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A Simulation Study to Evaluate the Vapor Jet Refrigeration Cycle Driven by Solar 

Thermal Energy for Air Conditioning Application at Two Different Areas in Palestine 

By Khaled Ayoub Sider 

ABSTRACT 

The need for air conditioning in rural areas in which there is no source of traditional electrical 

power leads to look for an alternative solutions. Usually the population of these areas use typical 

movable houses (TMH’s) as residence. Solar thermal system drive vapor jet refrigeration cycle 

(VJRC) is a valid solution for this kind of situation, which replaces the traditional vapor 

compression refrigeration cycle that used the electricity.  

Mathematical model was carried out for (VJRC) using Engineering equation solver (EES) 

software at various design conditions (generator, evaporator and condenser temperature), 

characteristic curves and tables for the (VJRC) were found at 10°C evaporator temperature. 

Hourly simulation of cooling load demand for specific construction TMH was calculated using 

TRNBuild subsystem in TRNSYS software with the standard design conditions in Hebron and 

Jericho cities. Furthermore hourly simulation of the overall solar thermal cooling system was 

carried out over the study period (May-September), while considering climatic data for the two 

cities using TRANSYS software compiled with Excel software which contained the 

characteristic tables of the VJRC that obtained from the EES. The instantaneous performance of 

the system, Cooling load demand and evaporator cooling load available were calculated. Effect 

of climate according to the location, solar collector area, storage tank volume were studied to 

produce the maximum suitable evaporator cooling load to meet the requirement of the human 

comfort. 

EES Mathematical model for the VJRC demonstrated that the performance of the cycle is 

increased with increasing the generator and evaporator temperature, but decreases with 

increasing condensing temperatures. Cooling load simulation for Hebron and Jericho TMH 

demonstrated that the maximum cooling load demand during the study period were: 5.35 kW and 

7.02 kW respectively; and the seasonal cooling energy demands were: 5749 kWh/year and  
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14864 kWh/year respectively according to the climate conditions. Simulation for the overall 

system demonstrated that the proposed system was efficient for Hebron city in contrast to Jericho 

city where the proposed system showed lake of cooling energy produced. Also the optimal sizes 

and options of the overall system were determined for Hebron city. An economical study was 

done on the proposed system where the results demonstrated that the proposed system in Hebron 

city is more economically than Jericho where the simple payback period of Hebron city reached 

to12.9 year while in Jericho city is 15 year at the same system size.  
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T,94 ا:Sب '9را9Qاد:   

 U>P/ 

 IJا LMNOP QPاRMST U VMSJا WMOXYQJا ZطLM\]Jا VMP اءRMNJا _OOIT `Jا WaLbJا cPdTYde لRMgh iMj kMblJا `MJء اLMeQN ,WMg kMOhدLMj LMn ة

M�L�JLe �M]}T VMSJ Wا W اLslJرWMYدورة اdMYQlSJ اVP  WMgzL]Sn WMg{\Sn .|OM}gJ QMlS}TMzLX\J ھxه اLM\]JطZ وdMhات dsSqYWO\IMtم اLIqJن 

 WOq]�Jت اULbJه اxھ  VP UL}P �h .ءLeQNIJLe �]}T VSJا WOطL���Uا dYQlSJة اQدا� in Ude 

 WOtd\NJت اUدL}]Jا �h �nL�Qe امdsStLe WzLX\Jا dYQlSJورة اdJ V�LYذج رR]� �]j �T(EES)  O]M�T وفQ� �bT WMXgSsn WO]

Waدر ��n Yإ �MTو LM]� ,_M�I]Jوا QMsl]Jو ا dMJR]Jارة اQMh  ارةQMh WMaدر dM\j ورةdMgJ اصRMsJاول اdMaت وLMO\b\n تLM�10°C 

.QMMMsl]gJ e صLMMMsJا dMMMYQlSJا �MMM]bJ هLMMM�Lbn �MMM]j �MMMTJL ةdMMMhRJا WO\IMMMqJاWMMMOaذR]\ e امdsSMMMtLe دةdMMMb]Jت اLXMMMا�R]Jذات ا �nLMMM�Q

TRNBuild   �nL�QlJ ceLSJاTRNSYS و �OgsJا VS\Yd]J WO]O]�SJوف اQ�Jا �bT �Jوذ.LMbYوة ار�Mj `Mgj �MJذ ، Qaأ�MY 

 xMM�� iOMM}eا RYLMMn- Ql]SlMMt (، cMMn( اdJراQMMSP WMMtة ��MMل ا�MMnLIS]J اVMMq]�J اQMMbJاري اLMM�\J dMMYQlSJم اdMMn WjLMMqJار LMM�Lbn `MMgjة

dMaاول  RSbY `Mgjي اxJي RSJLe�nL�Qe ExcelاdsStLe �nL�Qe TRANSYS  cn ZPاموذiOS\Yd]gJ  �J اWO�L\]J اL�LOlJت اLlSjUر

 L�M]hب Mqhو ، LM�\gJماVM�bgJ  ا�داء LMqh �MnL}nب LMNOgj iMn �nLM�Qe EES. �MT اRM�bJل �MT اdJVMSJا�Qة اdYQlSJ و اRsJاص 

JاdYQlS WO\IqJة اdhRJا VP بRg�]Jا  `Jا WPL�ULe�]h dYQlT Qsl]Jا  VPةQدا� dMYQlSJا .�M]T WMtدرا QOz�MT JخاLM\]   MqhcM�R]Jا 

VPاQ��Jا  WYارQbJا WOq]�Jت اL}]�]Jا ¡�t WhLqnو�M�hان و¢M� iY¢MsSJج اLMS�£ `Mأ�� �M]h ورةdMgJ dMYQlT iMn �Maأ TWMOlg 

  . اWYQ�lJ اQJاLlg�Sn Whت

Jا ��LS� تQNذجأظR]\  �nL�Qe امdsStLe V�LYQJا EES نLe دورة أداء  WzLX\Jا dYQlSJداد ا¢Y eدLYز¦ Waدر Qhارة dJR]Jا  WMaودر

LMe  WO\IMqJن �[LM واظQMNت �LM�Lbn ��LMSة �M]h اdMhRgJ dMYQlSJة ا._اQMh �I]Jارة دLMYد درWMaزا IJ ¨�L\SY cMn\§ ، اQhQsl]Jارة 

 §MMS]O� �MM�L� dMMYQlT �MM]h `MM5.35ا�� kW  7.02و kW MM]JlSJا WMM�L�Jا WMM]O� وان ,VJاRMMSJا `MMgj LMMbYوار �MMOgsJا VS\Yd WMMYdYQ

 WO]tR]Jا WeRg�]Jا  WO\IqJة اdhRgJ V5749ھ kWh/year  14864و kWh/year اRMSJا `Mgj LMbYوار �OgsJا VS\Yd]J LM]� .VJ

PQO©n WM\Yd{LMل W  VMP ا�MOgsJ وLe§M\IJن اL�\Jم اJ[}QSج ذو Lh VP WOJLj WOJL}Pل اdsStاM\Ydn VMP Wn اVgIJ واظQNت ���LS اL�\Jم 

.WOPL� QO© W�S\]Jا dYQlSJا W�Lان ط kOh LbYو ار L]� dMYdbT �MTو �M�h راتLMO�`Mg�]Jا VMgIJم اLM�\Jا  WM\Ydn VMPاM]j �MT ,�MOgsJ �

dn iMn WYدLM�Sا� QMا��  �MOgsJا WM\Ydn VP مL�\Jا اxن ھLe ��LS\Jت اQNاظ dح و�QS{]Jم اL�\gJ WYدL�Sا� Wtدراh LMbYار WM\Y ان kMO

 «ge لL]Jع راس اLaQStل اd}n12.9 `Jو�� ا L]\Oe �OgsJا W\Ydn VP W\t15 LbYار W\Ydn VP W\t \e�\Jا ��h ®XمL.  
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ṁc       Condenser mass flow rate  
ṁp       Primary fluid flow rate 
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CHAPTER 1 

Introduction  
 

1.1 Overview   
 

The increasing demand for human comfort has led to a rapid increase in the use of the cooling 

system and, as a result, the demand for electricity due to building air conditioning increased. 

Where the overall consumption from buildings reach up to 40% in developed countries [1]. 

Although, the electric power is widely spread but still some rural areas have no electricity 

coverage due to high initial cost involved. Deployment of thermal energy refrigeration, using 

low grade heat or solar energy, would provide a reasonable solution for such rural areas with 

advantage of reduction of energy consumption. Between the numerous technologies for thermal 

refrigeration techniques, vapor jet refrigeration cycle (VJRC) driven by solar thermal energy 

appear the most favorable alternative to the traditional vapor compression refrigeration cycle. 

[2]. VJRC is simple to construct, robust, low operating maintenance and has no mechanical 

moving segments  making it a highly unfailing system which is capable of running low 

temperature heat from solar energy or other substitute like waste heat , which can create a more 

cheaper operation of the cooling system. 

Ejectors can be classified into two main categories based on the nozzle position and two other 

more based on the geometry and dimensions; constant pressure mixing ejector, constant area 

mixing ejector, fixed and variable ejector geometry respectively [3]. 

VJRC uses water as a refrigerant is completely safe. Such systems were tested with high success 

in refrigeration in the early years of the last century. At low temperatures the saturation pressures 

of the water are low (8.129 mbar at 4 °C). When using water as refrigerant, temperature attained 

is not enough for refrigeration applications but it is more efficient and satisfactory for air-

conditioning, cooling, or chilling applications [4]. Water usage in VJRC has many advantages 

compared with other refrigerants (Halocarbons, hydrocarbon and mixtures refrigerants), water is 

available and inexpensive, has a high latent heat, and has no environmental impacts such as 

ozone depletion and global warming.  
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VJRC can operate at low generator temperature around 100 °C. It can easily be powered by 

evacuated tube solar collectors (ETC). Since the cooling load is commonly synchronized with 

the availability of solar energy, this becomes an attractive application of solar energy. Palestine 

is located within the solar countries and considered as one of the highest solar potential energy in 

the world, this makes it one of the best countries to utilize the solar thermal energy in the solar 

thermal air conditioning systems, especially in rural areas where there is no or insufficient 

electricity and there is a sufficient lands for solar collectors. 

Transient system simulation program (TRNSYS) and Engineering Equation Solver (EES) are 

used to model and analyze the solar thermal refrigeration systems. EES software is used to build 

a mathematical models of the refrigeration cycles and to simulate the effect of operation 

conditions. Also, TRNSYS software is used to simulate and analysis the cycle using solar 

thermal power system under different operation conditions and parameters at various regions and 

climate, and find the optimum design parameters for the system. 

This simulation study is based on a constant pressure mixing ejector with variable geometry 

using water as working fluid. The source of the heat in the refrigeration cycle is the solar energy 

collected by ETC in two different cities in West Bank in Palestine. The cooling capacity of the 

cycle is used to compensate the cooling load demand for a TMH that commonly used in the rural 

areas in this cities.   

 

1.2 Working principle  
 

The proposed system that studied consist from three subsystems; VJRC subsystem, building 

cooling load subsystem and solar thermal subsystem. Figure 1.1 shows the Schematic diagram of 

the VJRC, it can be noticed that the VJRC subsystem is consists of two loops, the power loop 

and the refrigeration loop. The power loop consists from generator, ejector, condenser and 

circulation pump, and the refrigeration loop consists from ejector, condenser, expansion device 

and evaporator. 
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Figure 1. 1: Schematic diagram of the VJRC  

 

In the power loop the primary fluid is vaporized by adding heat in the generator at high pressure, 

this high pressure fluid then passes through a supersonic ejector. In the ejector the fluid velocity 

increased more than Mach number through the supersonic nozzle, and the pressure decreased to 

the evaporator pressure. The decrease in the pressure that occurs in the nozzle entrains the 

secondary fluid vapor from the evaporator. The primary and secondary fluids then mix 

completely in the mixing chamber of the ejector and then enter the diffuser section where the 

mixed fluid velocity back decreased below Mach number and the pressure increased to reach the 

condenser pressure. The mixed fluid then flows to the condenser where it is condensed to liquid 

by rejecting heat to the ambient air.  

A part of the liquid that leaving the condenser is then goes to a circulation pump and pumped to 

the generator to complete the power cycle and the remainder part of the liquid enters and 
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expanded through an expansion device and enters to the evaporator in the refrigeration loop as a 

mixture. In the evaporator, the refrigerant evaporates producing a refrigeration load, and the 

resulting vapor is then sucked by the primary fluid into the ejector to complete the refrigeration 

loop. 

 In the proposed system, the solar energy that is collected by ETC`s was converted into heat in 

the solar thermal subsystem and used in the generator to operate the power cycle in the VJRC 

subsystem. The refrigeration load that produced by the VJRC subsystem was used to compensate 

the cooling load demand in the house unit subsystem to achieve the human comfort.  

 

1.3 Literature review  
 

The (VJRC) was first developed by Le Blanc and Parson in early 1900 and was very popular in 

early 1930’s for air-conditioning systems in large buildings. The system was replaced with the 

vapor compression refrigeration system. The vapor compression refrigeration system was higher 

in its coefficient of performance (COP), and flexibility in manufacturing and operation [5]. 

Although, refrigeration cycle which depends on vapor compression is more efficient than 

VJRC’s but the environmental effect of these cycles is considered much severe. Latter several 

mathematical models were developed to study 1-D ejector system with analysis and fluid 

dynamics theories applied to the primary and secondary flow. The 1-D model of constant-

pressure mixing ejector was initially developed in 1950 by Keenan et al. [6]. In this model, the 

pressure of primary and secondary fluid is equal at the outlet of the nozzle. The mixing of the 

two fluids starts with constant pressure and reaches the inlet of the throat section. These concept 

is still considered an effective model for constant pressure mixing ejector. Tashtoush et al [3] 

studied the performance of the ejector cooling cycle at critical mode under superheated primary 

flow. They studied the model mathematically using EES software. In addition, the ejector type , 

it was found that constant-pressure mixing ejector generates higher backpressure than constant-

area mixing ejector for the same entrainment ratio and COP. and this was the reason behind  the 

use of  constant-pressure mixing ejector more than constant-area mixing ejector. 

Many theoretical studies was carried out on operation conditions of the cycle such as the 

generator, condenser and evaporate temperature and pressure. Al-Khalidy[7] and  Rani[8], noted 
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that the performance of the system increased by increasing generator and evaporator 

temperatures and decreasing condenser temperature. 

Eames et al [9], and Chunnanond et al [10], experimented on a fixed geometry ejectors 

refrigerator. Results showed that, the operation of the ejector can be divided into three regions at 

each setting of the operating condition of the generator and evaporator as shown in Figure 1.2 

double choked flow in the mixing chamber, primary chocking flow and reversed flow.in the 

double choked flow the performance of the cooling capacity was constant value when the ejector 

was operate under a certain condenser pressure that called critical condenser pressure. When the 

condenser pressure increased to the critical value only the primary fluid chocked and the 

secondary fluid was preventing from reaching to the sonic velocity which reduce the secondary 

fluid flows and the performance of the system. Finally, when the condenser pressure still 

increased the secondary fluid flows drop to zero and the ejector loses its function and primary 

flow will reverse back into the evaporator. 

