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NOMENCLATURE  

English Symbols 

Ė  Exergy rate [kW] 

h  Specific enthalpy [kJ/kg] 

Ḣ  Enthalpy rate [kW] 

ṁ  Mass flow rate of solution inside absorption system [kg/sec] 

Ṁ  Mass flow rate [kg/sec] 

Ṁr  Mass flow rate ratio [--] 

p  Pressure [Pa] 

Q̇  Heat transfer rate [kW] 

s  Entropy [kJ/kg-K] 

so  Reference Entropy[kJ/kg-K] 
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T  Temperature [oC] 

To  Reference temperature [oC] 

X  Mass fraction in liquid phase [--] 

Y  Mole fraction in gaseous phase [--] 

 

Subscripts 

a  Dry air 

Abs  Absorber 

Cond  Condenser 

d  Distillate 

D  Destruction 

des  Desorber 

DH  Dehumidifier 

evap  Evaporator 

f  Feed 

fg  Latent 

G  Gas 

H  Humidifier 

i  Inlet 

L  Liquid 

max  maximum 

o  Outlet 

rect  Rectifier 

sol  Solution 

w  Water 

 

Superscript 

CE  Chemical exergy 

KN  Kinetic exergy 

PE  Physical exergy 

PT  Potential exergy 
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Greek letters 

Δ  Difference 

ε  Effectiveness 

Σ  Summation 

ω  Humidity ratio 

 

Abbreviations 

AHT  Absorption heat transformer 

CAOW Closed air open water 

CCHP  Combined cooling, heating and power 

COP  Coefficient of performance 

CSP  Concentrated solar power 

EES  Energy equation solver 

GOR  Gain output ratio 

GTL  Gross temperature lift 

HDH  Humidification-dehumidification 

MED  Multi-effect distillation 

OAOW Open air open water 

PR  Performance ratio 

SEC  Specific energy consumption 

SHX  Sensible heat exchanger 

SWH  Solar water heater 

TSTEC Total specific thermal energy consumption 

VAHT  Vapour absorption heat transformer 

VARS  Vapour absorption refrigeration system 

 

Abstract 
Preservation of food and medicines below sub-zero temperatures is the need of the present 

times. To achieve the required temperature using renewable energy, a waste heat-driven vapour 

absorption refrigeration system can be implemented. Majority of the available waste heat is 
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available in the low temperature range i.e. between 60-80oC, which cannot be directly used to 

provide refrigeration. Therefore, an absorption heat transformer (AHT) is coupled with the VARS 

(Vapour absorption refrigeration system) system which increases temperature of this waste heat, 

and the upgraded heat is utilized to produce required refrigeration effect. Further, the rectifiers’ 

waste heat of the absorption system will be used to power humidification-dehumidification (HDH) 

desalination cycle. Although all these three components (AHT, VARS, and HDH) have been 

studied individually, but they have never been combined altogether. This paper presents a 

mathematical model for the proposed system and its validation against published available 

literature. The performance parameters such as coefficient of performance, gain output ratio and 

refrigeration effect of the system is evaluated at different evaporator and desorber temperatures. 

For 300kW waste heat at 80oC, evaporator (VARS) temperature of -10oC, the system reported 

70kW of refrigeration effect is provided with 20kg/hr of distillate production rate. An exergy 

destruction of 82.64 kW has been reported for total input exergy of 142.2 kW, for refrigeration 

capacity of 157 kW. 

 

Keywords:  
Vapour absorption refrigeration, Humidification-dehumidification, Desalination, Waste heat, Gain 

output ratio, Upgraded heat. 

 

1. Introduction 

Due to rapid growth in population and limited food and medicine production, it has become 

necessity to preserve these under controlled environmental conditions. Transportation of these 

items cannot be done under ambient conditions; otherwise, fouling and deterioration will occur. 

To maintain their shelf life for an extended period, preservation under a specified temperature 

condition is necessary [1]. Conventionally, fossil fuel-driven technology runs the preservation 

system for its controlled storage but due to its limited availability and also high carbon footprint 

we are shifting towards renewable based technologies [2].  

Also, the lack of potable water for the increasing population is a factor of concern. Over 

the past few decades, to overcome the scarcity of potable water, seawater desalination has been 

extensively performed. But there is a problem associated with the already used technology, i.e. the 
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commercially available desalination technologies require a huge amount of energy which is 

supplied using burning fossil-fuels [3]. Therefore, to overcome this problem and to decentralize 

the water supply, a waste heat driven humidification-dehumidification desalination system can be 

used as it is considered to be an ideal technology for those regions where demand for freshwater 

is at small scale (1-100 m3/day) and decentralized [4]. 

