t < 165 ˚C 
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Where 

A0 = –2024.33   B0 = 18.2829   C0 = –3.7008214 E–2 
A1 = 163.309   B1 = –1.1691757  C1 = 2.8877666 E–3 

A2 = –4.88161   B2 = 3.248041 E-2  C2 = –8.1313015 E–5 
A3 = 6.302948 E–2  B3 = –4.034184 E–4  C3 = 9.9116628 E–7 
A4 = –2.913705 E–4  B4 = 1.8520569 E–6  C4 = –4.4441207 E–9 

 
Solution temperature-refrigeration temperature and saturation pressure, (ASHRAE, 

2009) 

For Refrigerant –15 < Tref < 110 ˚C 

Solution temperature range 5 < T < 175 ̊ C 
Concentration 0 ≤ X < 70 %Libr 
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Where 
A0 = –2.00755   B0 = 124.937   C = 7.05 

A1 = 0.16976   B1 = –7.71649   D = –1596.49 
A2 = –3.133362 E–3  B2 = 0.152286   E = –104095.5 

A3 = 1.97668 E–5  B3 = –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 
 

 (T,m) = 0 (T)[1 + d0 (T)m + d1 (T)m1.5 + d1 (T)m2], [kg/m3] 
 

 [mole/kg][X/100]),(1
M

(X/100)
m

S

  

 

i
4

0i
jij
TC(T)d 



  
 

0 (T) = Density of pure water (kg/m3) 
 

MS = 0.086845 [kg/mole] 
 

Table B.1 The value of coefficients C ji 
j/i 0 1 2 3 4 

0 6.9979 E–2 –9.36591E–5 1.1770035 E–6 –2.829722 E–9 7.963374 E–12 
1 –7.30855 E–3 1.78947 E–5 –3.458841 E–8 –8.88725 E–10 1.085224 E–12 
2 1.811867 E–4 –1.9292 E–6 – 1.565022 E–8 2.082693 E–10 –3.761121 E–13 
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Heat capacity of Water-Lithium bromide solutions, (Kaita, 2000) 
 

For  Solution temperature range 40 < T < 210 ˚C 
Concentration 40 ≤ X < 65 %Libr 
 

Cp = (A0 + A1X) + (B0 + B1X)T, [kJ/kg·K] 

Where 
A0 = 3.462023   B0 = 1.3499 E-3    

A1 = –2.679895 E-2  B1 = –6.55 E-6 
 
Entropy of Water-Lithium bromide solutions, (Feuerecker, 1993). 

 

For  Solution temperature 40 < T < 210 ˚C 

Concentration 40 ≤ X < 65 %Libr 

K][kj/kg,TXBS i
3

0i

3

0j

j

ji
 

 

 

 

Table B.2 The value of coefficients B ij 

i Bi0 Bi1 Bi2 Bi3 

0 5.127558 E-01 –1.393954 E-02 2.924145 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 H2O-Libr 

solution 
 

Analysis the mathematical modeling of the absorption refrigeration system use 
the working fluid H2O-Libr solution, which the calculated by program Rafprop version 
10 on Microsoft excel and initial condition as shown below: 

1. The working fluid of the absorption refrigeration  H2O-Libr 
2. Heat source (TR-245fa = T4) is  60  oC 

3. Cooling water temperature entering to the ORC condenser and absorpber 
(TCW,i) is  32  oC 

4. Water temperature different inlet and outlet of condenser and absorpber 

(∆TCW) is  5  oC 
5. Water temperature different with working fluid (∆TCW-ref) is 3 oC 

6. Water entering to evaporator (TEW,i) 32 oC 
7. Water temperature different inlet and outlet of evaporator (∆TCW) is 

 15 oC 

8. Temperature of ambient (TAbm) is  28  oC 

9. Isentropic efficiency of evaporetor (ɳS,E) is  85 % 

10. Isentropic efficiency of generator  (ɳG) is  85 % 

11. Effectiveness of heat exchanger (εHX) is 85 % 

12. Superheating (SH) is  5 oC 

13. Sub cooling (SC) is  5 oC 

14. Heat capacity of evaporator (QE)  is 24.62 kW 

15. Concentration (X) 40 % 

16. Concentration (X1 = X2 = X3 = X4) 0 %Libr 

17. Concentration (X8 = X9 = X10) 34 %Libr 

18. Concentration (X5 = X6 = X7) 31 %Libr 
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The calculation: 
Stage 1) Calculation the temperature of the system 