 

Figure 1. 2: Ejector flow regimes [9] 

Eames et al [9], and Chunnanond et al [10] noticed that the mass flow rate of the refrigerant does 

remain constant in the double choked flow below the critical condenser pressure as shown in 

figure 1.2. According [9[ and ]10], operate the ejector at the critical point considered the most 

economical point that can archived better performance and better cooling capacity . From the 

results published also, they noted that when the generator temperature increased the performance 
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of the system decreased. Ruangtrakoon et al. [11] experimental results reported that by 

decreasing the generator temperature the critical condenser pressure of the ejector decreased and 

the performance the cycle increased. 

Experimental results by Xiaoli Ma [12] using the water as refrigerant, Selvaraju [13] using 

R134a also conclude the same results. [12] Noted that when the generator temperature increased 

the performance of the system increased up to maximum value at a certain generator temperature 

and then the performance goes to decreasing. In the tested generator temperature range of 84 to 

96 C, the maximum COP (0.32) were obtained at generator temperature of 90 C. Selvaraju [13] 

also noted that the COP increases with the generator temperature increasing up to a optimum 

value and after that the performance return to decreasing. Selvaraju [13] also studied more than 

one ejector geometry and dimensions, and he noted that every ejector has an optimum and 

maximum performance at a certain value of generator temperature.   

Sun [14] study carried out on the variable geometry ejectors, it was noted that, with the variable 

geometry ejector. There are no limitations of the performance value of the system, when the 

generator temperature increased the performance increased without optimum generator 

temperature Thus, variable geometry ejectors are better than the of fixed geometry ejectors, 

which variable geometry ejector have a wide range of operation conditions to make it more 

flexible and reliable more the fixed geometry ejectors and more performance value. variable 

geometry ejector can be achieved by using more than one ejector in parallel in the same cycle, 

and only one ejector are used according to the performance of the system in the instant 

conditions .Figure 1.3 shows the Effect of generator temperature on ejector and cycle 

performance at condenser and evaporator temperature 35 ͦ C and 10 ͦ C respectively[14]. 



 

7 

 

 

Figure 1. 3: Effect of generator temperature on ejector and cycle performance [14]. 

All the theoretical and experimental studies [7-14] concluded that the performance of the cycle 

increased when the evaporator temperature increased and the condenser temperature decreased. 

Figure 1.4 and figure1.5 show the effect of condenser and evaporator temperatures on the 

performance of the cycle [14]. 

 

Figure 1. 4 Effect of condenser temperature on ejector and cycle performance [14]. 
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Figure 1. 5 Effect of evaporator temperature on ejector and cycle performance [14]. 

Alexis and Karayiannis [15] studied the performance of an ejector cooling system driven by solar 

energy and R134a as working fluid. The system operating in intermediate temperature solar 

collector in Athens was estimated along the 5 months (May–September). It was found that the 

COP of ejector cooling system varied from 0.035 to 0.199 when the operation conditions were: 

generator temperature (82–92 ͦC), condenser temperature (32–40 ͦC) and evaporator temperature 

(-10–0 ͦC). Where the overall system performance varied from 0.014 to 0.101 with the same 

operation conditions in July. 

Kursad Ersoy et al [16] simulation study using R123 as working fluid and evacuated tube 

collector in Turkey climates. The performance of the VJRC and the evacuated tube collector 

were hourly varied by ambient temperature and solar radiation. The maximum performance of 

the system occurred in the noon time.  

Energy storage technology was applied in solar energy driven cooling system to use energy in 

the peak time or in the time where the sun radiation is absence. Two kinds of thermal storage are 

used hot storage in the solar collectors side, and cold storage in the evaporator side, Tashtoush et 

al [17] simulation study using R134a as working fluid and 7 kW cooling load at Jordan climate 

noted that increasing the hot storage tank size can improve the amount of useful energy gain 

through the solar collector a little. 
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Many researchers used TRNSYS software for studying solar thermal cooling systems and 

refrigeration systems. Pridasawas and Lundqvist [18] studied the effect of solar collector types 

and operation conditions on the VJRC performance with iso-butane as a refrigerant, Tashtoush et 

al [17] simulate the solar collector angle and area and study the performance of VJRC for the 

climatic conditions of Jordan with R134a as a refrigerant, Ahmed et al [19], and Asim et al [20] 

used TRNSYS to simulate the absorption cooling system under climate of Egypt and Pakistan 

respectively.  

 

1.4 Methodology 
 

This simulation study consist from three subsystems as mentioned above; VJRC subsystem, 

building cooling load subsystem and solar thermal subsystem. The VJRC was simulated by using 

the water as working fluid by using EES, in this subsystem the various design conditions were 

studied, and the characteristic curves and tables were found at constant evaporator temperature 

10°C, this characteristic tables later were used as input Excel file in the TRNSYS simulation 

studio to specify the performance of the system at various generator and condenser temperatures 

and find the cooling load of the cycle.   

The building cooling load subsystem was hourly simulated using the TRNBuild subsystem in 

TRNSYS software to find the cooling load demand of the TMH according to the weather data 

and conditions in Hebron and Jericho cities, this model for the thermal behavior of the house unit 

is also was used as input file in the TRNSYS simulation studio. The optimum tilt angle of the 

solar collector was determined based on the maximum amount of total incident solar radiation 

for the study period in the two cities.  

The overall solar thermal cooling system was hourly simulated by using the TRNSYS simulation 

studio that consist from VJRC subsystem as TRNSYS / Excel Coupling file and the cooling load 

of the house by using Multi-zone building file, the overall simulation consider the solar energy 

collected by ETC at fixed optimum tilt angle and used hot energy storage tank to store the excess 

thermal energy for peak times or in the times where the sun radiation is absence. This energy 

delivered to the generator in the VJRC and used to operate the cycle and produce cooling energy 

in the evaporator, this cooling energy then delivered to a cooling coil to cover the cooling load 
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demand of the house. Two mainly parameters were studied in the overall system, solar collector 

area and the storage tank volume in each city, an economical study was done using three 

methods payback period, net present value and internal rate of return.   

 

1.5 Scope of this study 
 

The importance of this study is that study the use of the VJRC under influence of large operation 

temperature range and variable cooling load which change every moment, unlike most previous 

studies in which the system has studied in limited temperature range and constant cooling load. 

Therefore, this makes the results more realistic and flexible, especially with changing ambient air 

temperature and solar radiation permanently, which greatly affects the performance and system 

capacity, this was in Hebron and Jericho cities. 

 The choice of the cities of Hebron and Jericho in this study is a unique contribution, where the 

great variation in climate and weather conditions for these areas are reflected largely in the 

ability and efficiency of the cooling cycles generally and on the solar cooling cycle  particularly. 

The following objectives are the foundations of this research. 

 

� To simulate the performance of the VJRC 

Computer modeling was carried out on single VJRC using water as working fluid. The 

system was demonstrated on EES software under various operation conditions, the generator 

temperatures 80-150°C, condenser temperatures 25-40°C and evaporator temperatures 5-

15°C. And investigate their effects on the cycle performance and find the characteristic 

curves and tables of the cycle.  

�  To simulate the cooling load demand for TMH 

Hourly simulation for cooling load demand for TMH used in rural areas in Hebron city at the 

south of west bank and Jericho city at the east of west bank in Palestine. 

� To find the optimum solar collector tilt angle 

Find the optimum and suitable solar collector tilt angle in the period of study according the 

clear sky theory and equations to obtain the maximum incident of the solar radiation for the 

two mentioned cities. 
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� To simulate the VJRC driven by solar energy  

Hourly simulation for VJRC driven by solar energy at different weather and climate of the 

two cities mentioned above using TRNSYS software, and study the effect of the different 

parameters (solar collector area and volume of the storage tank) on the performance of the 

system and the cooling capacity of the cycle also to find the optimum design parameters and 

system size to supply and cover the cooling load demand in the TMH. 

1.6 Thesis Structure 
 

This thesis is structured in five chapters and begins with an introduction in chapter 1, providing 

an overview of energy consumption in HVAC, ejector configurations, VJRC principals, literature 

review and finally, scopes and objectives of this study. 

Chapter two discusses the theory of the ejector based on constant pressure mixing ejector .In 

addition the theory of VJRC, solar collector theory, and incident solar radiation calculations 

according to the clear sky theory and equations. 

Chapter three discusses the climate of the selected areas, building constructions and properties, 

codes and standards and parameters of the cooling load demands.   

Chapter four discusses the simulation of the VJRC subsystems and results, Building Cooling 

load subsystems simulation and results and the overall system simulation and results.  

Chapter five discusses the conclusions and future works. 
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CHAPTER 2 

Theory 
 

2.1 introduction 
 

As mentioned above the proposed system that studied consist from three subsystems; VJRC 

subsystem, building cooling load subsystem and solar thermal subsystem. In this chapter all 

theory’s that are needed for VJRC and solar thermal subsystems are illustrated that include the 

ejector theory, VJRC theory, solar collector and Incident solar radiation theory. Building cooling 

load subsystem theory will be reviewed later. Figure 2.1 shows the schematic diagram of the 

proposed system. 

 

Figure 2. 1: Schematic diagram of the proposed system. 
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2.2 Ejector theory 
 

The ejector is considered the main component in the VJRC. In this study the ejector used was 

based on the constant pressure mixing ejector that proposed by Eames et al [9] and Sun [14]. 

Where the theoretical equations of the ejector were based on the well-known steady flow energy 

equation, momentum and continuity equations as follows. 

Energy equation for an adiabatic flow: 

∑ṁᵢ �hᵢ + 	ᵢ
� � = ∑ṁₑ �hₑ + 	ₑ
� � …………………………………………………………..2.1 

Momentum equation: 

Pᵢ	Aᵢ + ∑ṁᵢVᵢ = Pₑ	Aₑ + ∑ṁₑVₑ ………………...…………………………………………2.2 

Continuity equation: 

∑ρᵢAᵢVᵢ = ∑ρₑAₑVₑ …………………………………………………………………………2.3 

Where: 

ṁ:  the mass flow  
h: specific enthalpy  
V: velocity  
P: pressure  ρ: density  
A: area  
With reference to Figure 2.2, the following simplified assumptions were made for the one 

dimensional ejector Analysis by Eames et al [9] and Sun [14]. 

1. Friction losses were taken in consideration ed by applying isentropic efficiencies to the 

primary nozzle, diffuser and mixing chamber. 

2. The primary and secondary fluids were supplied at zero velocity at P and S respectively. 

3. At the outlet of the primary nozzle where the primary and secondary fluids first meet, the 

static pressure was assumed to be constant. 

4. Mixing of the two streams was complete before entering the throat section. 

 



 

14 

 

 

Figure 2. 2: Pressure and velocity profile along the typical ejector 

 

Appling the energy equation (2.1) between points p and 2 to find the velocity of the stream 

leaving the nozzle, it can be simplified to  

Vp2
2=2ηn (hp-hp2)………………………………………………………………………………...2.4 

Where: ηn is an isentropic efficiency of the primary nozzle.  

Also the secondary flow velocities at point 2 is 

Vs2
2=2 (hs-hs2) …………………………………………………………………………………..2.5 

The specific enthalpy is defined as 

h = cpT …………………………………………………………………………………………..2.6 

Specific heat at constant pressure is defined as 

cp=
����� …………………………………………………………………………………………..2.7 

Where: 

R is the universal gas constant  
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 k is the specific heat ratio 

The isentropic relationship between pressure and temperature ratios between states 1 and 2 is 

given by: 

������ = ������(
(���)/�)

 ……………………………………………………………………………2.8 

The speed of sound at local static temperature is 

c= √kRT ………………………………………………………………………………………...2.9 

The local Mach number is defined as 

M=		  …………………………………………………………………………………………...2.10 

From the above equations, the relation between the pressure ratio across the nozzle and Mach 

number at the exit of the nozzle is given as: 

Mp2=!�"#	��� $�%&%₂�((���)/�) − 1*	……………………………………………………………...…2.11 

Similarly to the primary, the Mach number of the secondary fluid at the nozzle exit plane is 

given as: 

Ms2=! �	��� $�%+%₂�((���)/�) − 1*	…………………………………………………….…………...2.12 

By applying the momentum equation on the ejector mixing chamber from 2 to 4. It was assumed 

that the entire mixing of primary and secondary flows occurs between point’s 2 and 4 at constant 

static pressure. Therefore, equation 2.2 becomes as the following: 

ηm(ṁpVp2+ṁsVs2)= (ṁp +ṁs)V4 ………………………………………………...……………...2.13 

Where: ηm is efficiency for the mixing chamber. 

Thus the velocity of the mixed fluid at 4 can be written as 

V4 = ηm�ṁ%		%�/ṁ+		+�ṁ%	/ṁ+ � …………………………….……………………………………….2.14 
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Therefore, equation (2.14) can be expressed in terms of Mach number as: 

M˟4 = 2	3˟%�/4	3˟+�	5�+/�%5(�/4)(�/4	�+/�%) 6 ……………………………………………………………..…...2.15 

Where M˟ is the ratio between the local fluid velocities to the velocity of sound at critical 

conditions. And the relation between M and M˟ at any point in the ejector is given by this 

equation. 

