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Abstract - In this present study, a new combined cycle (combination of Kalina cycle and an ejector refrigeration cycle) is 
proposed to produce power and refrigeration outputs simultaneously. Supplied heat to the proposed combined cycle is 
derived from biomass combustion. Heat is extracted from a high temperature/pressure stream of Kalina cycle working fluid 
(which does not directly contribute to the power production of the Kalina cycle) and is transferred to ejector refrigeration 
cycle for the purpose of refrigeration generation. A parametric analysis is performed to determine the effect of variation in 
the mass flow rate of the Kalina cycle working fluid on performance parameters of the combined cycle: thermal efficiency, 
power production and refrigeration generation. A computational program is developed to simulate the combined cycle and 
details of the applied mathematical model are reported in the study. 
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I. INTRODUCTION 
 
Owing to the global industrialization and increasing 
rate of population growth, environmental and social 
problems (such as greenhouse gas emissions (GHGs), 
pollution of air and water sources, energy crisis and 
resource scarcity) come on the scene as a global threat 
to sustainable future of the World which is 
unfortunately expected to be more and more serious in 
the coming decades. Hence, it is obvious that, taking 
actions toward a more sustainable growth is strongly 
necessary before it is too late. [1]. Today, the fossil 
fuel consumption constitutes the prevailing part of the 
total energy consumption and combustion of fossil 
fuels is one of the main source of CO2 and other 
greenhouse gases release into the atmosphere together 
with toxic compounds (such as volatile organic 
compounds and nitrogen oxides). It is estimated that 
90% of the global CO2 emission is produced by 
combustion of fossil fuels in 2011 (approximately 34 
billion tons) [2]. As a result, to protect the fossil fuel 
sources of the earth from degradation and depletion 
and to alleviate the environmental problems originated 
by fossil fuel combustion in energy generation, 
renewable energy utilization (such as: solar energy, 
wind energy, geothermal energy and biomass) is 
promoted as an alternative to fossil energy use. Hence, 
renewable energy utilizing energy generation 
technologies have been paid a lot of attention by many 
researchers in recent years [1-5]. 
 
Nowadays, combined cycle of power and 
refrigeration receives considerable attention for 
efficient utilization of energy in power generation and 
refrigeration. In the early 1980s, Kalina [6,7] 
introduced a power cycle using a binary mixture as 
working fluid to produce power from heat, denoted as 
Kalina cycle later on. The configuration of Kalina 
cycle can be viewed as further development of 

Rankine cycle and absorption power cycle which also 
takes the advantages of binary mixture use as the 
working fluid (details can be seen in [8,9]). Ibrahim 
and Kovach [10] analyzed a Kalina cycle which is 
driven by the waste heat from the exhaust of a gas 
turbine. It is determined that the Kalina cycle was 10-
20% more efficient than a Rankine cycle under the 
identical operational conditions. In another study [7], 
it is seen that thermal efficiency of a Kalina cycle 
(which utilizes waste heat of a gas turbine as the heat 
source and using ammonia-water mixture as the 
working fluid) can reach 32.8%. Superior 
performance and higher thermal efficiency of Kalina 
cycle over ORC (organic Rankine cycle) are reported 
in many studies in the literature [11–14].  
 
An ejector (also named as “jet,” “injector”, “jet 
pump” and “thermo-compressor” in different studies) 
is a flow device that accelerates a high pressure fluid 
and makes a low pressure fluid drawn into the device. 
As the two fluids mix in the ejector, a pressure 
recovery occurs which enables the ejector to fulfill 
the function of a compressor or a pump. In a 
refrigeration cycle with ejector (Ejector refrigeration 
cycle, ERC), since the ejector acts as a mechanical 
compressor with no energy consumption, compressor 
power consumption (and hence, total energy 
consumption of the refrigeration cycle) gets lower 
and thermal efficiency gets higher. Owing to this and 
other advantages of ejector use in refrigeration (such 
as: easy installation, low operational and maintenance 
cost, operation with a wide range of refrigerants 
[15,16]), ERC is regarded as one of the most 
promising thermodynamic cycles to achieve more 
efficient refrigeration processes [15-17].  
Due to the above reported advantages of Kalina cycle 
and ERC, several attempts are reported in the 
literature which couple the ERC and Kalina cycles to 
other thermodynamic cycles to perform the 
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production of power and refrigeration simultaneously. 
Kalina cycle is mostly coupled to ammonia 
absorption cooling cycle [18-21]. Different attempts 
to design Kalina cycle including 
cogeneration/trigeneration systems [22-24] are also 
presented in the literature. Some remarkable studies 
of ejector use in combined cycles or ERC including 
combined thermodynamic cycles can be seen in [25-
32].  
 