Temperature at absorber (TA  = TCW,I + ∆TCW) 37 oC 
Temperature at condenser (TC = TCW,I + ∆TCW + ∆TCW-ref) 40 oC 

Temperature at evaporator (TE = TCW,E ,i –  ∆TCW,E – ∆TCW-ref) 12 oC 
Temperature at generator (TG = T4 – ∆TR-245fa – ∆TR-245fa-ref) 52.17 oC 
Low temperature entering to generator (Tmin = f(X,TC) 46.26 oC 

Calculate on Microsoft excel as: =li_Tsolution(31,40) 
Temperature point 1 (T1 = TG) 52.17 oC 

Temperature point 2 (T2 = TC – SC) 36 oC 
Temperature point 4 (T4 = TE – SH) 17 oC 
Temperature point 5 (T5 = TA ) 37 oC 

Temperature point 6 (T6 = T5) 37 oC 
Temperature point 8 (T8 = TG) 52.17 oC 

Stage 2) Calculation high pressure and low pressure of the system: 
High pressure (PH,Ab=f(TC)) 7.78 kPa 
Calculate on Microsoft excel as: = Pressure("WATER","Tliq","mks", 273.15+40) 

Low pressure (PL,Ab=f(TE)) 1.40 kPa 
Calculate on Microsoft excel as: = Pressure("WATER","Tvap","mks", 273.15+12) 

Stage 3) Consider enthalpy of the system 

Enthalpy point 1 (h1 = f(T1,PH,Ab)) 2596.73 kJ/kg 
Calculate on Microsoft excel as: = Enthalpy("WATER","TP","mks", 

273.15+52.17,7.78) 

Entropy point 1 (S1 = f(T1)) 0.73 kJ/kg·K 

Calculate on Microsoft excel as: =Entropy("WATER","Tliq","mks",52.17+273.15) 
Enthalpy point 2 (h2 = f(T2,PH,Ab)) 150.81 kJ/kg 

Calculate on Microsoft excel as: = Enthalpy("WATER","TP","mks", 273.15+36,7.78) 

Entropy point 2 (S2 = f(T2,PH)) 0.51 kJ/kg·K 

Calculate on Microsoft excel as: =Entropy("WATER","TP","mks",273.15+36,7.78) 
Enthalpy point 3 (h3 = h2) [throttling process] 150.81 kJ/kg 
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Temperature point 3 (T3 = f(h3,PL,Ab)) 285.15 K 
 12 oC 

Calculate on Microsoft excel as: =Temperature("WATER","HP","mks",150.81, 1.40) 

Entropy point 3 (S3 = S2) 0.51 kJ/kg·K 

Enthalpy point 4 (h4 = f(T4)) 2531.97  kJ/kg 
Calculate on Microsoft excel as: = Enthalpy("WATER","Tvap","mks", 273.15+17) 

Entropy point 4 (S4 = f(T4)) 0.25 kJ/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 (CpBluk = f(THW,Bluk))   

 4.18 kJ/kg·K 

Calculate on Microsoft excel as: = Cp("WATER","Tliq","mks", 273.15+THW,Bluk) 

Mass flow rate of refrigerant point 4 (ṁ4 = QE / (h4 – h3)) 0.012 kg/s 
Mass flow rate of refrigerant point 3,2,1 (ṁ4 = ṁ3 = ṁ2 = ṁ1) 0.012 kg/s 
Mass flow rate of solution point 8 (ṁ8 = ṁ1(X1 – X7) / (X7 – X8) 0.129 kg/s 

Mass flow rate of solution point 9,10 (ṁ8 = ṁ9 = ṁ10) 0.129 kg/s 
Mass flow rate of solution point 7 (ṁ7 = ṁ1 + ṁ8) 0.142 kg/s 

Mass flow rate of solution point 6,5 (ṁ7 = ṁ6 = ṁ5) 0.142 kg/s 
Stage 5) Consider enthalpy of solution 

Enthalpy point 8 (h8 = f(X8,T8)) 121.98 kJ/kg 

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

Entropy point 8 (S8 = f(X8,T8)) 0.47 kJ/kg·K 

Calculate on Microsoft excel as: = libr_s(34,52.17) 
Enthalpy point 5 (h5 = f(X5,T5)) 82.46 kJ/kg 