Several combinations of absorption heat transformer (AHT), vapour absorption 

refrigeration system (VARS) and humidification-dehumidification (HDH) desalination system are 

reported in the literature for better utilization of the supplied waste heat. Absorption heat 

transformer upgrades the waste heat by utilizing the heat of absorption released during the 

absorption of refrigerant in the absorber, kept at higher pressure of the AHT system. In VARS and 

AHT system, sorbers play a key role in determining the performance of the system. Table 1 

presents a summary of study of sorbers in the absorption systems. 

 

Table 1: Summary of study of sorbers in the absorption systems. 

Absorber 
type 

Working 
fluid 

Results Reference 

Falling 
film 

LiBr–H2O 
with n-
octanol 

• Compared with the bared tube, the micro 
hatched system performance is improved by a 
factor of 4.5. 

• The dominance on the heat transfer is more 
due to the inclusion of additive than the 
microstructures 

Park et 
al., 2004, 
[5] 

 NH3-H2O • Performed numerical modelling and 
experimental analysis using plate heat 
exchanger was used. 

• The detailed analysis helps to understand the 
temperature and mass fraction variation at 
absorber outlet. 

Triché et 
al., 2016 
[6] 

 LiBr-H2O • A high absorption rate of 0.007 kg/s-m2 was 
achieved. 

• The rate of absorption is inversely 
proportional to the temperature of the heat 
transfer fluid. 

Michel et 
al., 2017 
[7] 

 NH3–H20 
with 

• For the 15 % mass fraction of ammonia, the 
rate of absorption ratio was increased by 50 % 
and 0 % for ZnFe2O4 and Fe2O3. 

Yang et 
al., 2011, 
[8] 
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ZnFe2O4, 
Fe2O3 

• A decrease in the viscosity of the nanofluid 
and increase in the heat transfer rate leads to 
higher absorption capacity. 

 LiBr–H2O 
with SiO2; 
S:2E1H 

VT 

• For 0.005% concentration of SiO2 
nanoparticles, the improvement in the heat and 
mass transfer coefficients reported to be 46.8 
and 18 %. 

• Nanoparticles outperforms the thermal 
performance of the system compared to te 
combination of nanoparticles and surfactant. 

Kim et 
al., 2012, 
[9] 

 LiBr–H2O 
with Fe 
(III) Nano 
powder 

Adiabatic 

• For the flow rate of 3 and 3.5 L/min of the 
nanofluid, the increase in the absorption rate 
was 17.6 and 4.9 %. 

• An external magnetic field further enhances 
the rate of absorption. 

Wu and 
Rincon 
Ortiz, 
2020, [10] 

Bubble R124- 
DMAC 

• Limiting the solution and the cooling water 
supply temperature leads to higher rates of 
absorption capacity. 

• A 1.87 mm orifice diameter produces more 
optimal results in terms of absorption capacity. 

Jiang et 
al., 2017, 
[11] 

 NH3-H2O • A helical screw type mixer shows an 
improvement of 36.61% in the absorption rate 
over the conventional tube system. 

Cerezo et 
al., 2018 
[12] 

 NH3-
LiNO3 

• They obtained a heat transfer and mass 
transfer coefficient in the range of 0.9 – 1.8 
kW/m2K and 0.036 – 0.059 m/s. 

• The increase in the effective length can lead to 
a higher rate of absorption. 

Chan et 
al., 2018 
[13] 

 R134a–
DMAC 

• There is a reduction in the bubble column 
height in the range of 7-45%  fort a raise in the 
frequency up to 25 Hz. 

Wu et al., 
2019, [14] 

 R124-
NMP 

• The rate of heat and mass transfer increases for 
the increase in the Reynold number and the 
absorption pressure, while it decreases for an 
increase in the orifice diameter. 

Wang et 
al., 2020, 
[15] 

Membrane LiBr-H2O • Results show high absorption rate equivalent 
to 100 μm film with two order reduced 
pressure drop by introducing microstructures 
in the flow channels. 

Nasr 
Isfahani et 
al., 2015 
[16] 
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 LiBr-H2O • Increased irreversibility due to an increase in 
the feed temperature leads to sudden decreased 
adiabatic temperature and increased mass 
flux.. 

Hong et 
al., 2018 
[17] 

 LiBr-H2O • The new design leads to more uniform film 
layer. 

• They reported twice the rate of absorption rate 
when compared with the conventional type of 
falling film type absorber. 

Mortazavi 
et al., 
2015 [18] 

 

 Wang et al. [19] proposed pinch-point based selection criteria for heat pumps and AHT 

working on available low-grade waste heat. Liang et al. [20] focused on enriching the thermal 

performance of a ground heat exchanger by improving the material and the thermophysical 

properties of tee heat exchanger. The heat from the ground heat exchanger is used to drive a heat 

pump which includes a major electricity consuming equipment, i.e. compressor. Valles et al. [21] 

proposed a system which provides both cooling (from VARS) and heating (from AHT) according 

to the requirement by changing the flow direction. A temperature lift of 60oC was also reported 

for the evaporator temperature of 75oC and condenser temperature of 38oC at 600 kW of solar 

radiation [22]. Generally the waste heat temperatures that are used as a heat source in the AHY 

varied from 55oC to 120oC, depending upon the condenser and the evaporator temperature [23]. 