M˟ = 7 (�/�)3²/��/(���)3²/� …………………………………………………………………………...2.16 

Once the fluids are fully mixed and the mixed flow enters the throat area with a supersonic 

speed, a normal shock wave occurs at point five which is irreversible leading to a sudden change 

in the fluid pressure and velocity, where the pressure increased and the Mach number to 

subsonic. Thus, the Mach number after the shock for the mixed flow is written as: 

M5 = ! 3:
/ 
(;<=)> 
;(;<=)?3:
�� ………………………………………………………….………………..2.17 

Therefore, the pressure lift ratio across the shock can be found as follows: 

�@�: = �/�	3:
�/�	3@
 ……………………………………………………………………..…………….2.18 

Further compression of the mixing fluid is achieved as it passes through the subsonic diffuser, it 

is assumed that the flow speed is reduced to zero at the diffuser exit. Thus, the pressure lift 

across the diffuser can be written as: 

�A�@ = �"B(���)� 	M5� + 1�(�/(���)) …………………………………………………..………….2.19 

Where ηd is the isentropic efficiency of the diffuser 

2.3 VJRC theory 
 

VJRC was described in chapter 1.The following equations and expressions are referred to Figure 

2.1 That shows the schematic diagrams of VJRC and figure 2.3 a and b that show  T-s and p-h 

diagrams for the same cycle. 
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                      a: T-s diagram of VJRC                                       b: p-h diagram of VJRC   

Figure 2. 3: T-s and p-h diagrams of VJRC 

The performance of an ejector can be defined in terms of the Entrainment ratio or mass flow 

ratio which is the ratio between the secondary and primary fluid mass flow rates. [9] 

w = ṁ+ṁ% ……………………………………………………………………………...…………2.20 

The VJRC performance is evaluated by the coefficient of performance (COP), COP is equal the 

ratio between the Evaporator load Qe to the generator load Qg and power of the pump Wp as 

shown: 

COP=
DEDF/	G% ………………………………………………………………………………..…2.21 

Where: 

Qe= ṁs (h3-h8)…………………………………………………………………………………..2.22 

Qg= ṁp (h1-h7)……………………………………………………………………...…………..2.23 

Wp =ṁp (h7-h6)………………………………………………………………………..……..…2.24 

The isentropic efficiency of the primary nozzle ηn and the isentropic efficiency of the diffuser ηd 

can calculated as shown:  

ηn = I�+�I�I��I�  …………………………………………………………………………………....2.25 

ηd = I@+�I:I@�I:  ……………………………………………………………………………………2.26 

The energy balance at point 4 can calculated as 

ṁs *h3+ ṁp *h2 = ṁc *h4…………………………………………………………………...……2.27 
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For combined power and refrigeration cycle, the COP of the Carnot cycle under the same 

conditions can calculated as 

COPcarnot =	 �E�A��E ∗ �F��A�F  ………………………………..………….………………….………2.28 

The condenser load Qc of the cycle can be calculated as: 

Qc =ṁc(h5-h6)……………………………………………………………………….………..…2.29 

Where ṁc is the condenser flow rate and equal the summation of primary and secondary flow 

rate as shown: 

ṁc= ṁp+ ṁs………………………………………………………...………………………..…2.30 

The overall performance of the solar cooling system is  

COPo =COP *ηsc……………………………………………………………………………….2.31 

Where ηsc is the solar collector efficiency  

 
2.4 Solar collector theory 
 

The solar thermal collector is the major component of any solar thermal system. This is a device 

which collects the incoming solar radiation from the sun, converts it into a heat, and transfers this 

heat to a heat transfer fluid that usually water, molten salt or oil, that flow through the collector. 

The solar energy which was collected is carried by a circulated heat transfer fluid to use directly 

or to store it in a thermal energy storage tank which can be utilized later at night and/or cloudy 

days [21]. There are mainly two types of stationary solar collectors: Flat plate collector (FPC) 

and Evacuated tube collector (ETC), the operating temperatures of these collectors are listed in 

table 2.1.  ETC have wide range of operating temperatures more than Flat plate collector which 

make it a more suitable collector for the solar thermal systems with moderate operating 

temperature.  

Table 2. 1: Typical operating temperature of different solar collectors 

Type of collector Typical operating temperature [ͦ C] Reference 

FPC ≤70 
[22] 

High efficiency FPT 60-120 

ETC 50-200 [21] 
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The useful energy extracted by the collector (Qcoll) is 

Qcoll = 	ηsc	G	Acoll = ṁf cp(To −Ti )………………………………………………………….2.32 

Where 

G is the solar radiation  

ηsc is solar collector efficiency 

Acoll is collector area 

Ti and To are the inlet and outlet collector temperature respectively. 

ṁf and cp  are mass flow rate and specific heat of the circulation fluid. 

The solar collector efficiency ηsc is calculated by the Hottel–Whillier–Bliss equation as follow: 

ηsc =η₀ − a₁	 �T��UV − 	a₂	 (�T��U)�V …………………………………………...………………..2.33 

Where  

η₀ is Maximum efficiency  

a1 is 1st order heat loss coefficient, depend on the collector type 

a2 is 2nd order heat loss coefficient, depend on the collector type 

Tm and Ta are the mean collector fluid temperature and ambient air temperature respectively  

The data for ETC and FPC are listed in table2.2 according to the manufacturer [23] and the 

corresponding efficiencies are plotted in figure 2.4 as function of temperature difference between 

collector fluid and ambient air assuming a solar radiation of 1000 W/m2. 

 

Table 2. 2: Parameters of the evacuated tube and flat plate collectors [23] 

Collector type η₀ [-] a1 [W/(K·m²)] a2 [W/(K²·m²)] 
ETC 80 1.5 0.005 

FPC 80 4 0.1 
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Figure 2. 4: Efficiency of the evacuated tube and flat plate collectors [23] 

2.5 Incident solar radiation theory 
 

The solar radiation, reaching the earth’s surface can be classified into three main components: 

direct beam radiation, diffuse radiation and reflected radiation. Direct beam radiation is the solar 

radiation passing through the atmosphere to the receiver in a straight line. Diffuse radiation is a 

dispersed radiation caused by atmospheric molecules and aerosols, while the reflected radiation 

that has bounced off the ground or other surface in front of the collector [24], Figure 2.5 shows 

the Solar radiation striking a collector and figure 2.6 shows the solar angels, where it illustrating 

the collector azimuth angle фC and tilt angle Ʃ along with the solar azimuth angle фS and altitude 

angle β [24]. 

 

Figure 2. 5: Solar radiation striking a collector [24] 
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Figure 2. 6: Solar angels [24] 

To estimate the suitable collector tilt angle  in the period of study Clear Sky Direct-Beam 

Radiation theory were used, where the beam portion of the radiation reaching the earth’s surface 

IB can be calculated as the following [24]: 

IB = Ae−km ………………………………………………………………..…………………….2.34 

Where 

 A: is an “apparent” extraterrestrial flux. 

A=1160 + 75sin >[\][\@ (n − 275?………………………………………….…………………...2.35 

k :is a dimensionless factor called the optical depth.  

k=0.174 + 0.035sin >[\][\@ (n − 100?………………………………………………………..….2.36 

n :day number  

m :The air mass ratio  

m=1/sin β……………………………………………………………………………………..2.37 

The direct solar flux striking a surface is denoted by IBC and can be calculated as the following:  

IBC = IB cos ф ……………………………………………………………………………..…2.38 

Where the cos ф is the cosine of the incidence angle between the normal to the collector face and 

the incoming solar beam radiation and can be calculated as the following:  
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cos ф = cos β cos (фS − фC) sin Ʃ + sin β cos Ʃ ………………………………………………2.39 

The diffuse radiation on a collector is much more difficult to estimate accurately than it is for the 

beam. It can be assumed that the diffuse insolation on a horizontal surface IDH is proportional to 

the direct beam radiation IB no matter where in the sky the sun happens to be: 

IDH = C IB ………………………………………………………………………………..…….2.40 

Where C: is a sky diffuse factor 

C=0.095 + 0.04sin >[\][\@ (n − 100?…………………………………………………………....2.41 

The following expression for diffuse radiation on the collector, IDC, is used when the diffuse 

radiation is idealized in this way: 

IDC = IDH >�/Ab+Ʃ� ?= C IB >�/Ab+Ʃ� ? ………………………………………………………………2.42 

The final component of insolation striking a collector results from radiation that is reflected by 

surfaces in front of the panel IRC. 

IRC = ρ IB (sin β + C) >��Ab+Ʃ� ?……………………………………………………………….….2.43 

Where ρ is the ground reflectance between (0.1-0.8) 

The total insolation on the collector is therefore 

IC = IBC + IDC + IRC ………………………………………………………………………...…..2.44 
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CHAPTER 3 
 

Climate and Building Descriptions 
 

3.1 Introduction 
 

The reference building model in this study is called typical movable house (TMH) and it is 

selected for two locations Hebron and Jericho cities in Palestine, the aim of this chapter is to 

demonstrate and study the characteristic of the TMH in terms of location and climate conditions  

; solar radiation and ambient air temperature of the selected locations. Also for the building 

constructions, internal heat gains and air exchange.  In order to simulate the TMH cooling load 

demand by using TRNSYS software.  

3.2 Location and Climate 
 

The building cooling demand are mainly influenced by the outdoor ambient air temperature and 

global solar radiation around it. In this study, the TMH cooling demand calculations depends on 

the selected locations climates of Hebron and Jericho cities in West Bank at Palestine.  

The Hebron city is located south of west bank at latitude 31.32°N and longitude 35.06°E It’s a 

mountain view. Hebron enjoys relatively medium mean temperatures .The meteorological station 

is 1005 meters above sea level and the mean temperature is estimated 17.36 °C in 2015 

according the Palestinian Meteorology (PAL MET) in Palestine [25]. Jericho city is located east 

of west bank at latitude 31.51°N and longitude 35.27°E. It is located in the high mean 

temperature regions. This city is characterized by very hot weather in summer; summer 

temperatures rise up to 45 °C.  The meteorological station is 260 meters below sea level and the 

mean temperature is estimated  24.77 °C in 2015 [25] 

The files of the meteorological data for two locations were received in Excel-format from the 

PAL MET. The data files contains measurement data in 15 minute intervals for the year 2015. It 

includes, the global horizontal solar radiation, ambient air temperature and relative humidity. 

This file was converted into Energy plus Weather (EPW) format with hourly intervals. 
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 Figure 3.1 Shows the distribution of the ambient temperatures in the two cities, where the 

maximum ambient temperature in Hebron and Jericho cities reached to 38.7 °C and 45 °C 

respectively. 

 

Figure 3. 1: Annual distribution of ambient temperatures for Hebron and Jericho cities. 

Figure 3.2 shows the distribution of the global horizontal solar radiation for the two cities, where 

the maximum hourly global horizontal solar radiation in Hebron city is 1157 W/m2, and the 

maximum hourly global horizontal solar radiation in Jericho city is 1180 W/m2.  
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Figure 3. 2: Annual distribution of global horizontal solar radiation for Hebron and Jericho cities W/m2 

Figures 3.3 and 3.4 show the mean monthly distributions for ambient temperatures and number 

of hours for one sun of horizontal global solar radiation in kWh/m2.day for the two cities. 

 

Figure 3. 3: Mean monthly distributions for ambient temperatures for Hebron and Jericho cities °C. 
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Figure 3. 4: Mean monthly distributions for one sun of horizontal global solar radiation per day for 

Hebron and Jericho cities kWh/m2.day. 

Figure 3.2 to 3.4 show that the annual total solar radiation are mostly the same for the tow city 

where the total solar radiation for Hebron is 2068 kWh/.m2.y and for Jericho is 2086 kWh/.m2.y 

because the solar radiation depends of the latitude value of the location on the earth and the two 

locations have relatively the same values of latitude as mentioned above. But on the other hand 

the average ambient temperature for Jericho city is greater than Hebron city by 42% ,this is 

because of the deference of the land level from the sea level where Jericho have a valley weather 

and Hebron have mountain weather and this is the main deference between the two cities. 

3.3 Building Description 
 

The reference TMH which has been selected in this study is produced by Alamour Company for 

industrial and trading in Bedya-Jeneen [26]. This section defines the TMH and the definition 

include architecture design and orientation, constriction building elements descriptions (walls, 

roof, floor and windows), internal heat gain, air change conditions and the cooling set point. This 
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building data must be determined in order to simulate the thermal cooling demand for the 

building by using TRNBuild in TRNSYS software. 

The TMH is rectangular shape 8m*3m, and ceiling height is 2.6 m. It consists of two bedrooms, 

Kitchen and bathroom. Number of occupants is 3 persons. The sketch of TMH in Figure 3.5 

Shows the architecture design, orientation and the zones dimensions. This architecture design of 

the TMH was considered for the two climate locations, Hebron and Jericho cites. 

 

Figure 3. 5: Architecture design of the TMH 

The constructions of the TMH walls, roof, door and ground are consists of typical sandwich 

panel with over all heat transfer coefficient (U-value) of 0.587 W/m2 ͦC, it consists of two metal 

sheets from carbon steel and between them there is a layer from polystyrene figure 3.6 a. A 

double glass aluminum frame window with U-value of 2.877 W/m2 ͦC was selected for the TMH 

as one of the most popular window types in Palestine figure 3.6 b.  Inside and outside convection 

heat transfer coefficient was considered based on ISO 6946-2007 standard [27], table 3.1 

represents the Conventional surface resistances where the convection heat transfer coefficient is 

inverse of the resistance .  
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Figure 3. 6: TMH constructions, a: for walls, roof, door and floor, b: for windows  

Table 3. 1: The inside and outside Conventional surface resistances [27] 

Surface resistance 

m2.K/W 

Direct of heat flow 

upwards horizontal downwards 

Rinside 0.1 0.13 0.17 

Routside 0.04 0.04 0.04 

 

The constructions and details of walls, roof, door, ground and windows are shown in table3.2. 

Where all the physical properties were taken according the Palestinian code for efficient 

buildings [28].  

Table 3. 2: Constructional components of the TMH 

assembly layer 
Thickness 

[mm] 

Thermal 
conductivity  
[W/ m°C] 

Density 
[kg/m3] 

Specific 
heat 

[kJ/kg°C] 

U-Value 
[W/m2 °C] 

External walls, 

roof, door, and  

floor 

Carbon steel 0.7 60 7800 0.466 

0.587 Polystyrene 50 0.032 35 1.3 

Carbon steel 0.7 60 7800 0.466 

windows 

Glass 3 0.8 2250 0.84 

2.877 Air gap 6 0.03 1.2 1.007 

glass 3 0.8 2250 0.84 
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The rate of internal heat gain from occupants, lighting and electric equipments also contribute in 

cooling load. From occupants was considered based on ISO 7730-2005 standard [29] in 

TRNSYS data library where the number of occupants is 3 persons with 150 W/person (Seated, 

light work), in addition the heat gain from electrical equipment is 140 W and 10W/m2  from 

lighting. Ventilation was considered for this building according to ANSI/ASHRAE Standard 

62.1-2013, [30] where the ventilation for residential dwelling unit is 2.5 L/s.person. Infiltration 

was considered according cracked method [31] based on the length of the crack or the perimeter 

of the windows and doors under specific value of wind speed where the mean wind speed in the 

summer seasons in Hebron and Jericho cites are  9 and 15 km/h respectively  [25].ventilation and 

infiltration were converted to number of air change per hour according to the house volume,  

where the value of ventilation is 0.5 times per hour, and the infiltration in Hebron and Jericho 

cites are 0.3 and 0.83 times per hour respectively for double hung metal windows and according 

the wind speed[31].  

The indoor design conditions- temperature and relative humidity- are set according to 

ANSI/ASHRAE Standard 55-2013[32].where for thermal comfort purposes, the temperature 

could range between approximately 20 and 27 °C and the relative humidity range between 

approximately 40 –65%. In this study the inside temperature was chosen to be is 22 °C dry bulb 

and the relative humidity of 50%.  
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CHAPTER 4 
 

Simulation and Results 
 

4.1 Introduction  
 

As mentioned in chapter one the proposed system consist of three subsystems; VJRC subsystem, 

building cooling load subsystem and solar thermal subsystem.in this chapter an illustration of the 

simulation and results of these subsystems also an estimate of the optimum collector tilt angle is 

demonstrated. The work was done by utilizing different software programs and tools mentioned 

in previous chapters.  