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

Entropy point 5 (S5 = f(X5,T5)) 0.47 kJ/kg·K 

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

Stage 6) Consider at solution pump 

Pressure difference of the system (∆P = PH,Ab – PL,Ab) 6.38 kPa 
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Density (ρS = f(X5,∆P)) 1144.07 kg/m3 

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

Specific volume (nS = 1/ρS) 0.00087 m3/kg 

Power supply to the solution pump (WSP = (ṁ5nS∆P/ ɳSP)) 0.00093 kW 
Stage 7) Consider at heat exchanger 

 Hot flow rate 

Specific heat of solution at point 8 (Cp8 = f(X8,T8))  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 (Cp6 = f(X6,T6))  2.67 kJ/kg·K 
Calculate on Microsoft excel as: = libr_Cp(31,37) 

Heat capacity of heat exchanger (QMax = (ṁCp)min(T8 –T6) 5.47 kW 

(Qactual = QMaxεHX) 4.65 kW 

Temperature point 9 (T9 = T8 – (Qactual / (ṁ8Cp8))) 38.42 oC 
Enthalpy point 9 (h9 = f(X9,T9)) 84.91 kJ/kg 

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

Entropy point 9 (S9 = f(X9,T9)) 0.38 kJ/kg·K 

Calculate on Microsoft excel as: = libr_s(34,38.42) 
Temperature point 7 (T7 = T6 + (Qactual / (ṁ6Cp6))) 48.23 oC 
Enthalpy point 7 (h7 = f(X7,T7)) 116.77 kJ/kg 

Calculate on Microsoft excel as: = libr_h(31,48.23) 

Entropy point 7 (S7 = f(X7,T7)) 0.38 kJ/kg·K 

Calculate on Microsoft excel as: = libr_s(34,48.23) 
Stage 8) Heat capacity of the absorption system  

Generator (QG = ṁ1 h1 + ṁ8 h8 – ṁ7 h7) 31.80 kW 
Condenser (QC,Ab = ṁ1 h1 – ṁ2 h2) 30.70 kW 
Evaporator (QE ,Ab = ṁ4 h4 – ṁ3 h3) 29.89 kW 

Absorber (QA  = ṁ4 h4 + ṁ10 h10 – ṁ5 h5) 31.09 kW 
Stage 9) Coefficient of performance 

 Coefficient of performance (COPAB = QE ,Ab / QG + WSP)       0.93 
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Stage 10) Exergy rate of the absorption system 
 Generator (ĖG = ṁ7 (h7 – T0 S7) – ṁ8 (h8 – T0 S8) – ṁ1 (h1 – T0 S1) + QG (1– [T0 / 

TG])) 32.99 kW 
Condenser (ĖC = ṁref (h1– h2 – T0 [S1 – S2])) 30.62 kW 

Evaporator (ĖE = ṁref (h4 – h3) – T0 (S4 – S3) + QE (1– [T0 / TE])) 47.06 kW 
Absorber (ĖA  = ṁ4 (h4 – T0 S4) + ṁ10 (h10 – T0 S10) – ṁ5 (h5 – T0 S5)) 
 31.07 kW 

Solution pump (Ėp = ṁref (h6– h5 – T0 [S6 – S5])) 0.17 kW 
Stage 11) Exergy coefficient of performance 

 Exergy coefficient of performance (COPex,Ab = ĖEvp / (ĖG + ĖP))  1.41 
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Appendix D 
Mathematical modeling of the absorption refrigeration by using HN3-H2O 

solution 
 

Analysis the mathematical modeling of the absorption refrigeration system use 
the working fluid HN3-H2O solution, which the calculated by program Rafprop version 
10 on Microsoft excel and initial condition as shown below: 

1. The working fluid of the absorption refrigeration  HN3-H2O 
2. Heat source (TR-245fa = T4) is  60   oC 

3. Cooling water temperature entering to the ORC condenser and absorpber 
(TCW,i) is  32  oC  

4. Water temperature different inlet and outlet of condenser and absorpber 

(∆TCW) is  5  oC 
5. Water temperature different with working fluid (∆TCW-ref) is 3 oC 