Further hybridization of the cycles reduces the number of components and the loss of 

exergy associated with it. Hong et al. [24] proposes a hybrid absorption cycle containing a sub-

heat pump and a sub-refrigeration cycle. The refrigerant from the condenser is distributed 

accordingly to meet the required cooling and heating. The overall cycle COP was reported to be 

0.60. Using this lower temperature waste heat and still reaching the desired higher output 

temperatures can be achieved by integrating chemisorption and mechanical compression step in a 

single hybrid heat pump concept [25]. Further, an AHT driven combined cooling, heating and 

power (CCHP) system shows an improvement of 27.98 %,102.15 % and 36.87 % over the base 

case (without AHT) in power production, cooling and heating effect [26].  

AHT coupled with a desalination system is an attractive option for water purification using 

low-temperature waste heat [27]. Saren et al. [28] proposed a novel configuration of AHT driven 

MED system. The system uses a low-grade heat at 59oC and upgrades it with the help of AHT. 

Further, the upgraded heat is used to heat the feed water and produce the distillate in the MED 

system. A simulation model has been developed to predict the performance characteristics such as 
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coefficient of performance (COP), distilled water output, total specific thermal energy 

consumption (TSTEC) and performance ratio (PR) of the coupled system for various water-based 

working fluid combinations. For waste heat input in the temperature range of 60oC to 80oC and 

sink temperature in the range of 20oC to 40oC, the performance of the system is compared, while 

considering gross temperature lift (GTL) up to 40oC [29]. Salata and Coppi [30] demonstrated a 

solar pond driven AHT system, whose heat is used for desalination purposes. A lab scale pilot unit 

of AHT driven distillate system produced distillate flow at 4.1 L/hr at absorber temperature of 

100oC with a COP and temperature lift of 0.3 – 0.38 and 20oC [31]. Romero and Martinez [32] 

used waste heat in the temperature range of 60-80oC to generate absorber temperature of 100oC 

and further providing distillate. Colorado et al. [33]  performed a detailed exergy analysis and 

reported that the highest irreversibility occurs in desorber and absorber. They used single effect 

evaporation to produce the distillate. A thermodynamic study with optimization has been used for 

the maximization of water production rate [34]. Khamooshi et al. [35] presented a novel 

configuration of double absorption heat transformer where a part of condenser output water is 

directed to the primary absorber, where it gets heated and further absorbed in the secondary 

absorber to produce the required amount of heat for desalination. The authors used a single-stage, 

double stage [36], triple stage [37]  and four effect type open absorption heat transformer to 

produce distillate from waste heat input temperature at 60oC [38]. The heat of condensation in the 

auxiliary condenser is further utilized as an input to one of the components, i.e. desorber, 

evaporator or both. This regeneration heat results in improved COP of the system by 110.3%, 

61.5% and 75.3% [39]. 

Alelyani et al. [40] presented a multi-effect distillation (MED) integrating single and 

double effect ammonia-water-based VARS. The exhaust heat from the rectifier and the condenser 

of the VARS system is used to heat the feed water to the top temperature. Further, the second law 

analysis along with cost analysis for water production and the cooling was performed. The results 

show that a 2 stage NH3-H2O-MED system outperforms the standalone 2-stage cycle with a 

decrease in the cooling production cost by 42%. Abdulrahim and Darwish [41] proposed a low 

temperature operated MED system. The Water vapour generated in the desorber of the LiBr-water 

based absorption system is used as a heat for the MED system. A mathematical model is prepared 

for the MED, absorption and the solar field. They compared this present hybrid cycle with the 

standalone LT-MED with the same available heat source. Solar still driven desalination system 
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also provide an economical method for the production of freshwater. The use of jute covered 

plastic balls [42], sand filled cotton bag [43] and ultrasonic fogger [44] in conventional solar still 

have been done to increase the available surface area of heat transfer and increase rate of 

production of distillate. Ayou et al [45] presented a numerical model polygeneration system with 

NH3-H2O based refrigeration and power cycle integrated with membrane-based desalination. The 

condenser and absorber heat is used to heat the feedwater for the membrane distillation process. 

Solar thermal collectors and biogas fired boiler provide the heat to the desorber of the VARS 

system, and biogas fired boiler. Wang and Lior [46] presented a mathematical model for LiBr-

H2O based VARS integrated MEE desalination plant, run by the exhaust heat from the condenser. 