In this present study, a novel cogeneration cycle 
(combined cycle which consists of a Kalina cycle and 
an ejector refrigeration cycle) is proposed to produce 
power and refrigeration outputs simultaneously. In 
the configuration of the combined cycle, refrigeration 
is produced by an ejector refrigeration cycle (ERC) 
which is inserted into the Kalina cycle. ERC is driven 
by heat transferred from one stream of Kalina cycle 
working fluid (at high temperature/pressure) which 
does not directly contribute to the power production 
of the Kalina cycle. Supplied heat to the proposed 
combined cycle is derived from combustion of 
biomass. The performance of the combined cycle is 
expressed in terms of selected performance 
parameters: energy efficiency, power production and 
refrigeration generation. A parametric analysis is 
performed to determine the effect of variation in the 
mass flow rate of the Kalina cycle working fluid on 
above given performance parameters of the combined 
cycle. The analysis is conducted by simulation of the 
combined cycle and details of the applied 
mathematical model are extensively reported.  
 
II. SYSTEM DESCRIPTION 
 
In Fig. 1, a schematic of Kalina cycle (KCS 34) is 

presented. Kalina cycle is made up of the following 
components: a heat exchanger (HE I), a separator, a 
turbine, a high temperature recuperator (HTR), a low-
temperature recuperator (LTR), a condenser 
(condenser I), a pump (pump I) and a valve (valve I). 
Heat which is derived from combustion of biogas is 
transferred to the Kalina cycle in the heat exchanger 
(HE I). This heat is absorbed by the binary mixture 
working fluid of the Kalina cycle which is selected as 
ammonia-water mixture (NH3-H2O) in this study. The 
working fluid is in two phase region (state 1) at the exit 
of the HE I. Two phase working fluid is delivered to 
the separator which splits the working fluid into 
saturated liquid part (saturated weak ammonia-water 
liquid - state 3) and vapor part (saturated rich 
ammonia-water vapor - state 2). The saturated rich 
ammonia-water vapor is dispatched to the turbine in 
order to generate power whereas the saturated weak 
ammonia-water liquid is routed to a heat exchanger 
(High Temperature Regenerator - HTR) in which it 
discharges heat to relatively cold ammonia-water 
mixture coming from LTR (state 12). Then, ammonia-
weak mixture leaves HTR (state 5) and is throttled to 
reduce its pressure (state 6) before mixing with the 
ammonia-rich mixture which comes from the turbine 
(state 7). After mixing (state 8), the working fluid is 
delivered to the LTR and condenser I in which heat is 
removed from the mixture. At the condenser exit, 
ammonia-water mixture is at saturated state (state 10) 
and is sucked by the pump I to increase the mixture 
pressure to the turbine inlet pressure. Afterwards, 
temperature of the ammonia-water basic solution 
increases while passing through the LTR (states 11-12) 
and HTR (states 12-13) and the mixture is delivered to 
the HE I to complete the cycle [8, 33].  