6. Water entering to evaporator (TEW,i) 32 oC 
7. Water temperature different inlet and outlet of evaporator (∆TCW) is 

 15 oC 

8. Temperature of ambient (TAbm) is  28  oC 

9. Isentropic efficiency of evaporetor (ɳS,E) is  85 % 

10. Isentropic efficiency of generator  (ɳG) is  85 % 

11. Effectiveness of heat exchanger (εHX) is 85 %  

12. Superheating (SH) is  5 oC 

13. Sub cooling (SC) is  5 oC 

14. Heat capacity of evaporator (QE)  is 24.62 kW 

15. Concentration (X) 100 % 

16. Concentration (X1 = X2 = X3 = X4) 0 %Libr 

17. Concentration (X8 = X9 = X10) 55 %Libr 

18. Concentration (X5 = X6 = X7) 51 %Libr 
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The calculation: 
Stage 1) Calculation the temperature of the system 

Temperature at absorber (TA  = TCW,I + ∆TCW) 37 oC 
Temperature at condenser (TC = TCW,I + ∆TCW + ∆TCW-ref) 40 oC 

Temperature at evaporator (TE = TCW,E ,i –  ∆TCW,E – ∆TCW-ref) 12 oC 
Temperature at generator (TG = T4 – ∆TR-245fa – ∆TR-245fa-ref) 52.75 oC 
Low temperature entering to generator (Tmin = (TCW,I + ∆TCW+SH) 46 oC 

Temperature point 1 (T1 = TG) 52.75 oC 
Temperature point 2 (T2 = TC – SC) 36 oC 

Temperature point 4 (T4 = TE + SH) 17 oC 
Temperature point 5 (T5 = TA ) 37 oC 
Temperature point 6 (T6 = T5) 37 oC 

Temperature point 8 (T8 = TG) 52.75 oC 
Stage 2) Calculation high pressure and low pressure of the system: 

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

Low pressure (PL,Ab=f(TE)) 615.04 kPa 
Calculate on Microsoft excel as: = Pressure("Ammonia","Tliq","mks", 273.15+12) 

Stage 3) Consider enthalpy of the system 

Enthalpy point 1 (h1 = f(T1,PH,Ab)) 1634.05 kJ/kg 
Calculate on Microsoft excel as: = Enthalpy("Ammonia","Tvap","mks", 

273.15+52.75) 

Entropy point 1 (S1 = f(T1)) 2.31 kJ/kg·K 

Calculate on Microsoft excel as:=Entropy("Ammonia","Tliq","mks",52.75+273.15) 
Enthalpy point 2 (h2 = f(T2,PH,Ab)) 490.07 kJ/kg 

Calculate on Microsoft excel as:=Enthalpy("Ammonia","TP","mks", 
273.15+36,2183.38) 

Entropy point 2 (S2 = f(T2)) 1.97 kJ/kg·K 

Calculate on Microsoft excel as: =Entropy("Ammonia","Tliq","mks",273.15+36) 
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Enthalpy point 3 (h3 = h2) [throttling process] 490.07 kJ/kg 
Temperature point 3 (T3 = f(h3,PL,Ab)) 283.15 K 

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

615.04) 

Entropy point 3 (S3 = S2) 1.97 kJ/kg·K 

Enthalpy point 4 (h4 = f(T4)) 1,633.30 kJ/kg 
Calculate on Microsoft excel as: = Enthalpy("Ammonia","Tvap","mks", 
273.15+17) 

Entropy point 4 (S4 = f(T4)) 1.63 kJ/kg·K 
Calculate on Microsoft excel as: = Entropy("Ammonia","Tliq","mks", 273.15+17) 

Stage 4) Consider mass flow rate of refrigerant and solution 
Specific heat of hot water entering the system (CpBluk = f(THW,Bluk))   

 4.18 kJ/kg·K 
Calculate on Microsoft excel as: = Cp("WATER","Tliq","mks", 273.15+THW,Bluk) 

Mass flow rate of refrigerant point 4 (ṁ4 = QE / (h4 – h3)) 0.003 kg/s 
Mass flow rate of refrigerant point 3,2,1 (ṁ4 = ṁ3 = ṁ2 = ṁ1) 0.003 kg/s 

Mass flow rate of solution point 8 (ṁ8 = ṁ1(X1 – X7) / (X7 – X8) 0.034 kg/s 
Mass flow rate of solution point 9,10 (ṁ8 = ṁ9 = ṁ10) 0.034 kg/s 
Mass flow rate of solution point 7 (ṁ7 = ṁ1 + ṁ8) 0.037 kg/s 

Mass flow rate of solution point 6,5 (ṁ7 = ṁ6 = ṁ5) 0.037 kg/s 
Stage 5) Consider enthalpy of solution 