The condenser pressure is kept high, which will eventually help obtain the required input 

temperature for MEE. Mehrpooya et al. [47] used concentrated solar power (CSP) to run the 

thermal power plant. The exhaust heat from the thermal power plant is used to drive the absorption 

and desalination systems. They represented the 4632 kW of electrical power, the refrigeration 

effect of 820.8 kW, and the mass flow rate of distillate produced using the given solar thermal 

energy to be 22.79 kg/s. 

 

 

HDH is one of the possible desalination techniques. The significance of the HDH 

desalination system can be summarized as follows: [4,48] 

• Lower cost of operation and maintenance 

• Can be used for decentralised production of water. 

• Uses low grade of energy and can operate in the lower temperature range. 

• Serve as great option when targeting towards zero liquid discharge (ZLD) 

For more clarity, a detailed literature review is being presented for the HDH system in 

Table 2. 

 

Table 2: Summary of HDH desalination systems 

System/ Study type Key outcome Reference 

HDH/Numerical • An open air open water (OAOW) air heated HDH 
cycle produced distillate in the range of 17.7-52.1 
(kg/hr) with GOR ranging between 1.57-4.7. 

Al-Sulaiman et 
al., 2015 [49] 
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 • The proposed system work efficiently if operated 
above the pressure ratio of 0.6 with an effective 
specific energy consumption of 18.35 kg/kW-hr. 

Xu et al., 2019, 
[50] 

 • Water production rate was reported to be 2.89 $/m3 

for the optimal mass flow rate ratio of 1.3. 
Qasem et al., 
2020, [51] 

 • Single extraction leads to increase in the GOR by 
58%. 

• For the heat capacity ratio of one, there is 
minimisation in the entropy generation. 

• Extraction point location is a vital parameter for the 
GOR improvement. 

Chehayeb et al., 
2015, [52] 

 • The distillate production rate was increased by 50 %, 
when the humidifier pressure was reduced from 1.1 to 
0.9 bar. 

• The atmospheric dehumidifier GOR was 139.13 % 
higher than the over-atmospheric dehumidifier one.  

Rahimi-Ahar et 
al., 2018a , [53] 

 • Desiccant wheel was used to increase the temperature 
and reduction in the moisture content of the air before 
inlet to the humidifier. 

• The system with the desiccant wheel shows 
prominent results over conventional HDH system in 
terms of increased GOR. 

S.A. et al., 2018 
[54] 

HDH/Experimental • The experimental analysis shows a maximum 
increased humidity ratio of 0.187 kg w.v/ kg air was 
reported with 20.6 L/m2 of distillate production rate. 

• The increased mass flow rate of air leads to 
improvement in the humidifier performance. 

• Tabulators can be used to improve the distillate 
production rate. 

Srithar and 
Rajaseenivasan, 
2017, [55] 

 • The water production rate was reported as low as 3.86 
$/ton for a multistage HDH system 

Zhao et al., 
2019, [56] 

 • An improvement in GOR and Ṁd was reported for 
reduction in the operating pressure from 90 kPa to 50 
kPa for a vacuum operated HDH system.  

• Response surface methodology can be implemented 
for achieving the optimum operating parameters. 

Rahimi-Ahar et 
al., 2018b , [57] 

 • A day round water production can be achieved with 
the help of geothermal energy. 

• The distillate production rate and the GOR of the 
system increases with an increase in the top 
temperature. 

Elminshawy et 
al., 2016, [58] 
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 • Dehumidifier effectiveness has a greater effect over 
humidifier effectiveness, for the system performance. 

• Utilisation of brine heat improved the ssyem 
performance by 100%, compared to OAOW 
configuration. 

Zubair et al., 
2018, [59] 

HDH/VCR • The condenser of the VCR is used to preheat the 
feedwater and the required heating is done with the 
help of a solar water heater (SWH) to raise the 
temperature of the feed water to the required top 
temperature. 

•  the evaporator of the VCR cycle is used to provide 
the required cooling and also act as dehumidifier to 
condense the vapour from the air at the outlet of the 
humidifier 

Tangellapalli, 
2021, [60]  

 • The condition of the supply air was in the range of 30-
50 oC and 0. 

• 02-0.05 kg. of w.v/kg of d.a 
• The total saving in the operating cost decreases with 

an increase in the outdoor air flow rate for any given 
temperature. 

• The maximum saving was reported to be 1079 $/year. 

Fouda et al., 
2016, [61] 

 • Distillate production rate and the cooling capacity 
increases with an increase in the outdoor air 
temperature.  

• For heating system, a reduced temperature and flow 
rate leads to higher COP of the system. 