 
Fig. 1 Schematic representation of Kalina sub-cycle 

 
Ejector refrigeration cycle (ERC) consists of an 
ejector, a heat exchanger (HE II), an evaporator, a 
condenser (condenser II), an expansion valve (valve 
II), and a pump (pump II). In Fig. 2, arrangement of 
these components in ERC is shown. The operational 
mechanism of ERC can be summarized as: heat which 
is extracted from the Kalina cycle working fluid is 
transferred to the refrigerant (ERC working fluid, 
R134a in this study) to vaporize the liquid refrigerant 

at high pressure in HE II. Refrigerant in vapor phase 
(the motive flow of the ejector, state 15) is fed to the 
ejector and flows through the primary nozzle of the 
ejector (Fig 3). In the primary nozzle, the motive fluid 
pressure gets lower and velocity increases from 
subsonic to supersonic flow. At the exit of the nozzle, a 
rather low pressure region is created which is lower 
than the evaporator pressure (cross section m in Fig 3).  
Owing to this low pressure region, the refrigerant flow 
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which comes from the evaporator (the secondary flow 
of the ejector, state 21) is sucked into the ejector. The 
motive and secondary flows mix in the “mixing 
section” of the ejector (cross section a in Fig. 3) and 
this is also the section where normal shock is induced 
(cross section b in Fig. 3). Due to the shock, 
compression effect (pressure increase) and a sudden 
drop in velocity of the refrigerant from supersonic to 
subsonic are seen. Further pressure increase is 
achieved in the diffuser part of the ejector (Fig 3). At 
the exit of the ejector (state 16), the pressure of the 
refrigerant is between the HE II and the evaporator 
pressures. Hence, the ejector serves as an expansion 
device for the motive flow and a compression device 

for the secondary flow. After the ejector, the 
refrigerant passes through the condenser (condenser II) 
where the condensation process (heat rejection from 
the refrigerant to the outside) is seen. At the exit of the 
condenser II (state 17), the refrigerant is divided into 
two parts, one part is pumped to the HE II by pump II, 
and the left passes through an expansion valve (valve 
II) and expands to a lower pressure (state 20) before 
entering into the evaporator where the evaporation 
process (heat absorption from the cooling space to the 
refrigerant, refrigeration effect) is seen. The evaporated 
refrigerant is sucked by the ejector (state 21) and the 
cycle is complete (Fig. 2) [34-36].

 

 
Fig. 2 Schematic representation of ERC 

 

 
Fig. 3 Schematic representation of ejector. 

 
III. COMPUTATIONAL PROCEDURE 
 
Mass, energy and momentum conservation equations 
are applied to each component of the combined cycle 
as presented below. All the components in considered  
 
Kalina-ERC combined power/refrigeration cycle are 
modelled as a control volume. In below equations, ṁ is 
the mass flow rate of the working fluid, Q̇ is the rate of 

heat interaction, Ẇ is power, h is specific enthalpy, x is 
the concentration of ammonia-water mixture 
(ammonia mass fraction), η is efficiency and V is 
velocity of the fluid. In subscripts: is is isentropic, in is 
input flow and out is output flow.  
 
For heat exchangers including HE I, HE II, HTR, LTR, 
condensers and evaporator, the mass balance equation 
is presented as follows:  
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For heat exchangers including HE II, HTR and LTR, 
the energy balance equation is presented as follows:  
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For the condensers, the evaporator and HE I, the 
energy balance equation is presented as follows:  
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The isentropic efficiency (ηtur) of the turbine is defined 
as:  
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Formula for the power generation by the turbine (Ẇtur):  
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The mass balance, ammonia mass balance and energy 
balance equations for the separator are expressed 
below as the following equations:  
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Regarding the mixing process of ammonia rich 
solution (state 7) and ammonia weak solution (state 6), 
conservation of mass and energy equations are applied 
as follows:  
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The isentropic efficiency of pumps (ηp) is defined as:  
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Power consumption by the pumps in the considered 
combined cycle (Ẇp) is determined by the following 
equation:  

)h(hmW inoutin
.

p
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Formulas to determine the flow properties in the 
ejector, below equations are applied.  
The isentropic efficiency of the nozzles (ηn) is defined 
as: 
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Applying the conservation of energy principle, velocity 
of the flow at the nozzle exit (Vout) is determined by 
the following equation:  

)h(h2  V outinout                          (14) 
 
