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Abstract— A thermodynamic performance analysis is carried out for Goswami cycle which has been proposed to produce 
power andcooling simultaneously and combines the Rankine cycle and absorption refrigeration cycle by usingammonia-water 
mixture as working fluid for recovery of low-grade heat source. Effects of the system parameters such as mass fraction of 
ammonia and the rectifier temperature on the system performance are parametrically investigated. Results showthat the 
thermal efficiency has an optimum value with respect to the rectifier temperature as well as the ammonia mass fraction. 
Thermodynamic cycles using binary mixtures as working fluids offer a highpotential for recovery of low-grade heat sources. 
 
Index Terms— Low-grade energy source, ammonia-water mixture, Rankine cycle, absorption refrigeration, cogeneration.  
 
I. INTRODUCTION 
 
Over the past few decades renewable energy sources 
became linked with sustainable development, forming 
part of international action aimed at addressing 
climate change, and the research on the conversion of 
low-grade heat sources into electrical power or 
low-temperature energy conversion has become more 
and more important [1]-[3]. Since the conventional 
power generating process becomes inefficient and 
economically infeasible as the temperature of source 
decreases, to use of an ammonia-water mixture instead 
of water as working fluid is a possible way to improve 
efficiency of the system. The motivation for using 
mixture like ammonia-water is that heat can be 
supplied or rejected at variable temperature but 
constant pressure, which reduces the temperature 
mismatch between hot and cold streams, and the 
availability destruction in heat-exchangers. And the 
boiling point of ammonia is substantially lower than 
that of water, which makes it practically useful to 
utilize the low-temperature waste heat in the power 
generation systems [4]-[6].  
During past twenty years the energy converting 
systems using ammonia-water have been intensively 
investigated. Galanis et al. [7] reviewed important new 
prototypes of power plants and summarizes some of 
the relevant scientific relations is used to illustrate the 
operational limits and performance characteristics of 
these power plants. Ganesh and Srinivas [8] studied a 
low-temperature Kalina cycle to optimize the heat 
recovery from solar collectors. Arslan [9]-[10] 
performed an exergo-economic analysis and 
optimization study of Kalina cycle using geothermal 
heat sources. Sun et al. [11] investigated a Kalina 
cycle using solar energy with a super heater. 
In order to improve the overall energy conversion 
efficiency and to reduce the cost, combined cycles of 
power and refrigeration have been investigated. 
Takeshita et al. [12] presented an advanced 

cogeneration system composed of three turbine 
systems and an ammonia absorption refrigerator. 
Zheng et al. [13] proposed a combined cycle for 
absorption power and cooling and analyzed by means 
of a simulation based on two performance criteria, the 
overall thermal and exergy efficiencies. Al-Hawaj and 
Al-Mutairi [14] investigated a cogeneration scheme 
comprising a combined cycle power plant with an 
absorption chiller. Zhang and Lior [15] and Liu and 
Zhang [16] proposed a cogeneration systems for 
power and refrigeration based on ammonia-water 
working fluid.  
 
Goswami cycle is a combined thermal power and 
cooling cycle using ammonia-water as working fluid 
and uses very high concentration ammonia vapor in 
the turbine which can be expanded to a very low 
temperature in the turbine without condensation 
[17]-[19]. Tamm et al. [20] investigated the cycle both 
theoretically and experimentally and demonstrated the 
feasibility of the cycle. Pouraghie et al. [21] carried 
out the thermodynamic performance optimization of 
the combined power/cooling cycle. In this work a 
thermodynamic performance analysis is carried out for 
a combined cooling and power cycle using ammonia- 
water mixture proposed by Goswami and coworkers. 
Special attention is focused on the effects of variation 
of rectifier temperature and ammonia mass fraction on 
the system performance. 
 
II. SYSTEM ANALYSIS 
 
The cycle considered in this work is a combined cycle 
which consists of a Rankine cycle and an absorption 
cycle using ammonia-water mixture as a working fluid 
and can produce both power and refrigeration 
simultaneously with a low-grade heat source. The 
schematic diagram of the system is illustrated in Fig. 
1.  
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Fig. 1  Schematic diagram of ORC and condenser 