Elattar et al., 
2016, [62] 

HDH/VARS • a hybrid solar biomass system that provided cooling 
and desalination through LiBr driven VARS and 
HDH desalination systems 

• The condenser's heat drives the HDH system at a top 
temperature of 81oC 

Sahoo et al., 
2017, [63] 

 • The two stage HDH system which was driven by heat 
from the solar water heater (flat plate heater) and the 
ammonia-water based VARS cycle is operated from 
the heat supplied by the scheffler reflector operated 
solar water heater. The air outlet at the second 
dehumidifier is further cooled with the help of the 
chilled water from the VARS system and further this 
chilled air is supplied to the desired room 

Chiranjeevi and 
Srinivas, 2014, 
[64] 

 • Humidified air, chilled water temperature and volume 
fraction are vital parameters for the systems 
performance. 

• 2.2 L/h of distillate is produced for 100L/h of feed 
water. 

Marale et al., 
2017, [65] 
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• The conditioned air was supplied at 21 oC and 67 % 
Rh. 

 

According to the literature survey, it is clear that a combination of absorption heat 

transformer (AHT), vapour absorption refrigeration system (VARS) and humidification-

dehumidification (HDH) system has been never proposed earlier. The AHT increases the grade of 

waste heat which is available at 70-90oC and this upgraded heat is used to drive a coupled VARS-

HDH system. This paper presents a novel combination of an absorption heat transformer (AHT), 

a vapour absorption refrigeration system (VARS) and a humidification-dehumidification (HDH) 

desalination system. This system will not only provide refrigeration (between −5oC to −15oC) with 

the help of waste heat at temperature of 90oC, which will be helpful in the storage of highly 

perishable medicine and frozen food stuff, but will also provide freshwater. The mathematical 

model is prepared for the proposed system and solved with the help of MATLAB. Further the 

second law analysis (exergy analysis) is also performed. The temperature dependence is analysed 

by calculating the performance parameters such as coefficient of performance, gain output ratio 

and refrigeration effect of the system is evaluated at different evaporator and desorber 

temperatures.   

 

2. AHT-driven combined VARS and HDH unit 

The schematic of the AHT-driven combined VARS and HDH unit is shown in Fig. 1. As 

seen in the figure, the proposed cycle consists of three main components, i.e. an absorption heat 

transformer (AHT), a vapour absorption refrigeration (VAR) system, and a humidification-

dehumidification (HDH) desalination system.  

The first system of the proposed cycle is AHT, where the grade of waste-heat is increased 

by increasing its temperature. It consists of a desorber, condenser, evaporator, absorber and a 

solution pump. Generally, the operating temperature of the evaporator and the desorber is the same 

and is operated by a common waste heat source. The absorber of AHT supplies the upgraded heat. 

The present study comprises of LiBr-H2O driven AHT system, with LiBr as absorbent and H2O as 

a refrigerant. In LiBr-H2O pair, the solution rich in absorbent is termed as a strong solution. The 

liquid refrigerant entering the evaporator#1 is heated by waste heat to change the phase of the 

refrigerant to vapour. At state-2, the refrigerant vapour coming out of the  evaporator gets absorbed 
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in the strong solution (state-8) in absorber#1, leading to the release of the absorption heat. Further, 

the generated heat is transferred from the system with the help of an external loop (process 7-8). 

The weak solution of absorber#1 (state-3) is then transferred to the desorber. Before the desorber, 

the weak solution releases its heat to the strong solution in the sensible heat exchanger (SHX) 

(process 3-4), and then this solution is expanded (process 4-5) to a lower pressure of the system 

with the help of throttling device. Waste heat is supplied in the desorber to remove the absorbed 

refrigerant and then the strong solution obtained (state-6) is again pumped to the absorber#1. The 

refrigerant vapour (state-9), is then cooled in the condenser, and the cooled refrigerant (state-10) 

is then pumped to a higher pressure at the inlet of the evaporator (state-1). The AHT works at two 

pressure levels; the evaporator and the absorber operate at a higher pressure, and the condenser 

and desorber operate at lower pressure. Contrary to this, in VARS the evaporator and absorber 

work at lower pressure and the desorber and condenser works at higher pressure. 
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Fig. 1 Schematic of the proposed novel cycle consisting of an absorber heat transformer, vapour 

absorption refrigeration system and a humidification-dehumidification system. 