In the constant area mixing section, conservation of 
momentum and energy equations are applied as 
presented below to determine the properties of the 
mixed flow (cross section a in Fig. 3).  is the 

coefficient of frictional loss, subscript tot is total.  
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The isentropic efficiency formula of the diffuser part 
(ηd) of the ejector is used to determine the enthalpy at 
the diffuser outlet (hd) as presented below:  

inout

inisout,
d hh
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                                          (17) 

 
In this study, thermal efficiency is used to evaluate the 
cycle performance. The thermal efficiency can be 
defined as the ratio of the produced energy output 
(power + refrigeration) of the system to the energy 
input from the heat source in HE I. Mathematical 
definition of the net power output (Ẇnet) and combined 
cycle thermal efficiency (ηth) is presented in Eqs. (18-
19), respectively.   
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Extensive details of the applied computational 
procedure and mathematical model are provided in 
some earlier studies by the author [8, 15]. 
Biomass (used in this study) is the organic fraction of 
municipal solid waste. Chemical composition and 
properties of the biomass combustion are listed in 
Table 1. For the combustion process in the combustion 
chamber of the biomass boiler, below given energy 
balance equation is applied:  

)h(hmηLHVmQ 131K
.

Bbiobio
.

Iin

.


                  (20) 
 
where Q̇in-I is the amount of heat transferred to the 
Kalina cycle working fluid in HE I, ṁbio   is the mass 
flow rate of the biomass which is combusted in the 
biomass boiler, LHVbio is the low heating value of 
biomass, B is the boiler efficiency (defined over 
LHVbio), ṁK is the mass flow rate of the Kalina cycle 
working fluid, h is the specific enthalpy of the Kalina 
cycle working fluid at subscripted states in Fig. 1. Eq. 
(20) is LHVbio basis because organic waste undergoes a 
drying process before the combustion in the boiler.   

 
TABLE I  :ULTIMATE ANALYSIS OF BIOMASS 

(ORGANIC WASTE) [37] 
Biomass type Organic 

waste 
Ultimate analysis (%wt., wet 
basis) 

 

C 47.8 
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H 6.4 
O 37.6 
N 2.6 
S 0.4 
ash 5 
HHVbio  (MJ/kg) (wet basis) 18.95 
LHVbio  (MJ/kg) (wet basis) 17.55 
Boiler efficiency (B) [38] 0.85  

 
In Table 1, HHVbio is the high heating value of as 
received (wet basis) biomass sample (MJ/kg) which is 
calculated by the equation given in [39] for biomass 
samples as presented in Eq. (21). In Eq. (21), C, H, O, 
N and S are weight percent of carbon, hydrogen, 
oxygen, nitrogen and sulphur in the composition of 
biomass which are seen in Table 1. 

  2
bio

10x)N(5.14)O(4.15)H(3.142)C(5.33
)kg/MJ(HVH



          

(21) 
 
LHVbio is calculated via Eq. (22) [40]: 

fgHbio hX94.8HHV)kg/MJ(HVL                       
(22) 
XH is the mass friction of hydrogen in the sample (in as 
received (wet) composition, 0.064 for organic waste, 
see Table 1), hfg (2.4423 MJ/kg) is the enthalpy of 
evaporation of water at standard environmental 
conditions (25°C and 1 atm) [40]. In this current work, 
all the components of Kalina and ERC cycles are 
simulated using Engineering Equation Solver (EES) 
Software. The ejector operates at critical mode, i.e., the 
ejector is designed in such a manner so that the 
primary and secondary flows are both chocked, hence, 
entrainment ratio is constant in the ejector [36]. As 
stated in [41], the most common and realistic position 
is occurrence of normal shock wave in the constant 
area mixing section which results in subsonic flow 
after the shock. Mathematical modelling of the flows 
in the ejector is conducted using real gases properties 
of the refrigerant which are available in the EES data 
bank and are incorporated into the computational 
program, except the determination of after-shock 
properties, i.e. ideal gas assumption based Rankine–
Hugoniot equations are used to determine the 
properties of flow at the cross section b in Fig. 3. 
Details of the Rankine–Hugoniot equations are 
extensively given in [8,42-44]. Secondary flow of the 
ejector performs the critical flow at the nozzle exit [36] 
and thermodynamic properties of the fluid at critical 
conditions are determined by Henry and Fauske 
method. Details and use of Henry and Fauske method 
are extensively discussed in [44-46].  
 