4.2 VJRC simulation and results 
 

4.2.1 VJRC simulation 
 

EES is a general equation - solving program that can solve thousands of non - linear and 

differential equations in a numerical manner. The mathematical and thermophysical property 

library is extensive in EES. The program offers many integrated mathematical and 

thermophysical properties for engineering calculations. For example, the steam tables are 

implemented in such a way that any thermodynamic property can be obtained in any two other 

properties. Similar capability is provided for most refrigerants and many other fluids [33].  

The equations of ejector were programmed in the EES program. Where the properties of the 

steam were computed from the program built-in function in the program library. Constant-

pressure mixing ejector with variable geometry that discussed by sun et al [14] is assumed.  

Where the operating conditions (generator, evaporator, and condenser temperature) was at 

saturated temperature. The efficiency of the nozzle ηn and diffuser ηd were chosen to be  0.85, 

and the mixing chamber efficiency ηm was assumed 0.98.as described by sun et al [14]. the 

following procedures were used for analysis and calculations the cycle parameters (as shown in 

figure 4.1): 

� Define the design parameters and constants which includes the evaporator temperature Te , 

generator temperature Tg, condenser temperature Tc, generator load Qg , universal gas 
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constant R, specific heat ratio k and the efficiency of the nozzle ηn ,diffuser ηd , and 

minimum value for the Mach number of the secondary fluid at the nozzle exit Ms2. where 

assumed to be greater than the Mach number by10% . 

� Calculate the saturation pressures of the generator Pg., condenser Pc and evaporator Pe.  

� Find the enthalpy and enthalpy change of the generator, condenser and evaporator using the 

steam tables. 

� Calculate the mass flow rate of the primary fluid ṁp using equation 2.23. 

� Solve the equations from 2.11 to2.19 find the value of the entrainment ratio w. 

� Solve the equation 2.20 and equation 2.30 to find the secondary fluid flow rate ṁs, condenser 

mass flow rate ṁc . 

�  Use the steam tables, equations 2.25 to 2.27, nozzle efficiency ηn and diffuser efficiency ηd 

to find the enthalpy at point’s h2, h2s, h4, h5, h5s in the cycle. 

� Use the equations 2.22, 2.24, 2.29, 2.21 and 2.28 to find the evaporator load Qe, the 

condenser load Qc, the pump power Wp and the coefficient of performance of the system 

COP and COPcarnot. 

 

Figure 4. 1: Flowchart for analysis and calculate the VJRC parameters  
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4.2.2 VJRC results 
 

For fixed operation conditions; generator temperature, condenser temperature, evaporator 

temperature is assumed to be 110°C, 35°C and 10 °C .Figure 4.2 shows and represents  the cycle 

on the p-h diagram extracted from EES. While table 4.1 shows the cycle results. 

 

Figure 4. 2: P-h diagram for VJRC at fixed operating conditions 110 °C, 35 °C and 10°C for generator, 

condenser and evaporator temperature respectively. 

Table 4. 1: VJRC results at fixed operating conditions 110 °C, 35 °C and 10°C for generator, condenser 
and evaporator temperature respectively. 

Parameter   Result 

Pe (kpa) 1.228 

Pc (kpa) 5.627 

Pg (kpa) 143.2 

qe (kJ/kg) 2372 

qc (kJ/kg) 2273 

qg (kJ/kg) 2545 

wpump (kJ/kg) 0.0001197 

w 0.32 

COP 0.2984 

COPcarnot 2.217 
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4.2.2.1 Effect of the generator temperature on the cycle performance 
 

The VJRC performance depends mainly on the operating conditions as shown in the literature 

review. Figure4.3 shows the variations of cycle performance with generator temperatures at 

constant evaporator and condenser temperature 10 °C and 35 °C respectively. As shown in the 

figure the COP of the cycle increases from 0.25 to 0.34 as the generator temperature rises from 

100°C to 120°C. The reason for this is that the pressure ratio of the power cycle increase and 

more secondary flow will be entrained from the evaporator. 

 

Figure 4. 3: Variations of COP with generator temperatures 

 

 4.2.2.2 Effect of the evaporator temperature on the cycle performance 
 

Figure 4.4 shows the variation of cycle performance with evaporator temperatures at constant 

generator and condenser temperatures 110°C and 35 °C respectively. It can be noticed that the 

COP increases from 0.13 to 0.55 as the evaporator temperature changes from 5°C to 15°C. This 
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increment is due to an increment in secondary flow which will be entrained as the evaporator 

temperature increases under low pressure ratio in the refrigeration cycle. 

 

Figure 4. 4: Variations in COP with evaporator temperatures 

 

4.2.2.3 Effect of the condenser temperature on the cycle performance 
 

Figure 4.5 shows the variations of cycle performance with respect to condenser temperature at 

generator temperature and evaporator temperature 110°C and 10 °C respectively. It can be seen 

that the COP decreased remarkably from 0.55 to 0.02 as the condenser temperature increases 

from 30°C to 45°C. This due to low secondary flow will be entrained as condenser temperature 

increases under high pressure ratio in the refrigeration cycle. 
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Figure 4. 5: Variations in COP with condenser temperatures 

Thus, under high generator and evaporator temperature and low condenser temperature the cycle 

will have higher COP and cooling capacity. 

In Figures 4.3 to 4.5 a three curves which represents the study results, Carnot cycle performance 

and the previous study COP done by sun [14] are demonstrated.as shown in the results the 

previous study COP and the study COP are almost identical at the same conditions and 

parameters. Carnot cycle performance was also calculated at the same temperature limits, as 

shown in the figures above, the results of this study are consistent with the concepts of the 

thermodynamics principle as the temperature limits are changed. 

 

4.2.2.4 VJRC characteristic curves and tables  
 

In the proposed system the generator temperature is assumed to be variable due to the ambient 

temperature and the solar radiation variations. Also the condenser temperature is variable 

according to the ambient temperature, but the evaporator temperature was  selected as affixed 
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value according to the desired room air temperature, the selected evaporator temperature was 10 

°C to make suitable temperature difference of 12 °C between the evaporator and the room air 

temperature, where the room temperature was set to be 22°C . The 12 °C was chosen to 

accommodate the two heat exchangers in the cold side (one from the refrigerant to the circulated 

water and the second from the circulated water to the room air). 

The characteristic curves for the cycle at the selected evaporator temperature 10°C are shown in 

figure 4.6 where the generator temperature changed from 80°C to 150°C and the condenser 

temperature changed from 25°C to 50°C.  

 

Figure 4. 6: Characteristic curves for VJRC at 10°C evaporator temperature 

 

Characteristic tables for the cycle were created as  an excel sheet table to be implemented in the 

TRNSYS software, where the generator and condenser temperature were varied with step of  1°C 

and 0.5 °C respectively, as show in appendix A1. 
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4.3 Building cooling load simulation and results 
 

4.3.1 Building cooling load simulation 
 

The major objective for this section is to simulate the thermal cooling load for the two locations 

in both Hebron and Jericho cities based the architecture and construction of the TMH. 

TRNSYS software is a complete and wide simulation environment for the transient systems 

simulation. TRNSYS software is used by engineers and researchers around the world to validate 

the energy concepts especially that related by the thermal energy systems and renewable energy 

systems and also handle with the thermal behavior of the buildings such as cooling and heating 

load. TRNSYS consists of a suite of sub programs, in this study, only two of these programs 

have been used: TRNSYS simulation studio and Building input data visual interface 

(TRNBuild.exe), where TRNSYS Simulation Studio is the main visual interface. Where the 

users can create projects by drag-and-dropping components to the workspace, connecting them 

together and setting the global simulation parameters. The simulation Studio also includes an 

output manager from where controlling any variable are integrated, printed and/or plotted. 

TRNBuild   is a tool used to enter input data for multizone buildings. It allows the designer to 

specify all the building structure details, as well as everything that is needed to simulate the 

thermal behavior of the building, such as windows and wall properties, infiltration and 

ventilation, etc.[34] 

As the TRNBuild view the heat gain into the building comes from both convective heat flow to 

the air node and radiative heat flow to the walls and windows as shown in figure 4.7. Where the 

convection heat transfer comes from infiltration, ventilation, gains due to the convectional air 

flow from zones, internal surface gains and internal heat gains from people, equipment, 

illumination, radiators, etc. while the radiation heat transfer comes from internal gains received 

by walls, long wave radiation exchange between this wall and all other walls and windows and 

solar gains through zone windows and walls. The Convective and radiative heat balance around 

the building are shown in Equations 4.1and 4.2 [35] 
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Figure 4. 7: Heat Balance on the Cooling Zone  

Convective heat flow to the zone air node Qconv: 

Qconv= Qsurf+Qinf+Qvent,+Qgain +Qcoup ………….………….……………………….………….…4.1 

Where  

Qsurf  : the internal surface gain. 

Qinf   : the infiltration gains. 

Qvent : the ventilation gains. 

Qgain  : the internal convective gains (by people, equipment, illumination, radiators, etc.). 

Qcoup : the gains due to the convectional air flow from zones. 

 

Radiative heat flow to the walls and windows Qr,wi : 

Qr,wi =Qg,r,i,wi +Qsol,wi +Qlong,wi ……………………………………………………..…………….4.2 

Where 
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Qg,r,i,wi  : the radiative zone internal gains received by walls. 

Qsol,wi  :the solar gains through zone windows and walls. 

Qlong,wi : the long wave radiation exchange between this wall and all other walls and windows. 

The building model demonstrates the hourly variation of cooling load over the study period. The 

model is created in TRNBuild (figure 4.8 shows the TRNBuild main window) where the 

building parameters (constructions, materials, internal heat gain, ventilation, infiltration and 

cooling set point) as discussed in chapter three. 

 

Figure 4. 8: TRNBuild main window 

Then the generated TRNBuild model is executed to TRNSYS simulation Studio as an input files 

by type 56 (multi-zone building).Figure 4.9 shows the components of the simulation Studio 

window, where it consists from the inputs and outputs that is described in table 4.1 shortly. 
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Figure 4. 9: Simulation Studio window components for building cooling load 

 

Table 4. 2: Components of simulation Studio window and descriptions  

Components Descriptions[36] 

Whether data 
(type15-3) 

This component serves the purpose of reading data at regular time intervals 
from an external weather data file. 

Multi-zone 
building  
(type 56) 

This component models the thermal behavior of a building having up to 25 
thermal zones.  

Plotter (type 65a) The online graphics component is used to display selected system variables 
while the simulation is progressing.  

Integration 
(type24) 

This component integrates a series of quantities over a period of time. 
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4.3.2 Building cooling load results 
 

The cooling load demand for the TMH was hourly simulated over the study period as shown in 

figure 4.9 .The cooling load is synchronized with climate temperature and solar radiation where 

the maximum cooling load is occurring at the noon time when the solar radiation and 

temperature are maximum. Figure 4.10 shows the distribution of the insulations and the ambient 

temperatures for five days (1 to 5 July) in Hebron and Jericho cites. It can be noticed that solar 

insolation for the two cities is almost the same but the main difference between Jericho city and 

Hebron city is the ambient temperature, where there is a difference of 5-10 ͦ C in Jericho city 

more than Hebron city. While figure 4.11 shows the hourly cooling load demand in this period.it 

can be noticed that cooling load curves for both cities follow the ambient temperature curves 

with a great similarity, also Hebron city has less cooling load than Jericho. This is due to the 

lower ambient temperatures of Hebron city. Figure 4.12 shows the monthly mean cooling energy 

demand and figure 4.13 shows the total seasonal cooling energy demand for Hebron and Jericho 

cites, in figure 4.12 and 4.13 it is clear that the monthly and seasonal cooling energy demand in 

Hebron city is much lower than its equivalent in Jericho city, where the total seasonal cooling 

energy demands in Hebron and Jericho cities 5749 kWh/year and 14864 kWh/year respectively.  

 

Figure 4. 10: Distribution of the insolation and ambient temperatures for five days (1 to 5 July) in Hebron 

and Jericho cites 
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Figure 4. 11: Cooling load demand and ambient temperature for five days (1 to 5 July) in Hebron and 

Jericho cites 

 

Figure 4. 12: Monthly mean cooling energy demand for study period for Hebron and Jericho cites 
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Figure 4. 13: Total seasonal cooling energy demand for Hebron and Jericho cites 

From figures 4.10 to 4.13 it can be concluded that the cooling energy demand for Jericho city is 

much more than for Hebron city and this is because the climate in Jericho city is hotter than 

Hebron city.  

4.4 Collector tilt angle estimation  
 

The collectors are responsible for the conversion of incident solar radiation energy into thermal 

energy that is later useful in the running of the VJRC to produce chilled water that is used in 

cooling the house. Therefore, the solar thermal collection components of the solar cooling 

system are such an important part that their performance must be optimized for a better 

performance of the whole system. One of the key parameters that can be easily changed to 

optimize the collector performance is the collector tilt angle. Where the tilt angle depends greatly 

on the collector location on the earth (latitude) and the time of the year. 

 
Excel sheet calculations were carried out to predict the optimum tilt angles for a south facing 

surface for the study period, the calculations were made according to the clear sky Direct-Beam 

Radiation theory [24]. Where the optimum tilt was determined based on the maximum amount of 

total incident solar radiation for the study period, figure 4.14 shows the average daily mean 

insolation per month at different tilt angles for Hebron city where there is an optimum tilt angle 

every month according to the chart in figure 4.14. Figure 4.15 shows the total amount of 

insolation at different tilt angles for both Hebron and Jericho cities. 
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Figure 4. 14: Average daily mean insolation per month at different tilt angles for Hebron city 

 

 

Figure 4. 15: Total amount of insolation at different tilt angles during the study period 

After comparison, the total insolation at different tilt angles during the study period ,it was 

concluded the maximum incident insolation during the study period is 1384 and 1383 kWh/m² in 

Hebron and Jericho cities respectively .also, these values occurred at 15 ͦ deg for both , so the 15 ͦ 

deg solar collector tilt angle was selected in this study as a fixed value. 
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4.5 Overall system simulation and results 
 

4.5.1 Overall system simulation 
 

The overall TRNSYS simulation project illustrated in Figure 4.16 consists from VJRC 

subsystem, building cooling load subsystem and solar thermal subsystem. The VJRC subsystem 

was simulated previously on the EES software and the characteristic tables for the cycle were 

created into an Excel sheet at the evaporator temperature 10°C and the generator temperature 

between 80 °C to 150 °C with 1°C step and the condenser temperature between 25 °C to 50 °C 

with 0.5°C step as show in appendix A1.Building cooling load subsystem was also simulated 

previously using the TRNBuild tool in the TRNSYS software. The overall simulation project 

contain the solar thermal subsystem which was simulated in the TRNSYS simulation Studio with 

VJRC subsystem and building cooling load subsystem as shown in figure 4.16. Table 4.2 shows 

the inputs and outputs of the overall system and short descriptions of its elements as TRNSYS 

Library. 

 

Figure 4. 16: Simulation Studio window components for overall system 
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Table 4. 3Components of simulation Studio window and descriptions  

Components Descriptions[36] 

Whether data 
(type15-3) 

This component serves the purpose of reading data at regular time 
intervals from an external weather data file. 