 

The second system is vapour absorption refrigeration system (VARS). The VARS consist 

of NH3-H2O as a working pair, with ammonia as a refrigerant and water as absorbent. Refrigerant 

vapour at state-13 get mixed with the solution (state-19) in the absorber#2, and the heat of 

absorption is thrown away to the ambient (Q̇abs,VARS). The strong solution (state-14) of ammonia 
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and water (here in VARS strong solution means, the solution rich in refrigerant) is pumped to the 

state-15, after which it is passed through the SHX, where it gets heated to state-16, by exchanging 

heat with the weak solution coming out from the absorber#2. Waste heat required to separate the 

refrigerant from the solution in the desorber#2 is supplied from the heat of absorption released 

from the absorber#1 of AHT via loop 12-11. The remaining weak solution (state-17) is again sent 

back to absorber#2. The generated vapour (state-20) contains traces of absorbent (water), so to 

remove the absorbent from the refrigerant, the vapour is passed through the rectifier, and nearly 

pure refrigerant is produced at the outlet of the rectifier (state-22). The removed absorbent is again 

fed to the desorber through the state-21. The refrigerant phase change occurs in condenser#2, and 

liquid refrigerant is obtained at its outlet (state-23). The refrigerant is further expanded to lower 

pressure (state-24) through the throttling device, and the reduced temperature refrigerant provides 

the required refrigeration in the evaporator (process 24-13). 

The third system is the HDH desalination. Heated water (state-26) is sprayed from the top 

of the humidifier, with the help of spraying nozzles. The middle section of the humidifier is filled 

with packing material, so that the effectiveness of the humidifier can be improved. Packing 

material is used in the humidifier to increase the surface area and the time of water contact with 

the air. Air is supplied from the bottom of the humidifier (state-28). The supplied air at the outlet 

of the humidifier gets heated and humidified while interacting with the heated water in the packing 

material section. The air at state-29 (humidifier outlet) is heated and humidified and supplied to 

the dehumidifier. In a dehumidifier, the air gets cooled while interacting with the cold feedwater 

flowing (process 30-31) in the condenser coil. The condensed water at the bottom of the 

dehumidifier (state-32) is collected and is our required distillate. The configuration of the HDH 

system used here is closed air open water type, and the blower is used for the flow of air. 

In the current proposed system, the absorber#1 heat is used as a heat source for the 

desorber#2 of the VAR system. The feed water takes the rectifier heat (state-25) and is used to 

heat the feed water source (state-26) to the desired top temperature. 

 

3. Mathematical Modelling of the System 

The mathematical model for the present system consists of the individual models for each 

unit which will be explained in the subsection below. 
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 The modeling of the proposed system is performed considering the following assumptions 

[66,67] 

• Steady-state analysis. 

• Pump and blower power were neglected, as their power consumption is minimal compared to 

other components of the system. 

• Kinetic and potential energy neglected. 

• No leakage from the system. 

• States 3, 6, 10, 14, 17 and 23 are saturated liquid. 

• States 2 and 13 are saturated vapour. 

• Pressure drops across pipes are neglected. 

 

3.1 Absorption heat transformer (AHT) 

The input parameters for AHT are evaporator and condenser temperature. For calculation 

of amount of temperature lift that can be obtained in the AHT, we have to calculate solution dew 

point temperature in the absorber and the generator. The solution dew point temperature and the 

enthalpy of the solution can be found with the given empirical relations in terms of solution 

temperature and mass fraction. The values of the coefficients can be taken from Sun 1997 [68]. 

𝑇𝑇𝑑𝑑 = ��𝑎𝑎𝑖𝑖𝑖𝑖  𝑋𝑋𝑖𝑖 𝑇𝑇𝑗𝑗
2

𝑗𝑗=𝑜𝑜

5

𝑖𝑖=0

(1) 

ℎ = ��𝑏𝑏𝑖𝑖𝑖𝑖 𝑋𝑋𝑖𝑖 𝑇𝑇𝑗𝑗
2

𝑗𝑗=𝑜𝑜

5

𝑖𝑖=0

(2) 

The input variable includes the evaporator, absorber, condenser, and desorber temperature. 

Also, the solution flow rate from the desorber to the absorber is also taken as the input value. For 

a given desorber temperature, the extra refrigerant is removed from the solution in the desorber to 

make the mass fraction of the solution in accordance with the saturation mass fraction. After the 

calculation of the properties at various state points in the system, the heat transfer across various 

sub-components can be calculated.  

𝑄̇𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝐴𝐴𝐴𝐴𝐴𝐴 = 𝑚̇𝑚9(ℎ9 − ℎ10) (3) 

𝑄̇𝑄𝑎𝑎𝑎𝑎𝑎𝑎,𝐴𝐴𝐴𝐴𝐴𝐴 = 𝑚̇𝑚2ℎ2 + 𝑚̇𝑚8ℎ8 − 𝑚̇𝑚3ℎ3 (4) 

𝑄̇𝑄𝑑𝑑𝑑𝑑𝑑𝑑,𝐴𝐴𝐴𝐴𝐴𝐴 = 𝑚̇𝑚6ℎ6 + 𝑚̇𝑚9ℎ9 − 𝑚̇𝑚5ℎ5 (5) 
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𝑄̇𝑄𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝐴𝐴𝐴𝐴𝐴𝐴 = 𝑚̇𝑚1(ℎ2 − ℎ1) (6) 

The COP of the AHT can be calculated as [68]. 