IV. RESULTS AND DISCUSSION 
 
A parametric analysis is performed by applying the 
above presented mathematical model to the analyzed 
power/refrigeration cycle which has a novel design of 

Kalina cycle and ejector refrigeration cycle 
combination.  In the analysis, variation of selected 
performance parameters of the combined cycle 
(thermal efficiency, net power production, refrigeration 
capacity) with respect to the variation in mass flow rate 
of the Kalina cycle working fluid (NH3-H2O) is 
determined. An extensive discussion of the physical 
mechanism behind the determined results is presented.  
Additionally, the combined cycle is driven by heat 
generated from biomass combustion, i.e., the cycle is a 
“biomass-fired combined cycle”. The necessary 
amount of biomass to operate the combined cycle 
under analyzed conditions is determined.  The 
boundary condition and simulation parameters for 
Kalina cycle and ERC are reported in Table 2.  

TABLE II: OPERATIONAL PARAMETERS OF THE 
COMBINED CYCLE 

Rate of heat transfer to the combined cycle- 
Q̇in-I  (kW) 

1000 

Pressure at turbine inlet - P2 (kPa) 3250 
Temperature at condenser I exit - T10 (C) 25 
Concentration of NH3-H2O basic solution - 
x1 (%) 

70 

Isentropic efficiency of pumps (ηp-I, ηp-II)  
(%) 

60 

Isentropic efficiency of turbine and ejector 
parts (ηtur, ηn, ηd) (%) 

80 

 
As presented in Table 2, performed parametric study is 
conducted for constant heat input to the analyzed 
combined cycle (Q̇in-I). Hence, mass flow rate of the 
organic waste supplied to the cycle is constant and 
computed by inserting the organic waste and biomass 
boiler properties (given in Table 1) into the Eq. (20). 
Computed amount of biomass supplied to the boiler to 
provide the necessary amount of heat for system 
operation is determined as 4.02 kg/min.    
 
In Fig. 4, effect of increasing mass flow rate of the 
Kalina cycle working fluid (ṁ1) on combined cycle net 
power production (Ẇnet), refrigeration capacity (Q̇ref) is 
shown. As presented in Table 2, pressure of the 
working fluid at the turbine inlet remains constant 
during the operation. It is very predictable that, 
increase in mass flow rate of the Kalina cycle working 
fluid (ṁ1) results in enthalpy decline (and hence, 
temperature drop) of the fluid at the exit of the HE I, 
based on Eq. (3). Since the temperature at the HE I exit 
(state 1) and at the turbine inlet (state 2) are identical, it 
can be concluded that, temperature and enthalpy (T2 
and h2) of the working fluid at the turbine inlet get 
lower as ṁ1 increases.  
 
On the other hand, although it is expected the mass 
flow rate of the saturated rich ammonia water solution 
at the turbine inlet (ṁ2) to get higher with increasing 
ṁ1, a very inconsiderable variation of ṁ2 is determined 
as ṁ1 increases due to the temperature decrease of the 
fluid at state 2 (ṁ2 results of the system with increasing 
ṁ1 is seen in Fig 4). This result of the study can be 
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explained by the phase diagram of ammonia-water 
solution which is presented in [9]. Fraction of 
ammonia vapor decreases in the ammonia-water 
mixture with decreasing mixture temperature. Since 
the saturated rich ammonia-water vapor is transferred 
to the turbine (state 2), temperature drop at the turbine 
inlet (T2) imposes a decreasing effect in ṁ2 whereas 
increasing ṁ1 imposes the opposite effect on ṁ2. 
Adverse effects of increasing ṁ1 and decreasing T2 on 
the mass flow rate of the working fluid transferred to 
the turbine (ṁ2) lead ṁ2 values to remain almost 
constant as seen in Fig 4. As a result, due to the 
combined effect of reduction in the enthalpy difference 
of the ammonia water solution through the turbine (h2-
h7) and almost constant ṁ2, power production by the 
turbine (Ẇtur) lowers as the mass flow rate of the 
Kalina cycle working fluid (ṁ1) rises, based on Eq. (5). 
It must be also stated that, Ẇtur is by far the largest 
constituent of the net power production (Ẇnet) of the 
combined cycle, i.e., magnitude of power consumption 
by pump I (Ẇp-I) and pump II (Ẇp-II) is negligible 
relative to that of Ẇtur. Hence, Ẇtur determines the Ẇnet 
characteristics of the cycle. As a result, Ẇnet of the 
combined cycle gets lower as ṁ1 increases which is 
seen in Fig 4. 