Multi-zone building  
(type 56) 

This component models the thermal behavior of a building having 
up to 25 thermal zones.  

Plotter (type 65a) The online graphics component is used to display selected system 
variables while the simulation is progressing 

Solar Collector; Evacuated 
Tube  (type71) 

Models a single phase evacuated tube solar collector. 

Storage Tank (Type4)  Models a hot storage tank. 
Variable speed pump 
 (Type742) 

Models a pump that sets its fluid outlet mass flow rate equal to 
the user specified inlet mass flow rate.  

Single speed pump  
(Type740) 

Models a single (constant) speed pump that is able to maintain a 
constant fluid outlet mass flow rate.  

TRNSYS / Excel 
 Coupling (Type62) 

This TRNSYS Type implements a link with Excel.  
 

ON/OFF Differential 
Controller (Type2) 

Generates a control function which can have a value of 1 or 0.   

Cooling Coil  
(Type697) 

Models a cooling coil where the air is cooled as it passes across a 
coil containing a cooler fluid (typically water).  

 

For the TRNSYS simulation project illustrated in Figure 4.16 the black solid lines show the flow 

of system information, and the blue dotted lines show the flow of weather data Information, flow 

of control information and the flow of the output information from the simulation. 

The ETC converts the incident solar radiation energy into thermal energy using heat transfer 

fluid (HTF) that it stores this energy in a hot storage tank at maximum temperature of 160 °C. A 

circulation pump (pump#1) was used to circulate the HTF between the collectors and the storage 

tank, the hot HTF stored in the tank, then flow due to a another variable speed circulating pump 

(pump#2) to the VJRC generator in the TRNSYS / Excel Coupling (Type 62) to deliver the heat 

to the refrigeration cycle and produce a specific amount of cooling load to cover the cooling load 

demand in the TMH. 

In the system the setting of ETC tilt angle is 15 deg as recommended in section 4.4, and the 

Parameters of the ETC as shown and mentioned in table 2.2 from the manufacture (η0 =80%, 

a1=1.5[W/(K·m²)], a2 =0.005 [W/(K²·m²)]),and the ambient temperature and solar radiation were 

delivered hourly from the weather data file to the collectors. The THERMINOL 66 HTF was 
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selected to deliver the heat from the collector to the storage tank where the operating temperature 

for the HTF is from 0 °C to 349 °C at atmospheric pressure and the average specific heat of 1.9 

kJ/kg.K at 120 °C. The pump#1 flow rate was set as constant value at 0.02 kg/m2 as 

recommended [37] and it operates according to the digital controller. The digital controller 

switches the pump on when the collector outlet temperature is more than the storage tank 

temperature by 2 °C, and switches the pump off when the collector outlet temperature and the 

storage tank temperature become less than 2 °C, or when the storage tank temperature is reach to 

the maximum desired temperature 160°C .The hot storage tank walls were assumed to be carbon 

steel with thickness of 2mm and thermal conductivity of 60 W/m°C. Insolated with 10cm 

polyurethane with thermal conductivity of 0.03 W/m°C. When the HTF temperature in the 

storage tank reaches 90 °C or more the pump#2 turn on pumping the HTF to the VJRC generator 

in TRNSYS / Excel Coupling to deliver the heat to the VJRC, then the HTF return to the tank 

again when their temperature is decreased by 5°C, noted that the temperature difference between 

the HTF and the refrigerant in the VJRC is 5°C. Also the excel sheet receives the ambient 

temperature from the weather data where the condenser temperature of the VJRC is above the 

ambient temperature by 5°C where air cooled condenser was suggested .According to the 

generator and condenser temperature that received in the excel sheet the performance of the 

VJRC is selected and the generator, condenser and evaporator load are also calculated. 

According to the cooling load demand from the house the amount of HTF is calculated in 

element “equation1” in the TRNSYS Studio window, where this element includes the needed 

data of the VJRC (generator temperature and COP), the building cooling load demand and all 

statements and equations to find the suitable amount of the HTF that needed in the cycle. The 

amount of the HTF that calculated is then sent to the pump#2. Finally the cooling coil delivers 

the evaporator cooling load in the VJRC to the house unit using another variable speed pump 

(pump#3) with the water as HTF. Where the temperature of the cooling coil is higher than the 

evaporator temperature by 5 °C. Noted that all pumps that used in this system are assumed to be 

worked on external power system grid or another renewable energy source. 
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4.5.2 Overall system results 
 

4.5.2.1 Solar thermal subsystem results 
 

As mentioned before the solar thermal subsystem consist of ETC, storage tank and circulation 

pump. This subsystem cannot operate alone without heat delivered to the VJRC, so only after 

connecting the systems together one can be obtain the characteristics of the solar thermal 

subsystem. For the proposed system the ETC outlet temperature, storage tank temperature, 

ambient temperature, solar insolation, and the pump flow rate are shown in figure 4.17 for the 

tested sample period (1 to 5 July) in Hebron city using 20 m2 collector area and 1 m3 storage 

tank,  As shown in the figure the ETC outlet temperature and the storage tank temperature are 

greatly correlated and increased with the solar insolation and the ambient temperature increase, 

the circulation pump works only when the temperature of the ETC outlet temperature is more 

than the storage tank temperature by 2 ͦ C and switched off when the temperature of the storage 

tank reaches 160 ͦ C. Noted that when the circulated pump is switched off, the temperature of the 

ETC outlet will rise in a high rate. And this is undesirable to avoid evaporation of the HTF at 

high temperature. To prevent this, solar collector cover was suggested after 300 ͦ C.  

 

Figure 4. 17: Characteristics of the solar thermal subsystem for the tested sample period (1 to 5 July) in 

Hebron city using 20 m2 collector area and 1 m3 storage tank 
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4.5.2.2 Overall system performance results 
 

The efficiency of the ETC during the day is highly integrated with the solar insolation and the 

ambient temperature. The efficiency of the ETC increases up till noon and then decreases as 

illustrated in figure 4.18 for the tested sample period in Hebron city using 20 m2 collector area 

and 1 m3 storage tank. This relation is with agreement with the Hottel–Whillier–Bliss equation. 

i.e. the solar insolation increment leads to an increase in the collector efficiency. Figure 4.18 also 

shows the performance of the VJRC where the performance of the cycle is a variable related to 

the condenser and generator temperatures as proven and mentioned in section 4.1.The overall 

system efficiency equals the times of performance of the VJRC and the efficiency of the ETC 

and also it is a variable every time.  

 

Figure 4. 18: Performance of the VJRC, and ETC efficiency according the solar insolation for the tested 

sample period in Hebron city using 20 m2 collector area and 1 m3  storage tank 
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storage tank, it’s clear from the figure that for most of the time the evaporator cooling load can 

cover the cooling load demand in the house unit, but in some cases when the temperature of the 

HTF is less than the threshold temperature of the system the cycle is failing short to cover the 

required cooling load demand because the cycle is switched off and there is no HTF flows to the 

generator to operate the refrigeration cycle .The times where the evaporator cooling load cannot 

cover the house cooling load demand is shown as shaded area in the figure. The cycle is failing 

short at the extreme conditions which occurs in a few hours per season, such as the hottest days 

in the season. According to the ASHRAE standards design parameters, the designed conditions 

can be accepted up to 95% from the extreme conditions [38], and this percentage is variable from 

designer to another according economic issues and location …etc, because if one desire 100% of 

the cooling load demand to be covered one need a large system size which is expensive and not 

applicable for most applications. 

 

Figure 4. 19: Instantaneous cooling load demand and the evaporator cooling load for the tested sample 

period in Hebron city using 20 m2 collector area and 1 m3 storage tank 
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During the tested sample period shown in figure 4.19 the cooling energy demand for the house is 

190.1 kWh while the evaporator cooling energy is only 163.2kWh which represent 85.8% from 

the cooling energy demand. So this system size cannot fulfil the human comfort requirements 

according to the standards during this tested period.  

4.5.2.3 Effect of the collector area on the evaporator cooling load and energy 
 

As rule of thumb the collector areas were chosen 10 m2 to 60 m2 with 5 m2 step and the storage 

tank volume from 0.5 m3 to 2 m3 with 0.5 m3 step. Figure 4.20 Shows the effect of the collector 

area on the instantaneous evaporator cooling load for the tested period in Hebron city using 1 m3 

storage tank, it can be noticed that rises the evaporator cooling load increases with the increment 

of the solar collector area and almost equal the cooling load demand at large areas; the 

evaporator cooling energy availability increased from 65% to 98.5% when the collector area 

increased from 10 to 60 m2. While Figure 4.21 shows the effect of the collector area on the 

instantaneous evaporator cooling load for the tested period in Jericho city using 1 m3 storage 

tank, it can be notice that the evaporator cooling energy availability increased from 10% to 

54.3% when the collector area increased from 10 to 60 m2. 
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Figure 4. 20: Effect of the collector area on the instantaneous evaporator cooling load for the tested 

sample period in Hebron city using 1 m3 storage tank 
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Figure 4.21: Effect of the collector area on the instantaneous evaporator cooling load for the tested sample 

period in Jericho city using 1 m3 storage tank 
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Figure 4.22 Shows the effect of the collector area on the seasonal evaporator cooling energy 

using 1 m2 storage tank in Hebron city, the effect of the collector area has a logarithmical effect 

on the evaporator cooling energy, where the evaporator cooling energy increased at high rate 

when the collector area was between 10-30 m2 and increased slowly after 30 m2. The maximum 

evaporator cooling energy available was 5672 kWh at 60 m2 collector area and representing 

98.7% from the cooling energy demand. 

 

Figure 4. 212: Effect of the collector area on the seasonal evaporator cooling energy using 1 m2 storage 

tank in Hebron city 
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with temperature of the storage tank HTF which is effected by the volume in which the resides 

in. although at high collector area there is enough supplied by collector to the storage tank to 

increase the temperature of the HTF in the storage tank. In the same figure the evaporator 

cooling load decreased with the increasing volume of the storage tank where the evaporator 

cooling energy availability decreased from 68% at 0.5 m3 storage tank volume to 43% at 2 m3 

storage tank volume. On the contrary at high collector area the evaporator cooling load increased 

with the increasing the volume of the storage tank where 35 m2 collector area the evaporator 

cooling energy availability  increased from 87% at 0.5 m3 storage tank volume to 100% at 2 m3 

storage tank volume as shown in figure 4.24. For Jericho city figure 4.25 shows the effect of the 

storage tank volume on the instantaneous evaporator cooling load for the tested sample period in 

Jericho city using 10 m2 collector area, it can be notice that the evaporator cooling energy 

availability changed very little between 9% and 12 % at various storage tank volume. While 

figure 4.26 shows the increment of evaporator cooling energy availability at high collector area 

at 100m2 from 55.4% at 0.5 m3 storage tank volume to 75.6% at 2 m3 storage tank volume. 

Figures from 4.20 to 4.26 illustrate that the percentage of the evaporator cooling load that 

produced in Jericho city are much lower than the percentage of the evaporator cooling load that 

produced in Hebron city, this is because the amount of cooling load in Jericho is much more than 

in Hebron city also the performance of the VJRC is low when the ambient temperature is high. 
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Figure 4.23: Effect of the storage tank on the evaporator cooling load for the tested sample period in 

Hebron city using 10 m2 collector area 
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Figure 4.24: Effect of the storage tank on the evaporator cooling load for the tested sample period in 

Hebron city using 35 m2 collector area 
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Figure 4.25: Effect of the storage tank on the evaporator cooling load for the tested sample period in 

Jericho city using 10 m2 collector area 
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Figure 4.26: Effect of the storage tank on the evaporator cooling load for the tested sample period in 

Jericho city using 100 m2 collector area 
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4.5.2.5 Effect of the collector area and the storage tank volume on the evaporator cooling 
energy 
 

The optimal values of the collector area and the storage tank volume can be selected according to 

the suitable evaporator cooling energy availability during the study period, also depends on the 

philosophy of the designer, economics issues and the related standards. Figure 4.27 shows the 

seasonal evaporator cooling energy as a percentage from the cooling energy demand for Hebron 

city at different collector area and storage tank volume. 

 

Figure 4. 22: Percentage of seasonal evaporator cooling energy from the cooling energy demand for 

Hebron city at different collector area and storage tank volume 
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2. Minimum cooling energy availability 90-95% 

a. 30 m2 collector area &1m3 storage tank, the cooling energy available represent is 92.7%. 

b. 50 m2 collector area &0.5m3 storage tank, the cooling energy available represent is 90%. 

 

3. Minimum cooling load availability 85-90% 

a. 25 m2 collector area &1m3 storage tank, the cooling energy available represent is 89%. 

b. 25 m2 collector area &1.5m3 storage tank, the cooling energy available represent is 88%. 

c. 25 m2 collector area &2m3 storage tank, the cooling energy available represent is 86.7%. 

d. 30 m2 collector area &0.5m3 storage tank, the cooling energy available represent is 86.4%. 

e. 35 m2 collector area &0.5m3 storage tank, the cooling energy available represent is 87.5%. 

f. 40 m2 collector area &0.5m3 storage tank, the cooling energy available represent is 88.6%. 

g. 45 m2 collector area &0.5m3 storage tank, the cooling energy available represent is 89%. 

 

4. Minimum cooling load availability 80-85% 

a. 20 m2 collector area &1m3 storage tank, the cooling energy available represent is 82.4%. 

b. 20 m2 collector area &1.5m3 storage tank, the cooling energy available represent is 81.1%. 

c. 25 m2 collector area &0.5m3 storage tank, the cooling energy available represent is 82.8%. 

 

The optimal design size for the system is related to the philosophy of the designer, economics 

issues and the related standards as mentioned above. three cases can be suggested to be the 

optimal design for the system which  satisfy the standards and the human comfort consideration, 

a high satisfactory percentage of the cooling energy availability (more than 92.7%), which one as 

following: 

Case1: 30 m2 collector area &1m3 storage tank, where the cooling energy available represent is 

92.7 %. 

Case2: 30 m2 collector area & 1.5m3 storage tank, where the cooling energy available represent 

is 95.4%. 