𝐶𝐶𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴𝐴𝐴 =
𝑄̇𝑄𝑎𝑎𝑎𝑎𝑎𝑎,𝐴𝐴𝐴𝐴𝐴𝐴

𝑄̇𝑄𝑑𝑑𝑑𝑑𝑑𝑑,𝐴𝐴𝐴𝐴𝐴𝐴 + 𝑄̇𝑄𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝐴𝐴𝐴𝐴𝐴𝐴
(7) 

 

 
Fig. 2 Algorithm to design the AHT. 

 

3.2 Vapour absorption refrigeration system (VARS) 

The amount of refrigerant absorbed in the absorber and the amount of refrigerant removed 

from the absorber-absorbent solution in the desorber can be calculated from the temperature which 

is maintained in the absorber and the desorber of the vapour absorption refrigeration system. The 

state point temperature and enthalpy are the function of the corresponding pressure, temperature 

and mass fraction  [69]. 

𝑇𝑇 = 𝑇𝑇𝑜𝑜�𝑎𝑎𝑖𝑖(1 − 𝑥𝑥)𝑘𝑘𝑖𝑖
𝑖𝑖

�𝑙𝑙𝑙𝑙 �
𝑝𝑝𝑜𝑜
𝑝𝑝 �

�
𝑛𝑛𝑖𝑖

(8) 

ℎ𝐿𝐿 = ℎ𝑜𝑜�𝑎𝑎𝑖𝑖
𝑖𝑖

�
𝑇𝑇
𝑇𝑇𝑜𝑜
− 1�

𝑘𝑘𝑖𝑖
𝑥𝑥𝑛𝑛𝑖𝑖 (9) 

ℎ𝐺𝐺 = ℎ𝑜𝑜�𝑎𝑎𝑖𝑖
𝑖𝑖

�1 −
𝑇𝑇
𝑇𝑇𝑜𝑜
�
𝑘𝑘𝑖𝑖

(1 − 𝑦𝑦)
𝑛𝑛𝑖𝑖
4 (10) 
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The coefficient of the above equations can be taken from the Patek and Klomfar [69]. The 

reference temperature, reference pressure, and the reference enthalpy are 273.16K, 2MP and 

100kJ/kg. 

 

Fig. 3 Schematic of heat and fluid flow interactions in desorber of VARS. 

 

To calculate the mass flow rate of the refrigerant through the VARS, the energy and mass 

balance is applied across the desorber (Fig. 3), 

𝑚̇𝑚16 = 𝑚̇𝑚17 + 𝑚̇𝑚20 − 𝑚̇𝑚21 (11) 

𝑚̇𝑚16𝑋𝑋16 = 𝑚̇𝑚17𝑋𝑋17 + 𝑚̇𝑚20𝑌𝑌20 − 𝑚̇𝑚21𝑋𝑋21 (12) 
 

All the unknown mass flow rates are calculated using the above two equations. Now 

various heat transfers across the sub-component of the VARS are calculated, which are described 

below 

𝑄̇𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 = 𝑚̇𝑚9(ℎ9 − ℎ10) (13) 

𝑄̇𝑄𝑎𝑎𝑎𝑎𝑎𝑎,𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 = 𝑚̇𝑚2ℎ2 + 𝑚̇𝑚8ℎ8 − 𝑚̇𝑚3ℎ3 (14) 

𝑄̇𝑄𝑑𝑑𝑑𝑑𝑑𝑑,𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 = 𝑚̇𝑚6ℎ6 + 𝑚̇𝑚9ℎ9 − 𝑚̇𝑚5ℎ5 (15) 

𝑄̇𝑄𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 = 𝑚̇𝑚13(ℎ13 − ℎ24) (16) 

The COP of the VARS can be calculated as [70] 

𝐶𝐶𝐶𝐶𝐶𝐶 =
𝑄̇𝑄𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉

𝑄̇𝑄𝑑𝑑𝑑𝑑𝑑𝑑,𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉
(17) 
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Fig. 4 Algorithm to design the VARS. 