 
Fig. 4 Variation of Ẇnet, Q̇ref  and ṁ2 with ṁ1 

 
On the cooling capacity (Q̇ref) side of the issue, due to 
the constant operational parameters of ERC (condenser 
II pressure/temperature, evaporator 
pressure/temperature, HE II pressure, mass flow rate of 
the refrigerant, etc.), constant flow properties of the 
refrigerant are determined at the HE II inlet (state 14 in 
Fig. 2). At the exit of the HE II (state-point 15 in Fig. 
2), the phase of the refrigerant (R134a) is saturated 
vapor and the properties of the refrigerant is a function 
of HE II pressure which is constant. Hence, based on 
Eq. (2), Q̇in-II is not affected by the Kalina cycle 
operational parameters including mass flow rate of the 
Kalina cycle working fluid (ṁ1). As a result, Q̇ref of the 
combined cycle is constant as ṁ1 increases which is 
presented in Fig 4.  
 
In Fig 5, variation of thermal efficiency (ηth) results of 
the considered combined cycle with respect to 
variation in mass flow rate of the Kalina cycle working 
fluid (ṁ1) is presented. Comparing the results 
presented in Fig 4 and Fig 5, it is seen that ηth follows a 
similar pattern with that of Ẇnet. Based on Eq. (19), at 

the presence of constant Q̇ref and Q̇in-I, ηth values are 
strongly influenced by Ẇnet and hence, ηth and Ẇnet are 
positively correlated as seen in Fig 5.  

 
Fig. 5 Variation of ηth with respect to ṁ1. 

 
CONCLUSION 
 
In this study, a new power /refrigeration combined 
cycle is analyzed which is designed as the combination 
of Kalina cycle and ejector refrigeration cycle (ERC). 
In the configuration, ERC is placed in the combined 
cycle in such a way as to absorb heat from ammonia 
poor solution after leaving the separator at high 
temperature/pressure. The absorbed heat is utilized in 
the ERC to produce refrigeration as the details are 
presented in Section 2. Working fluid of Kalina cycle 
and ERC are selected as ammonia-water solution and 
R134a, respectively. The cycle is modelled 
mathematically as presented in Section 3 and a 
parametric analysis is performed by means of a 
developed simulation program to determine the effect 
of variation in the mass flow rate of Kalina cycle 
working fluid (ṁ1) on selected performance parameters 
of the combined cycle: thermal efficiency (ηth), power 
production (Ẇnet) and refrigeration generation (Q̇ref). 
The investigated range of ṁ1 is 0.7-2.5 kg/s.  The main 
findings of this study are summarized as follows: The 
amount of biomass necessary to supply to the boiler to 
produce heat for system operation is determined as 
4.02 kg/min. As ṁ1 increases, variation in mass low 
rate of the saturated weak ammonia-water liquid 
(ammonia poor solution, ṁ2) is very limited: ṁ2 
increases by 5%. In the investigated range of ṁ1, Ẇnet 
and ηth exhibit a similar trend, i.e. Ẇnet and ηth of the 
combined cycle slightly decreases as ṁ1 increases. As 
ṁ1 increases from 0.7 to 2.5 kg/s, Ẇnet and ηth of the 
combined cycle drop by 7.3% and 4.8%, respectively.  
There is no effect of ṁ1 variation on Q̇ref of the 
combined cycle which strongly supports the above 
mentioned positive correlation between Ẇnet and ηth, 
based on Eq. (19). 
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