Case3: 35 m2 collector area &1m3 storage tank, where the cooling energy available represent is 

95.1%.  
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As mentioned previously all pumps that used in this system are working on external power 

system grid or another renewable energy source which represent a small amount of energy 

consumption, where the total energy needed for the best three options above were simulated 

during the study period and the results were taken from the TRNSYS program as a summation of 

hourly power of all pumps during the study period as following: 

Case1: For 97.2 % availability, energy consumption is 51 kWh 

Case2: For 95.4 % availability, energy consumption is 53.7 kWh 

Case3: For 95.1 % availability, energy consumption is 52.5kWh 

 

The same procedures were made for Jericho city where the collector areas were chosen from 10 

m2 to 150 m2 with 10 m2 step and the storage tank from 0.5 m3 to 2 m3 with 0.5 m3 step. In 

Jericho the performance of the system was very low because the condenser temperature in the 

VJRC is high according figure 4.6, also the cooling energy demand is high as shown in 

figure4.13, this causes a very high extreme conditions that cannot be satisfied by the evaporator 

cooling energy produced at these conditions. Figure 4.28 shows the effect of the collector area 

and the storage tank volume on the seasonal evaporator cooling energy, where the maximum 

cooling energy available at maximum system size (150m2 collector area and 2m3 storage tank 

volume) reached 72.4 % from the cooling energy demand of the TMH, and this percentage do 

not satisfy the human comfort according to the standards, also the system is over size and can not 

to build. 
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Figure 4. 23: Percentage of seasonal evaporator cooling energy from the cooling energy demand for 

Jericho city at different collector area and storage tank volume 
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CHAPTER 5 
Economical Study 

An economic feasibility study was made for two cases of Hebron and Jericho cities  at the same 

system size (30m2 collector area and 0.5 m3 storage tank) where the evaporator cooling load 

availability 87% and 29% in Hebron and Jericho cities respectively.  Three methods of 

economical calculations were made; payback period, net present value and internal rate of return 

as follow [24]. 

 

1. Bayback period method 

 

Payback	Period = �bhUi	 U%jhUi	 b+h�bhUi	k##lUi	mUnj#F	 ………………………………….…………………...….5.1 

Total	Capital	Cost = �bhUi	k##lUi	 b+h �r ………………………………………….……………......5.2 

Total	Annual	Cost = 	Anuul	cost	 + Operating	&	Maintenance	Cost		………………..….......5.3 

Anuul	cost	 = Initial	Cost × CRF……………………… ………………………….…………..5.4 

Where CRF is the Constant Rate Factor, can be calculated as shown 

CRF(5%, 25	yr) = j(j/�)|(j/�)|��  ………………………………………………………...……….....5.5 

 

Where i is the Loan interest 5% and n is the project life 25 year 

To find the total annual saving.  The annual electrical energy saving must be calculated, vapor 

compression refrigeration cycle was assumed to cover the cooling load demand instead of VJRC.  

Where the average COP of the vapor compression refrigeration cycle is 3. The annual electrical 

energy saving for the proposed system can be calculated as: 

Eanunual = 
}nU%b~Uhb~	Abbij#F	ibUB ��  

The annual saving can be calculated as shown 

Annual	Saving	 = Ek##lUi × price	of	kWh ………………………….…………..……..……...5.6 

Where the price of kWh in Palestine is 0.165 $/kWh  

 

Table 5.1 shows the summary of the payback period calculations, where the operating and 

maintenance O&M are assumed 5% from the annual cost. 
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Table 5.1 payback period calculations summary of the three cases 

 

From table 5.1 we can notice that the payback period of the proposed system in Hebron city is 

less than in Jericho city where it is 12.97 year in Hebron while it is 15 year in Jericho. Also must 

be noticed that the percentage of the evaporator cooling load availability in Hebron is 87% while 

in Jericho is only 29% from the cooling load demand. 

 

2. Net present value method 

Net Present Value also used to determine the present value of an investment by the 

discounted sum of all cash flows received from the project. The formula for the discounted 

sum of all cash flows can be rewritten as: 

NPV = -Co +∑  j(�/~)j����  ……………………………………………………………………5.7 

Where 

-Co is the initial investment. 

  Hebron city Jericho city 

Initial cost $ 

Solar collector 1500 1500 

Storage tank 400 400 

VJRC 500 500 

HTF 500 500 

Installation cost 500 500 

Total  equipment cost 3400 3400 

CRF /yr  0.071 0.071 

Annual Cost $  241.4 241.4 

O&M Cost $  12.07 12.07 

Total Annual Cost $  253.47 253.47 

Total Capital Cost $  3570 3570 

Eannual cooling kWh/yr  5001.63 4310.56 

Eannual Electrical  1667.21 1436.853 

Annual Saving $/yr  275.0897 237.0808 

Payback period/yr  12.97759 15.05816 
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Ci is the cash flow 

r is the discount rate 

T is the time per year 

Figure 5.1 shows the flow chart of the cash flow for Hebron and Jericho cities where the net 

present value are 3475$ and 2525$ respectively assuming that zero discount rate value. Also 

it is noticed that payback period of the proposed system is about 12.5 year in Hebron city 

and 14.4 year in Jericho city. 

 

Figure 5.1 cash flow chart for the proposed system in Hebron and Jericho 

 

3. Internal rate of return method 

The Internal Rate of Return is the discount rate that makes the net present value  of a project 

zero to estimate the success of potential investments, this value cannot be calculated 

analytically, software programs are used to solve it or also through trial-and-error, the internal 

rate of return can be calculated as the following equation [24] 

IRR = NPV = ∑  	j(�/~)j����  - Co = 0…………………………………………….……….…..5.8 
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By applying equation 5.8 on the cases of Hebron and Jericho cities that illustrate in table 5.1, 

and by using excel software program, the results showed that the internal rate of return is 

equal 6.4% and 4.8% for Hebron and Jericho cities respectively. 

From the three methods above to estimate the economical investment of the proposed system in 

Hebron and Jericho cities, it can be noticed that the proposed system in Hebron city is more 

economically than in Jericho city, furthermore the proposed system in Jericho city cover only 

29% from the cooling load demand of the house unit, while in Hebron city this percentage 

reached to 87%. 
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CHAPTER 6 

Conclusions and Recommendations 
 

6.1 Introduction  
 

In this study we studied and evaluated the thermal behavior of the VJRC driven by solar thermal 

energy to cover the cooling load demand for a TMH in Hebron and Jericho cities at Palestine by 

using software programs, also an economically study was done for the proposed system to 

estimate and calculate the success of this investment, in this section we write the conclusions and 

Recommendations for this study. 

6.2 Conclusions  
 

From this study it can be concluded that: 

1. VJRC has the benefit of being simple, uses environmental friendly refrigerants, and can be to 

operate with a low temperature heat source such as solar heat or waste heat from industrial 

applications. 

2. The performance of the VJRC depends strongly on the operating conditions, where the cycle 

COP increases with generator and evaporating temperature, but decreases by increasing 

condensing temperatures. By that the condensing temperature should therefore be kept as low 

as possible to maintaining the good performance by the ejector and increasing the system 

performance. 

3. The characteristics of the cooling load demand for the house is different at various times and 

locations for the same building specifications and construction. Where the cooling load 

demand during the study period for Hebron and Jericho cities were: 5.35 kW and 7.02 kW 

respectively; and the seasonal cooling energy demands were: 5749 kWh/year and 14864 

kWh/year respectively 

4.  The performance of the overall system depends on both of the cooling subsystem 

performance and solar thermal subsystem efficiency. Also the solar collector area and the 

storage tank volume that used in the solar thermal subsystem have a strong effect on the 

performance of the VJRC and the evaporator cooling load at various locations and time. 
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5. Using  VJRC driven by solar thermal energy in Hebron city is thermally efficient  in contrast 

to Jericho city where the proposed system showed a lake of cooling energy produced because 

a high condenser temperature. 

6. Economically, the proposed system demonstrates that Hebron city has a good investment 

opportunity more than Jericho city, where the payback period of the system in Hebron city is 

less than Jericho, beside Hebron has a high percentage of the human comfort more than 

Jericho.  

 

6.3 Recommendations 
 

This simulation studied the two main parameters of the system (solar collector area and the 

storage tank volume) but in fact there are a lot of parameters that effect on the cycle performance 

and cooling capacity, and I recommend to study the following parameters in any future works 

besides making an experimental device for the cycle. 

1. Study of using a water cooled condenser instead of the air cooled condenser especially in 

Jericho to increase the performance of the VJRC. 

2. Study of using a HTF with high specific heat or use the water under high pressure or use 

phase change material to increase the amount of energy stored in the system and to decrease 

the storage tank size.  

3. Study of varying the HTF flow rate.   

4. Study of varying the working fluid of the VJRC. 

5. Study of using a backup generator or an external heat source such as biomass to compensate 

the shortage for the stream conditions. 
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Appendixes  
 

Appendix A: Characteristic tables for VJRC at 10°C evaporator temperature. 

C
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d
en
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te
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p
er

at
u

re
 [

 ͦC
] 

 

Generator temperature [ ͦC] 
80 81 82 83 84 85 86 87 88 89 90 91 92 

25.0 0.703 0.713 0.724 0.734 0.744 0.754 0.764 0.773 0.783 0.792 0.801 0.810 0.819 
25.5 0.658 0.668 0.678 0.688 0.698 0.708 0.717 0.726 0.736 0.745 0.754 0.762 0.771 
26.0 0.615 0.625 0.635 0.645 0.654 0.664 0.673 0.682 0.691 0.700 0.708 0.717 0.725 
26.5 0.575 0.585 0.594 0.604 0.613 0.622 0.631 0.640 0.649 0.657 0.666 0.674 0.682 
27.0 0.537 0.547 0.556 0.565 0.574 0.583 0.592 0.601 0.609 0.617 0.626 0.634 0.642 
27.5 0.501 0.510 0.520 0.529 0.537 0.546 0.555 0.563 0.571 0.580 0.588 0.596 0.603 
28.0 0.467 0.476 0.485 0.494 0.503 0.511 0.519 0.528 0.536 0.544 0.552 0.559 0.567 
28.5 0.435 0.444 0.453 0.461 0.469 0.478 0.486 0.494 0.502 0.510 0.517 0.525 0.532 
29.0 0.404 0.413 0.422 0.430 0.438 0.446 0.454 0.462 0.470 0.477 0.485 0.492 0.500 
29.5 0.375 0.384 0.392 0.400 0.408 0.416 0.424 0.432 0.439 0.447 0.454 0.461 0.468 
30.0 0.348 0.356 0.364 0.372 0.380 0.388 0.395 0.403 0.410 0.418 0.425 0.432 0.439 
30.5 0.321 0.329 0.337 0.345 0.353 0.360 0.368 0.375 0.383 0.390 0.397 0.404 0.411 
31.0 0.296 0.304 0.312 0.320 0.327 0.335 0.342 0.349 0.356 0.363 0.370 0.377 0.384 
31.5 0.272 0.280 0.288 0.295 0.303 0.310 0.317 0.324 0.331 0.338 0.345 0.351 0.358 
32.0 0.249 0.257 0.264 0.272 0.279 0.286 0.293 0.300 0.307 0.314 0.321 0.327 0.334 
32.5 0.227 0.235 0.242 0.250 0.257 0.264 0.271 0.278 0.284 0.291 0.297 0.304 0.310 
33.0 0.206 0.214 0.221 0.228 0.235 0.242 0.249 0.256 0.262 0.269 0.275 0.282 0.288 
33.5 0.186 0.194 0.201 0.208 0.215 0.222 0.228 0.235 0.241 0.248 0.254 0.260 0.266 
34.0 0.167 0.174 0.181 0.188 0.195 0.202 0.208 0.215 0.221 0.228 0.234 0.240 0.246 
34.5 0.149 0.156 0.163 0.170 0.176 0.183 0.189 0.196 0.202 0.208 0.214 0.220 0.226 
35.0 0.131 0.138 0.145 0.152 0.158 0.165 0.171 0.177 0.184 0.190 0.196 0.202 0.207 
35.5 0.115 0.121 0.128 0.135 0.141 0.147 0.154 0.160 0.166 0.172 0.178 0.184 0.189 
36.0 0.098 0.105 0.112 0.118 0.124 0.131 0.137 0.143 0.149 0.155 0.161 0.166 0.172 
36.5 0.083 0.089 0.096 0.102 0.109 0.115 0.121 0.127 0.133 0.138 0.144 0.150 0.155 
37.0 0.068 0.074 0.081 0.087 0.093 0.099 0.105 0.111 0.117 0.123 0.128 0.134 0.139 
37.5 0.054 0.060 0.066 0.072 0.079 0.085 0.090 0.096 0.102 0.108 0.113 0.119 0.124 
38.0 0.040 0.046 0.052 0.058 0.064 0.070 0.076 0.082 0.088 0.093 0.099 0.104 0.109 
38.5 0.026 0.033 0.039 0.045 0.051 0.057 0.062 0.068 0.074 0.079 0.084 0.090 0.095 
39.0 0.014 0.020 0.026 0.032 0.038 0.043 0.049 0.055 0.060 0.066 0.071 0.076 0.081 
39.5 0.001 0.007 0.013 0.019 0.025 0.031 0.036 0.042 0.047 0.053 0.058 0.063 0.068 
40.0 0.000 0.000 0.001 0.007 0.013 0.019 0.024 0.030 0.035 0.040 0.045 0.050 0.056 
40.5 0.000 0.000 0.000 0.000 0.001 0.007 0.012 0.018 0.023 0.028 0.033 0.038 0.043 
41.0 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.006 0.011 0.017 0.022 0.027 0.032 
41.5 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.005 0.010 0.015 0.020 
42.0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.004 0.009 

42.5 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
43.0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
43.5 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
44.0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
44.5 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
45.0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
45.5 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
46.0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
46.5 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
47.0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
47.5 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
48.0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
48.5 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
49.0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
49.5 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
50.0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
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Generator temperature [ ͦC] Cont. 
93 94 95 96 97 98 99 100 101 102 103 104 100 

25.0 0.828 0.837 0.845 0.854 0.862 0.870 0.878 0.886 0.894 0.902 0.909 0.917 0.924 
25.5 0.780 0.788 0.796 0.804 0.812 0.820 0.828 0.836 0.844 0.851 0.859 0.866 0.873 
26.0 0.734 0.742 0.750 0.758 0.766 0.774 0.781 0.789 0.796 0.803 0.811 0.818 0.825 
26.5 0.691 0.698 0.706 0.714 0.722 0.729 0.737 0.744 0.751 0.758 0.765 0.772 0.779 
27.0 0.650 0.657 0.665 0.673 0.680 0.687 0.695 0.702 0.709 0.716 0.723 0.729 0.736 
27.5 0.611 0.619 0.626 0.633 0.641 0.648 0.655 0.662 0.669 0.676 0.682 0.689 0.695 
28.0 0.574 0.582 0.589 0.596 0.603 0.610 0.617 0.624 0.631 0.637 0.644 0.650 0.657 
28.5 0.540 0.547 0.554 0.561 0.568 0.575 0.582 0.588 0.595 0.601 0.608 0.614 0.620 
29.0 0.507 0.514 0.521 0.528 0.534 0.541 0.548 0.554 0.561 0.567 0.573 0.579 0.585 
29.5 0.475 0.482 0.489 0.496 0.503 0.509 0.515 0.522 0.528 0.534 0.540 0.546 0.552 
30.0 0.446 0.452 0.459 0.466 0.472 0.479 0.485 0.491 0.497 0.503 0.509 0.515 0.521 
30.5 0.417 0.424 0.430 0.437 0.443 0.449 0.456 0.462 0.468 0.474 0.479 0.485 0.491 
31.0 0.390 0.397 0.403 0.409 0.416 0.422 0.428 0.434 0.440 0.445 0.451 0.457 0.462 
31.5 0.364 0.371 0.377 0.383 0.389 0.395 0.401 0.407 0.413 0.419 0.424 0.430 0.435 
32.0 0.340 0.346 0.352 0.358 0.364 0.370 0.376 0.382 0.387 0.393 0.398 0.404 0.409 
32.5 0.316 0.322 0.328 0.334 0.340 0.346 0.352 0.357 0.363 0.368 0.374 0.379 0.384 
33.0 0.294 0.300 0.306 0.312 0.317 0.323 0.329 0.334 0.340 0.345 0.350 0.355 0.361 
33.5 0.272 0.278 0.284 0.290 0.295 0.301 0.307 0.312 0.317 0.323 0.328 0.333 0.338 
34.0 0.252 0.258 0.263 0.269 0.274 0.280 0.285 0.291 0.296 0.301 0.306 0.311 0.316 