Enthalpy point 8 (h8 = f(T8)) 209.25 kJ/kg 

Calculate on Microsoft excel as: = Enthalpy("Ammonia-water","Tliq","mks", 
273.15+52.75) 

Entropy point 8 (S8 = f(T8,PH,Ab)) 0.67 kJ/kg·K 
Calculate on Microsoft excel as: = Entropy("Ammonia-

water","Tliq","mks",273.15 +52.75,2183.38) 
Enthalpy point 5 (h5 = f(T5)) 115.02 kJ/kg 
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Calculate on Microsoft excel as: = Enthalpy("Ammonia-water","Tliq","mks", 
273.15+37) 

Entropy point 5 (S5 = f(T5,PH,Ab)) 1.16 kJ/kg·K 
Calculate on Microsoft excel as: =Entropy("Ammonia-water","Tliq","mks",273.15 

+52.75,2183.38) 
Stage 6) Consider at solution pump 

Pressure difference of the system (∆P = PH,Ab – PL,Ab) 1,568.33 kPa 

Density (ρS = f(TA )) 799.88 kg/m3 

Calculate on Microsoft excel as: =Density("Ammonia-water","Tliq","mks",37 
+273.15) 

Specific volume (nS = 1/ρS) 0.0012 m3/kg 

Power supply to the solution pump (WSP = (ṁ5nS∆P/ ɳSP)) 0.08 kW 
Stage 7) Consider at heat exchanger 

Hot flow rate 

Specific heat of solution at point 8 (Cp8 = f(T8))  4.79 kJ/kg·K 

Calculate on Microsoft excel as: = Cp("Ammonia-water","Tliq","mks",52.75 
+273.15) 
Cool flow rate 

Specific heat of solution at point 6 (Cp6 = f(T6))  4.61 kJ/kg·K 
Calculate on Microsoft excel as: = Cp("Ammonia-water","Tliq","mks",37 

+273.15) 
Heat capacity of heat exchanger (QMax = (ṁCp)min(T8 –T6) 1.87 kW 

                                              (Qactual = QMaxεHX) 1.59 kW 
Temperature point 9 (T9 = T8 – (Qactual / (ṁ8Cp8))) 42.48 oC 

Enthalpy point 9 (h9 = f(T9)) 115.02 kJ/kg 
Calculate on Microsoft excel as: = Enthalpy("Ammonia-water","Tliq","mks", 
273.15+42.48) 

Entropy point 9 (S9 = f(T9,PH,Ab)) 0.38 kJ/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 = T6 + (Qactual / (ṁ6Cp6))) 25.49 oC 
Enthalpy point 7 (h7 = f(T7)) 116.77 kJ/kg 

Calculate on Microsoft excel as: = Enthalpy("Ammonia-water","Tliq","mks", 
273.15+25.49) 

Entropy point 7 (S7 = f(T7,PL,Ab)) 1.33 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 = ṁ1 h1 + ṁ8 h8 – ṁ7 h7) 5.84 kW 

Condenser (QC,Ab = ṁ1 h1 – ṁ2 h2) 3.51 kW 
Evaporator (QE ,Ab = ṁ4 h4 – ṁ3 h3) 3.51 kW 

Absorber (QA  = ṁ4 h4 + ṁ10 h10 – ṁ5 h5) 4.67 kW 
Stage 9) Coefficient of performance 

Coefficient of performance (COPAB = QE ,Ab / QG + WSP) 0.59 

Stage 10) Exergy rate of the absorption system 
Generator (ĖG = ṁ7 (h7 – T0 S7) – ṁ8 (h8 – T0 S8) – ṁ1 (h1 – T0 S1) + QG (1– [T0 / 

TG])) 5.10 kW 
Condenser (ĖC = ṁref (h1– h2 – T0 [S1 – S2])) 3.49 kW 
Evaporator (ĖE = ṁref (h4 – h3) – T0 (S4 – S3) + QE (1– [T0 / TE])) 5.77 kW 

Absorber (ĖA  = ṁ4 (h4 – T0 S4) + ṁ10 (h10 – T0 S10) – ṁ5 (h5 – T0 S5)) 4.62 kW 
Solution pump (Ėp = ṁref (h6– h5 – T0 [S6 – S5])) 0.006 kW 

Stage 11) Exergy coefficient of performance 
Exergy coefficient of performance (COPex,Ab = ĖEvp / (ĖG + ĖP)) 1.13 
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