 
A brief description of the cycle is as follows: The 
working fluid leaves the absorber as a saturated 
solution at a basic ammonia mass fraction xb and 
temperature TL (state 1). The fluid is then pressurized 
with the pump to a turbine inlet pressure, PH (state 2). 
The fluid is then split into two streams of 2a and 2b. 
Stream 2a is preheated through the rectifier (state 13) 
while stream 2b recovers heat from the returning 
liquid solution in the recovery heat exchanger before 
entering the boiler (state 14). The boiler temperature 
Tb should be lied between the bubble and dew point 
temperature of the mixture at the system pressure, 
then, the basic solution can be partially boiled to 
produce a two-phase mixture of liquid (state 10) and 
vapor (state 4). The mixture of two-phase is then 
separated, and the low fraction liquid transfers heat to 
the high fraction stream before it is throttled to the 
system low pressure and sprayed into the absorber. 
The rectifier cools the saturated ammonia vapor (state 
6) to condense out remaining water. Heat can be added 
in the super heater (state 7) before the fluid is 
expanded to the low pressure in the turbine (state 8). 
The fluid is finally absorbed back into the liquid 
giving off heat (state 9) and enters the absorber, where 
the basic solution is regenerated with heat rejection.  
In this work it is assumed that pressure drop and heat 
loss of the systems are negligible and the minimum 
temperature difference between the hot and cold 
streams in the heat exchanger is operated at a 

prescribed pinch temperature difference, ∆Tpp [3]. 
Then heat addition at boiler qab, heat addition at super 
heater qsh, cooling capacity qe, and system net work 
production wnet, can be evaluated as follows: 

33101044 hmhmhmqb          (1) 

 676 hhmqsh                              (2) 

 896 hhmqe   (3) 

   211876 hhmhhmwww ptnet   (4) 
where h denotes the specific enthalpy, m the mass flow 
rate at each position when the mass flow rate at pump 
is 1 kg/s, and wt and wp denote turbine and pump work, 
respectively. Then total heat input qin, utilization of the 
system Wtot, and thermal efficiency ηth are obtained as 
follows:  

shbin qqq     (5) 

enettot qww     (6) 

inqwtotth /  (7) 
The thermodynamic properties of ammonia-water 

mixture are computed using the method of Gibbs free 
energy which was first introduced by Xu and 
Goswami [22]. However, in this work, the equilibrium 
conditions are determined by equating the chemical 
potentials of each phase for each element [23]. 
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Here, Na, Nw, and N are numbers of moles of ammonia, 
water, and the mixture, respectively, and the Gibbs 
free energy of Gm for liquid or gas phase is denoted as 

    E
wwaam NGxRTGNxRTGNG  )1ln(ln

(10) 

 
Table 1. Thermodynamic properties and mass flow rate at each component for basic data. 
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III. RESULTS AND DISCUSSIONS 
 
The basic operation data use for the simulation of this 
study are as follows; absorber temperature, TL = 8°C, 
boiler temperature, Tb = 130°C, rectifier temperature, 
Trec = 100°C, turbine inlet temperature, TH = 140°C, 
turbine inlet pressure, PH = 25 bar, pinch temperature 
difference, ΔTpp = 5°C, isentropic efficiencies of pump 
and turbine, ηp = 0.80 and ηt = 0.85, and basic 
ammonia mass fraction, xb = 0.50. 
For the basic operation data, the thermodynamic 
properties and mass flow rate at each component are 
shown in Table 1, where y denotes the quality of the 
fluid, i.e., ratio of mass of vapor to total mass, s the 
specific entropy, x the mass concentration of ammonia, 
and m the mass flow rate. As is seen in the table, the 
system low pressure is determined from bubble point 
condition for the given temperature and ammonia 
concentration at state 1. When the basic ammonia 
concentration is 50%, the liquid from boiler becomes 
leak of ammonia as x10 = 37.9% whereas the vapor 
becomes high mass fraction of x4 = 91.4%. As the 
fluid passes through the rectifier, the ammonia 
concentration of vapor becomes even higher of x6 = 
97.6%, and the vapor of high concentration enters the 
turbine.  
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Fig. 2Effects of rectifier temperature on the net power 

production for various ammonia fractions. 
 
Fig. 2 shows the effects of rectifier temperature on 

the net power production for various ammonia mass 
fractions. The net power increases with increasing 
rectifier temperature, however, the increasing rate is 
so small that the net power production maintains 
nearly constant over the range of the rectifier 
temperature. It is because the net power is proportional 
to the mass flow rate at rectifier m6, and it increases 
slightly as rectifier temperature increases. On the other 
hand, the net power increases with increasing the basic 
ammonia fraction, since m6 can be expressed as m6 = 
(xb – x10) / (x6 – x10) from the mass conservation of 
ammonia and mixture at the rectifier, so m6 increases 
linearly with increasing ammonia mass fraction xb.  
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Fig. 3Effects of rectifier temperature on the boiler heat 

transfer for various ammonia fractions. 
 