34.5 0.232 0.238 0.243 0.249 0.254 0.260 0.265 0.270 0.275 0.281 0.286 0.290 0.295 
35.0 0.213 0.219 0.224 0.230 0.235 0.240 0.246 0.251 0.256 0.261 0.266 0.271 0.275 
35.5 0.195 0.200 0.206 0.211 0.217 0.222 0.227 0.232 0.237 0.242 0.247 0.252 0.256 
36.0 0.178 0.183 0.188 0.194 0.199 0.204 0.209 0.214 0.219 0.224 0.229 0.233 0.238 
36.5 0.161 0.166 0.171 0.177 0.182 0.187 0.192 0.197 0.202 0.206 0.211 0.216 0.220 
37.0 0.145 0.150 0.155 0.160 0.165 0.170 0.175 0.180 0.185 0.190 0.194 0.199 0.203 
37.5 0.129 0.135 0.140 0.145 0.150 0.155 0.159 0.164 0.169 0.174 0.178 0.183 0.187 
38.0 0.114 0.120 0.125 0.130 0.135 0.139 0.144 0.149 0.154 0.158 0.163 0.167 0.171 
38.5 0.100 0.105 0.110 0.115 0.120 0.125 0.130 0.134 0.139 0.143 0.148 0.152 0.156 
39.0 0.086 0.091 0.096 0.101 0.106 0.111 0.115 0.120 0.124 0.129 0.133 0.138 0.142 
39.5 0.073 0.078 0.083 0.088 0.093 0.097 0.102 0.106 0.111 0.115 0.119 0.124 0.128 
40.0 0.060 0.065 0.070 0.075 0.080 0.084 0.089 0.093 0.098 0.102 0.106 0.110 0.115 
40.5 0.048 0.053 0.058 0.062 0.067 0.072 0.076 0.080 0.085 0.089 0.093 0.097 0.102 
41.0 0.036 0.041 0.046 0.050 0.055 0.059 0.064 0.068 0.073 0.077 0.081 0.085 0.089 
41.5 0.025 0.030 0.034 0.039 0.043 0.048 0.052 0.056 0.061 0.065 0.069 0.073 0.077 
42.0 0.014 0.019 0.023 0.028 0.032 0.037 0.041 0.045 0.049 0.053 0.057 0.061 0.065 

42.5 0.003 0.008 0.012 0.017 0.021 0.026 0.030 0.034 0.038 0.042 0.046 0.050 0.054 
43.0 0.000 0.000 0.002 0.007 0.011 0.015 0.019 0.024 0.028 0.032 0.036 0.040 0.043 
43.5 0.000 0.000 0.000 0.000 0.001 0.005 0.009 0.013 0.017 0.021 0.025 0.029 0.033 
44.0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.003 0.007 0.011 0.015 0.019 0.023 
44.5 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.006 0.009 0.013 
45.0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.004 
45.5 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
46.0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
46.5 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
47.0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
47.5 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
48.0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
48.5 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
49.0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
49.5 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

50.0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
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Generator temperature [ ͦC] Cont. 
101 102 103 104 105 106 107 108 109 110 111 112 113 

25.0 0.894 0.902 0.909 0.917 0.924 0.932 0.939 0.946 0.953 0.960 0.967 0.974 0.980 
25.5 0.844 0.851 0.859 0.866 0.873 0.880 0.887 0.894 0.901 0.908 0.914 0.921 0.927 
26.0 0.796 0.803 0.811 0.818 0.825 0.832 0.838 0.845 0.852 0.858 0.865 0.871 0.878 
26.5 0.751 0.758 0.765 0.772 0.779 0.786 0.792 0.799 0.806 0.812 0.818 0.824 0.831 
27.0 0.709 0.716 0.723 0.729 0.736 0.743 0.749 0.755 0.762 0.768 0.774 0.780 0.786 
27.5 0.669 0.676 0.682 0.689 0.695 0.702 0.708 0.714 0.720 0.726 0.732 0.738 0.744 
28.0 0.631 0.637 0.644 0.650 0.657 0.663 0.669 0.675 0.681 0.687 0.693 0.699 0.704 
28.5 0.595 0.601 0.608 0.614 0.620 0.626 0.632 0.638 0.644 0.650 0.655 0.661 0.667 
29.0 0.561 0.567 0.573 0.579 0.585 0.591 0.597 0.603 0.609 0.614 0.620 0.625 0.631 
29.5 0.528 0.534 0.540 0.546 0.552 0.558 0.564 0.569 0.575 0.581 0.586 0.591 0.597 
30.0 0.497 0.503 0.509 0.515 0.521 0.526 0.532 0.538 0.543 0.549 0.554 0.559 0.564 
30.5 0.468 0.474 0.479 0.485 0.491 0.496 0.502 0.507 0.513 0.518 0.523 0.528 0.533 
31.0 0.440 0.445 0.451 0.457 0.462 0.468 0.473 0.479 0.484 0.489 0.494 0.499 0.504 
31.5 0.413 0.419 0.424 0.430 0.435 0.440 0.446 0.451 0.456 0.461 0.466 0.471 0.476 
32.0 0.387 0.393 0.398 0.404 0.409 0.414 0.420 0.425 0.430 0.435 0.440 0.445 0.449 
32.5 0.363 0.368 0.374 0.379 0.384 0.389 0.395 0.400 0.405 0.409 0.414 0.419 0.424 
33.0 0.340 0.345 0.350 0.355 0.361 0.366 0.371 0.376 0.380 0.385 0.390 0.395 0.399 
33.5 0.317 0.323 0.328 0.333 0.338 0.343 0.348 0.353 0.357 0.362 0.367 0.371 0.376 
34.0 0.296 0.301 0.306 0.311 0.316 0.321 0.326 0.331 0.335 0.340 0.345 0.349 0.353 

34.5 0.275 0.281 0.286 0.290 0.295 0.300 0.305 0.310 0.314 0.319 0.323 0.328 0.332 
35.0 0.256 0.261 0.266 0.271 0.275 0.280 0.285 0.289 0.294 0.298 0.303 0.307 0.311 
35.5 0.237 0.242 0.247 0.252 0.256 0.261 0.266 0.270 0.275 0.279 0.283 0.288 0.292 
36.0 0.219 0.224 0.229 0.233 0.238 0.243 0.247 0.251 0.256 0.260 0.264 0.269 0.273 
36.5 0.202 0.206 0.211 0.216 0.220 0.225 0.229 0.234 0.238 0.242 0.246 0.251 0.255 
37.0 0.185 0.190 0.194 0.199 0.203 0.208 0.212 0.217 0.221 0.225 0.229 0.233 0.237 
37.5 0.169 0.174 0.178 0.183 0.187 0.191 0.196 0.200 0.204 0.208 0.212 0.217 0.220 
38.0 0.154 0.158 0.163 0.167 0.171 0.176 0.180 0.184 0.188 0.192 0.196 0.200 0.204 
38.5 0.139 0.143 0.148 0.152 0.156 0.161 0.165 0.169 0.173 0.177 0.181 0.185 0.189 
39.0 0.124 0.129 0.133 0.138 0.142 0.146 0.150 0.154 0.158 0.162 0.166 0.170 0.174 
39.5 0.111 0.115 0.119 0.124 0.128 0.132 0.136 0.140 0.144 0.148 0.152 0.156 0.160 
40.0 0.098 0.102 0.106 0.110 0.115 0.119 0.123 0.127 0.131 0.134 0.138 0.142 0.146 
40.5 0.085 0.089 0.093 0.097 0.102 0.106 0.110 0.114 0.117 0.121 0.125 0.129 0.132 
41.0 0.073 0.077 0.081 0.085 0.089 0.093 0.097 0.101 0.105 0.109 0.112 0.116 0.120 
41.5 0.061 0.065 0.069 0.073 0.077 0.081 0.085 0.089 0.092 0.096 0.100 0.104 0.107 
42.0 0.049 0.053 0.057 0.061 0.065 0.069 0.073 0.077 0.081 0.084 0.088 0.092 0.095 

42.5 0.038 0.042 0.046 0.050 0.054 0.058 0.062 0.066 0.069 0.073 0.077 0.080 0.084 
43.0 0.028 0.032 0.036 0.040 0.043 0.047 0.051 0.055 0.058 0.062 0.066 0.069 0.073 
43.5 0.017 0.021 0.025 0.029 0.033 0.037 0.041 0.044 0.048 0.051 0.055 0.058 0.062 
44.0 0.007 0.011 0.015 0.019 0.023 0.027 0.030 0.034 0.038 0.041 0.045 0.048 0.051 
44.5 0.000 0.002 0.006 0.009 0.013 0.017 0.021 0.024 0.028 0.031 0.035 0.038 0.041 
45.0 0.000 0.000 0.000 0.000 0.004 0.007 0.011 0.015 0.018 0.022 0.025 0.028 0.032 
45.5 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.005 0.009 0.012 0.016 0.019 0.022 
46.0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.003 0.007 0.010 0.013 
46.5 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.004 
47.0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
47.5 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
48.0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
48.5 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
49.0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
49.5 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

50.0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
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Generator temperature [ ͦC] Cont. 
114 115 116 117 118 119 120 121 122 123 124 125 126 

25.0 0.987 0.993 1.000 1.006 1.012 1.019 1.025 1.031 1.037 1.043 1.049 1.054 1.060 
25.5 0.934 0.940 0.946 0.953 0.959 0.965 0.971 0.977 0.982 0.988 0.994 0.999 1.005 
26.0 0.884 0.890 0.896 0.902 0.908 0.914 0.920 0.925 0.931 0.937 0.942 0.948 0.953 
26.5 0.837 0.843 0.849 0.854 0.860 0.866 0.872 0.877 0.883 0.888 0.893 0.899 0.904 
27.0 0.792 0.798 0.804 0.809 0.815 0.821 0.826 0.831 0.837 0.842 0.847 0.853 0.858 
27.5 0.750 0.756 0.761 0.767 0.772 0.778 0.783 0.788 0.794 0.799 0.804 0.809 0.814 
28.0 0.710 0.716 0.721 0.726 0.732 0.737 0.742 0.747 0.753 0.758 0.763 0.767 0.772 
28.5 0.672 0.678 0.683 0.688 0.693 0.699 0.704 0.709 0.714 0.719 0.723 0.728 0.733 
29.0 0.636 0.641 0.647 0.652 0.657 0.662 0.667 0.672 0.677 0.682 0.686 0.691 0.696 
29.5 0.602 0.607 0.612 0.617 0.622 0.627 0.632 0.637 0.642 0.646 0.651 0.656 0.660 
30.0 0.569 0.575 0.580 0.584 0.589 0.594 0.599 0.604 0.608 0.613 0.617 0.622 0.626 
30.5 0.539 0.543 0.548 0.553 0.558 0.563 0.567 0.572 0.576 0.581 0.585 0.590 0.594 
31.0 0.509 0.514 0.519 0.523 0.528 0.533 0.537 0.542 0.546 0.551 0.555 0.559 0.563 
31.5 0.481 0.486 0.490 0.495 0.500 0.504 0.509 0.513 0.517 0.522 0.526 0.530 0.534 
32.0 0.454 0.459 0.463 0.468 0.472 0.477 0.481 0.485 0.490 0.494 0.498 0.502 0.506 
32.5 0.428 0.433 0.437 0.442 0.446 0.451 0.455 0.459 0.463 0.468 0.472 0.476 0.480 
33.0 0.404 0.408 0.413 0.417 0.421 0.426 0.430 0.434 0.438 0.442 0.446 0.450 0.454 
33.5 0.380 0.385 0.389 0.393 0.398 0.402 0.406 0.410 0.414 0.418 0.422 0.426 0.430 
34.0 0.358 0.362 0.366 0.371 0.375 0.379 0.383 0.387 0.391 0.395 0.399 0.403 0.406 

34.5 0.336 0.341 0.345 0.349 0.353 0.357 0.361 0.365 0.369 0.373 0.377 0.380 0.384 
35.0 0.316 0.320 0.324 0.328 0.332 0.336 0.340 0.344 0.348 0.352 0.355 0.359 0.363 
35.5 0.296 0.300 0.304 0.308 0.312 0.316 0.320 0.324 0.327 0.331 0.335 0.338 0.342 
36.0 0.277 0.281 0.285 0.289 0.293 0.297 0.301 0.304 0.308 0.312 0.315 0.319 0.322 
36.5 0.259 0.263 0.267 0.271 0.274 0.278 0.282 0.286 0.289 0.293 0.296 0.300 0.303 
37.0 0.241 0.245 0.249 0.253 0.257 0.260 0.264 0.268 0.271 0.275 0.278 0.282 0.285 
37.5 0.224 0.228 0.232 0.236 0.240 0.243 0.247 0.251 0.254 0.258 0.261 0.264 0.268 
38.0 0.208 0.212 0.216 0.220 0.223 0.227 0.230 0.234 0.237 0.241 0.244 0.248 0.251 
38.5 0.193 0.196 0.200 0.204 0.207 0.211 0.215 0.218 0.221 0.225 0.228 0.232 0.235 
39.0 0.178 0.181 0.185 0.189 0.192 0.196 0.199 0.203 0.206 0.209 0.213 0.216 0.219 
39.5 0.163 0.167 0.171 0.174 0.178 0.181 0.185 0.188 0.191 0.195 0.198 0.201 0.204 
40.0 0.149 0.153 0.157 0.160 0.164 0.167 0.170 0.174 0.177 0.180 0.184 0.187 0.190 
40.5 0.136 0.140 0.143 0.147 0.150 0.153 0.157 0.160 0.163 0.167 0.170 0.173 0.176 
41.0 0.123 0.127 0.130 0.134 0.137 0.140 0.144 0.147 0.150 0.153 0.156 0.160 0.163 
41.5 0.111 0.114 0.118 0.121 0.124 0.128 0.131 0.134 0.137 0.140 0.144 0.147 0.150 
42.0 0.099 0.102 0.106 0.109 0.112 0.115 0.119 0.122 0.125 0.128 0.131 0.134 0.137 

42.5 0.087 0.090 0.094 0.097 0.100 0.104 0.107 0.110 0.113 0.116 0.119 0.122 0.125 
43.0 0.076 0.079 0.083 0.086 0.089 0.092 0.095 0.099 0.102 0.105 0.108 0.111 0.114 
43.5 0.065 0.068 0.072 0.075 0.078 0.081 0.084 0.088 0.091 0.094 0.097 0.099 0.102 
44.0 0.055 0.058 0.061 0.064 0.068 0.071 0.074 0.077 0.080 0.083 0.086 0.089 0.092 
44.5 0.045 0.048 0.051 0.054 0.057 0.061 0.064 0.067 0.070 0.073 0.075 0.078 0.081 
45.0 0.035 0.038 0.041 0.044 0.048 0.051 0.054 0.057 0.060 0.062 0.065 0.068 0.071 
45.5 0.026 0.029 0.032 0.035 0.038 0.041 0.044 0.047 0.050 0.053 0.056 0.058 0.061 
46.0 0.016 0.020 0.023 0.026 0.029 0.032 0.035 0.038 0.041 0.043 0.046 0.049 0.052 
46.5 0.008 0.011 0.014 0.017 0.020 0.023 0.026 0.029 0.032 0.034 0.037 0.040 0.043 
47.0 0.000 0.002 0.005 0.008 0.011 0.014 0.017 0.020 0.023 0.026 0.028 0.031 0.034 
47.5 0.000 0.000 0.000 0.000 0.003 0.006 0.009 0.012 0.014 0.017 0.020 0.023 0.025 
48.0 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.004 0.006 0.009 0.012 0.014 0.017 
48.5 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.004 0.006 0.009 
49.0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 
49.5 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

50.0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
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Generator temperature [ ͦC] Cont. 
127 128 129 130 131 132 133 134 135 136 137 138 139 

25.0 1.066 1.071 1.077 1.082 1.088 1.093 1.098 1.103 1.109 1.114 1.119 1.124 1.129 
25.5 1.010 1.016 1.021 1.026 1.032 1.037 1.042 1.047 1.052 1.057 1.062 1.067 1.072 
26.0 0.958 0.964 0.969 0.974 0.979 0.984 0.989 0.994 0.999 1.004 1.008 1.013 1.018 
26.5 0.909 0.914 0.919 0.924 0.929 0.934 0.939 0.944 0.949 0.953 0.958 0.962 0.967 
27.0 0.863 0.868 0.873 0.877 0.882 0.887 0.892 0.896 0.901 0.906 0.910 0.915 0.919 
27.5 0.819 0.824 0.828 0.833 0.838 0.842 0.847 0.852 0.856 0.861 0.865 0.869 0.874 
28.0 0.777 0.782 0.787 0.791 0.796 0.800 0.805 0.809 0.814 0.818 0.822 0.826 0.831 
28.5 0.738 0.742 0.747 0.751 0.756 0.760 0.765 0.769 0.773 0.777 0.782 0.786 0.790 
29.0 0.700 0.705 0.709 0.714 0.718 0.722 0.726 0.731 0.735 0.739 0.743 0.747 0.751 
29.5 0.665 0.669 0.673 0.678 0.682 0.686 0.690 0.694 0.698 0.702 0.706 0.710 0.714 
30.0 0.631 0.635 0.639 0.643 0.648 0.652 0.656 0.660 0.664 0.668 0.672 0.676 0.679 
30.5 0.598 0.603 0.607 0.611 0.615 0.619 0.623 0.627 0.631 0.635 0.639 0.642 0.646 
31.0 0.568 0.572 0.576 0.580 0.584 0.588 0.592 0.596 0.599 0.603 0.607 0.611 0.614 
31.5 0.538 0.542 0.546 0.550 0.554 0.558 0.562 0.566 0.569 0.573 0.577 0.580 0.584 
32.0 0.510 0.514 0.518 0.522 0.526 0.530 0.533 0.537 0.541 0.544 0.548 0.552 0.555 
32.5 0.484 0.487 0.491 0.495 0.499 0.503 0.506 0.510 0.513 0.517 0.521 0.524 0.527 
33.0 0.458 0.462 0.466 0.469 0.473 0.477 0.480 0.484 0.487 0.491 0.494 0.498 0.501 
33.5 0.434 0.437 0.441 0.445 0.448 0.452 0.455 0.459 0.462 0.466 0.469 0.472 0.476 
34.0 0.410 0.414 0.417 0.421 0.425 0.428 0.432 0.435 0.438 0.442 0.445 0.448 0.452 

34.5 0.388 0.391 0.395 0.398 0.402 0.405 0.409 0.412 0.416 0.419 0.422 0.425 0.428 
35.0 0.366 0.370 0.373 0.377 0.380 0.384 0.387 0.390 0.394 0.397 0.400 0.403 0.406 
35.5 0.346 0.349 0.353 0.356 0.359 0.363 0.366 0.369 0.372 0.376 0.379 0.382 0.385 
36.0 0.326 0.329 0.333 0.336 0.339 0.343 0.346 0.349 0.352 0.355 0.358 0.362 0.365 
36.5 0.307 0.310 0.314 0.317 0.320 0.323 0.327 0.330 0.333 0.336 0.339 0.342 0.345 
37.0 0.289 0.292 0.295 0.299 0.302 0.305 0.308 0.311 0.314 0.317 0.320 0.323 0.326 
37.5 0.271 0.274 0.278 0.281 0.284 0.287 0.290 0.293 0.296 0.299 0.302 0.305 0.308 
38.0 0.254 0.257 0.261 0.264 0.267 0.270 0.273 0.276 0.279 0.282 0.285 0.288 0.291 
38.5 0.238 0.241 0.244 0.247 0.251 0.254 0.257 0.260 0.263 0.265 0.268 0.271 0.274 
39.0 0.222 0.226 0.229 0.232 0.235 0.238 0.241 0.244 0.247 0.249 0.252 0.255 0.258 
39.5 0.207 0.211 0.214 0.217 0.220 0.223 0.225 0.228 0.231 0.234 0.237 0.240 0.242 
40.0 0.193 0.196 0.199 0.202 0.205 0.208 0.211 0.214 0.216 0.219 0.222 0.225 0.227 
40.5 0.179 0.182 0.185 0.188 0.191 0.194 0.197 0.199 0.202 0.205 0.208 0.210 0.213 
41.0 0.166 0.169 0.172 0.174 0.177 0.180 0.183 0.186 0.188 0.191 0.194 0.197 0.199 
41.5 0.153 0.156 0.158 0.161 0.164 0.167 0.170 0.173 0.175 0.178 0.181 0.183 0.186 
42.0 0.140 0.143 0.146 0.149 0.152 0.154 0.157 0.160 0.162 0.165 0.168 0.170 0.173 

42.5 0.128 0.131 0.134 0.137 0.139 0.142 0.145 0.148 0.150 0.153 0.155 0.158 0.160 
43.0 0.116 0.119 0.122 0.125 0.128 0.130 0.133 0.136 0.138 0.141 0.143 0.146 0.148 
43.5 0.105 0.108 0.111 0.114 0.116 0.119 0.122 0.124 0.127 0.129 0.132 0.134 0.137 
44.0 0.094 0.097 0.100 0.103 0.105 0.108 0.111 0.113 0.116 0.118 0.121 0.123 0.126 
44.5 0.084 0.087 0.089 0.092 0.095 0.097 0.100 0.103 0.105 0.108 0.110 0.112 0.115 
45.0 0.074 0.076 0.079 0.082 0.084 0.087 0.090 0.092 0.095 0.097 0.100 0.102 0.104 
45.5 0.064 0.067 0.069 0.072 0.075 0.077 0.080 0.082 0.085 0.087 0.090 0.092 0.094 
46.0 0.055 0.057 0.060 0.062 0.065 0.068 0.070 0.073 0.075 0.077 0.080 0.082 0.084 
46.5 0.045 0.048 0.051 0.053 0.056 0.058 0.061 0.063 0.066 0.068 0.070 0.073 0.075 
47.0 0.037 0.039 0.042 0.044 0.047 0.049 0.052 0.054 0.057 0.059 0.061 0.064 0.066 
47.5 0.028 0.031 0.033 0.036 0.038 0.041 0.043 0.045 0.048 0.050 0.053 0.055 0.057 
48.0 0.020 0.022 0.025 0.027 0.030 0.032 0.035 0.037 0.039 0.042 0.044 0.046 0.049 
48.5 0.012 0.014 0.017 0.019 0.022 0.024 0.026 0.029 0.031 0.033 0.036 0.038 0.040 
49.0 0.004 0.006 0.009 0.011 0.014 0.016 0.019 0.021 0.023 0.026 0.028 0.030 0.032 
49.5 0.000 0.000 0.001 0.004 0.006 0.009 0.011 0.013 0.016 0.018 0.020 0.022 0.024 

50.0 0.000 0.000 0.000 0.000 0.000 0.001 0.004 0.006 0.008 0.010 0.013 0.015 0.017 
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Generator temperature [ ͦC] Cont. 
140 141 142 143 144 145 146 147 148 149 150   

25.0 1.134 1.138 1.143 1.148 1.153 1.157 1.162 1.167 1.171 1.176 1.180   
25.5 1.076 1.081 1.086 1.090 1.095 1.099 1.104 1.108 1.113 1.117 1.121   
26.0 1.022 1.027 1.031 1.036 1.040 1.045 1.049 1.053 1.058 1.062 1.066   
26.5 0.971 0.976 0.980 0.985 0.989 0.993 0.997 1.002 1.006 1.010 1.014   
27.0 0.923 0.928 0.932 0.936 0.940 0.945 0.949 0.953 0.957 0.961 0.965   
27.5 0.878 0.882 0.886 0.890 0.894 0.899 0.903 0.906 0.910 0.914 0.918   
28.0 0.835 0.839 0.843 0.847 0.851 0.855 0.859 0.863 0.866 0.870 0.874   
28.5 0.794 0.798 0.802 0.806 0.810 0.813 0.817 0.821 0.825 0.828 0.832   
29.0 0.755 0.759 0.763 0.767 0.770 0.774 0.778 0.782 0.785 0.789 0.792   
29.5 0.718 0.722 0.726 0.730 0.733 0.737 0.741 0.744 0.748 0.751 0.755   
30.0 0.683 0.687 0.691 0.694 0.698 0.701 0.705 0.708 0.712 0.715 0.719   
30.5 0.650 0.653 0.657 0.661 0.664 0.668 0.671 0.674 0.678 0.681 0.685   
31.0 0.618 0.621 0.625 0.628 0.632 0.635 0.639 0.642 0.645 0.649 0.652   
31.5 0.588 0.591 0.594 0.598 0.601 0.605 0.608 0.611 0.614 0.618 0.621   
32.0 0.559 0.562 0.565 0.569 0.572 0.575 0.579 0.582 0.585 0.588 0.591   
32.5 0.531 0.534 0.538 0.541 0.544 0.547 0.550 0.554 0.557 0.560 0.563   
33.0 0.504 0.508 0.511 0.514 0.517 0.520 0.524 0.527 0.530 0.533 0.536   
33.5 0.479 0.482 0.485 0.489 0.492 0.495 0.498 0.501 0.504 0.507 0.510   
34.0 0.455 0.458 0.461 0.464 0.467 0.470 0.473 0.476 0.479 0.482 0.485   

34.5 0.432 0.435 0.438 0.441 0.444 0.447 0.450 0.453 0.456 0.458 0.461   
35.0 0.409 0.412 0.415 0.418 0.421 0.424 0.427 0.430 0.433 0.436 0.439   
35.5 0.388 0.391 0.394 0.397 0.400 0.403 0.406 0.408 0.411 0.414 0.417   
36.0 0.368 0.371 0.373 0.376 0.379 0.382 0.385 0.388 0.390 0.393 0.396   
36.5 0.348 0.351 0.354 0.357 0.359 0.362 0.365 0.368 0.370 0.373 0.376   
37.0 0.329 0.332 0.335 0.338 0.340 0.343 0.346 0.348 0.351 0.354 0.356   
37.5 0.311 0.314 0.317 0.319 0.322 0.325 0.327 0.330 0.333 0.335 0.338   
38.0 0.293 0.296 0.299 0.302 0.304 0.307 0.310 0.312 0.315 0.317 0.320   
38.5 0.277 0.279 0.282 0.285 0.287 0.290 0.293 0.295 0.298 0.300 0.303   
39.0 0.261 0.263 0.266 0.269 0.271 0.274 0.276 0.279 0.281 0.284 0.286   
39.5 0.245 0.248 0.250 0.253 0.255 0.258 0.261 0.263 0.266 0.268 0.270   
40.0 0.230 0.233 0.235 0.238 0.240 0.243 0.245 0.248 0.250 0.253 0.255   
40.5 0.216 0.218 0.221 0.223 0.226 0.228 0.231 0.233 0.236 0.238 0.240   
41.0 0.202 0.204 0.207 0.209 0.212 0.214 0.217 0.219 0.221 0.224 0.226   
41.5 0.188 0.191 0.193 0.196 0.198 0.201 0.203 0.205 0.208 0.210 0.212   
42.0 0.175 0.178 0.180 0.183 0.185 0.188 0.190 0.192 0.195 0.197 0.199   

42.5 0.163 0.165 0.168 0.170 0.173 0.175 0.177 0.180 0.182 0.184 0.186   
43.0 0.151 0.153 0.156 0.158 0.160 0.163 0.165 0.167 0.170 0.172 0.174   
43.5 0.139 0.142 0.144 0.146 0.149 0.151 0.153 0.156 0.158 0.160 0.162   
44.0 0.128 0.130 0.133 0.135 0.137 0.140 0.142 0.144 0.146 0.149 0.151   
44.5 0.117 0.120 0.122 0.124 0.126 0.129 0.131 0.133 0.135 0.138 0.140   
45.0 0.107 0.109 0.111 0.114 0.116 0.118 0.120 0.123 0.125 0.127 0.129   
45.5 0.097 0.099 0.101 0.103 0.106 0.108 0.110 0.112 0.114 0.116 0.119   
46.0 0.087 0.089 0.091 0.094 0.096 0.098 0.100 0.102 0.104 0.106 0.109   
46.5 0.077 0.080 0.082 0.084 0.086 0.088 0.091 0.093 0.095 0.097 0.099   
47.0 0.068 0.070 0.073 0.075 0.077 0.079 0.081 0.083 0.085 0.087 0.089   
47.5 0.059 0.062 0.064 0.066 0.068 0.070 0.072 0.074 0.076 0.078 0.080   
48.0 0.051 0.053 0.055 0.057 0.059 0.062 0.064 0.066 0.068 0.070 0.072   
48.5 0.042 0.045 0.047 0.049 0.051 0.053 0.055 0.057 0.059 0.061 0.063   
49.0 0.034 0.037 0.039 0.041 0.043 0.045 0.047 0.049 0.051 0.053 0.055   
49.5 0.027 0.029 0.031 0.033 0.035 0.037 0.039 0.041 0.043 0.045 0.047   

50.0 0.019 0.021 0.023 0.025 0.027 0.029 0.031 0.033 0.035 0.037 0.039   

 