Fig. 3 displays the effects of rectifier temperature on 
the boiler heat transfer for various ammonia mass 
fractions. For low rectifier temperatures, the heat 
transfer decreases with increasing rectifier 
temperature due to decrease in the mass flow rate at 
boiler inlet, m3. For high rectifier temperature, 
however, the heat transfer increases with increasing 
rectifier temperature, due to decrease in the specific 
enthalpy at boiler inlet, h3. Thus, the heat transfer has 
a peak value with respect to the rectifier temperature. 
For a given rectifier temperature, the heat transfer 
increases as the rectifier temperature increases, due to 
the increase in the mass flow rate of vapor at boiler 
exit, m4. 
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Fig. 4Effects of rectifier temperature on the refrigeration effect 

for various ammonia fractions. 
 

Fig. 4 illustrates the effects of rectifier temperature on 
the refrigeration effect for various ammonia mass 
fractions. The refrigeration effect decreases with 
increasing rectifier temperature, since as the rectifier 
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temperature increases, the ammonia mass fraction 
decreases, which leads to higher temperature at the 
turbine exit and subsequently the lower refrigeration 
effect. For a specified rectifier temperature, the 
refrigeration effect decreases with increasing 
ammonia mass fraction due to increase in the 
temperature of the fluid at turbine exit. It can be seen 
from the figure that there exists a lower limit of 
rectifier temperature for high ammonia mass fractions, 
since the refrigeration effect is reduced to zero at the 
limit of the rectifier temperature.   
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Fig. 5Effects of rectifier temperature on the refrigeration 

capacity for various ammonia fractions. 
 

Fig. 5 illustrates the effects of rectifier temperature on 
the refrigeration capacity for various ammonia mass 
fractions. The refrigeration capacity decreases with 
increasing rectifier temperature. It is because the 
refrigeration capacity is evaluated as the product of the 
refrigeration effect and the mass flow rate of fluid at 
the evaporator, and as the rectifier temperature 
increases, the refrigeration decreases considerably but 
the mass flow rate of fluid increases slightly. On the 
other hand, it can be seen from the figure that as the 
ammonia mass fraction increases, the refrigeration 
capacity increases for low rectifier temperatures but 
decreases for high rectifier temperatures, since the 
refrigeration effect decreases but the mass flow rate of 
fluid increases as ammonia mass fraction increases. 
Fig. 6 represents the effects of rectifier temperature on 
the total useful energy for various ammonia mass 
fractions, where the total useful energy is defined as 
the sum of the net power production and the 
refrigeration capacity. As rectifier temperature 
increases, the net power production increases slightly 
while the refrigeration capacity decreases 
considerably, which leads to the total useful energy 
decreases slightly. For a given rectifier temperature, 
the total useful energy increases with increasing 
ammonia mass fraction, where the increasing effect of 
ammonia mass fraction on the net power production is 
dominant. 
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Fig. 6Effects of rectifier temperature on the total useful energy 

for various ammonia fractions. 
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Fig. 7Effects of rectifier temperature on the thermal efficiency 

for various ammonia fractions. 
 

For various ammonia mass fractions, Fig. 7 shows the 
effects of rectifier temperature on the thermal 
efficiency which is defined as the ratio of the total 
useful energy to the energy input rate to the system. As 
the rectifier temperature, the thermal efficiency firstly 
increases and reaches a maximum value and then 
decreases again, so it has a peak value with respect to 
the rectifier temperature. It is because as the rectifier 
temperature increases, both the total useful energy and 
the heat input rate increase, but the heat input rate 
decreases faster than the useful energy for low rectifier 
temperatures but slower for high rectifier temperatures. 
It can be seen from the figure that the thermal 
efficiency has also a peak value with respect to the 
ammonia mass fraction, since the refrigeration 
capacity has a peak with respect to the ammonia mass 
fraction, which becomes the dominant factor. 
 
CONCLUSIONS 
 
In this paper the performance of the combined power 
and refrigeration cycle is studied, which combines the 
Rankine and absorption refrigeration cycle using 
ammonia-water mixture as the working fluid. 
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Parametric analysis is carried out to investigate the 
effects of several system parameters on the system 
performance. Special attention is focused on the effect 
of the rectifier temperature and basic ammonia mass 
fraction, and it is shown that they have significant 
effects on the system performance. Results show that 
there exists lower limit of the rectifier temperature 
since the refrigeration effect decreases to zero as the 
rectifier temperature becomes too low. As the rectifier 
temperature increases while other system parameters 
are maintained at constant values, the net power 
production increases but the refrigeration capacity 
decreases. The thermal efficiency has an optimal value 
with respect to the rectifier temperature as well as the 
ammonia mass fraction. 
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