 

3.3 Humidification-dehumidification (HDH) desalination system 

The one of the important parameter for the modelling of the HDH desalination system is 

its effectiveness, which is the ratio of the actual enthalpy change rate to the maximum change [71] 

𝜀𝜀 =
∆𝐻̇𝐻

∆𝐻̇𝐻𝑚𝑚𝑚𝑚𝑚𝑚
(18) 

The maximum enthalpy change rate of water and water can be calculated by the equation  

∆𝐻̇𝐻𝑚𝑚𝑚𝑚𝑚𝑚,𝑎𝑎 = 𝑚̇𝑚𝑎𝑎�ℎ𝑎𝑎,𝐻𝐻,𝑜𝑜,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 − ℎ𝑎𝑎,𝐻𝐻,𝑖𝑖� (19) 

∆𝐻̇𝐻𝑚𝑚𝑚𝑚𝑚𝑚,𝑤𝑤 = 𝑚̇𝑚𝑤𝑤�ℎ𝑤𝑤,𝐻𝐻,𝑖𝑖 − ℎ𝑤𝑤,𝐻𝐻,𝑜𝑜,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖� (20) 

where ha,H,o,ideal is calculated at the inlet water temperature to humidifier and similarly 

hw,H,o,ideal is calculated at inlet air temperature to humidifier. 

if; 

∆𝐻̇𝐻𝑚𝑚𝑚𝑚𝑚𝑚,𝑤𝑤 > ∆𝐻̇𝐻𝑚𝑚𝑚𝑚𝑚𝑚,𝑎𝑎 (21) 

𝜀𝜀𝐻𝐻 = �
ℎ𝑤𝑤,𝐻𝐻,𝑖𝑖 − ℎ𝑤𝑤,𝐻𝐻,𝑜𝑜

ℎ𝑤𝑤,𝐻𝐻,𝑖𝑖 − ℎ𝑤𝑤,𝐻𝐻,𝑜𝑜,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
� (22) 

Otherwise if; 

∆𝐻̇𝐻𝑚𝑚𝑚𝑚𝑚𝑚,𝑤𝑤 < ∆𝐻̇𝐻𝑚𝑚𝑚𝑚𝑚𝑚,𝑎𝑎 (23) 
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𝜀𝜀𝐻𝐻 = �
ℎ𝑎𝑎,𝐻𝐻,𝑜𝑜 − ℎ𝑎𝑎,𝐻𝐻,𝑖𝑖

ℎ𝑎𝑎,𝐻𝐻,𝑜𝑜,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 − ℎ𝑎𝑎,𝐻𝐻,𝑖𝑖
� (24) 

To calculate the remaining parameters of the humidifier, the energy balance is applied 

through the control volume of the humidifier; 

𝑚̇𝑚𝑤𝑤�ℎ𝑤𝑤,𝐻𝐻,𝑖𝑖 − ℎ𝑤𝑤,𝐻𝐻,𝑜𝑜� = 𝑚̇𝑚𝑎𝑎�ℎ𝑎𝑎,𝐻𝐻,𝑜𝑜 − ℎ𝑎𝑎,𝐻𝐻,𝑖𝑖� (25) 

Similar to this, the modelling of the dehumidifier can be performed.  

ℎ𝑎𝑎,𝐷𝐷𝐷𝐷,𝑖𝑖 = ℎ𝑎𝑎,𝐻𝐻,𝑜𝑜 (26) 

∆𝐻̇𝐻𝑚𝑚𝑚𝑚𝑚𝑚,𝑎𝑎 = 𝑚̇𝑚𝑎𝑎�ℎ𝑎𝑎,𝐷𝐷𝐷𝐷,𝑖𝑖 − ℎ𝑎𝑎,𝐷𝐷𝐷𝐷,𝑜𝑜,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖� (27) 

∆𝐻̇𝐻𝑚𝑚𝑚𝑚𝑚𝑚,𝑤𝑤 = 𝑚̇𝑚𝑤𝑤�ℎ𝑤𝑤,𝐷𝐷𝐷𝐷,𝑜𝑜,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 − ℎ𝑤𝑤,𝐷𝐷𝐷𝐷,𝑖𝑖� (28) 

Where ha,DH,o,ideal is calculated at the inlet water temperature to dehumidifier and similarly 

hw,H,o,ideal is calculated at inlet air temperature to dehumidifier. 

if; 

∆𝐻̇𝐻𝑚𝑚𝑚𝑚𝑚𝑚,𝑤𝑤 > ∆𝐻̇𝐻𝑚𝑚𝑚𝑚𝑚𝑚,𝑎𝑎 (29) 

𝜀𝜀𝐷𝐷𝐷𝐷 = �
ℎ𝑤𝑤,𝐷𝐷𝐷𝐷,𝑜𝑜 − ℎ𝑤𝑤,𝐷𝐷𝐷𝐷,𝑖𝑖

ℎ𝑤𝑤,𝐷𝐷𝐷𝐷,𝑜𝑜,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 − ℎ𝑤𝑤,𝐷𝐷𝐷𝐷,𝑖𝑖
� (30) 

Otherwise if; 

∆𝐻̇𝐻𝑚𝑚𝑚𝑚𝑚𝑚,𝑤𝑤 < ∆𝐻̇𝐻𝑚𝑚𝑚𝑚𝑚𝑚,𝑎𝑎 (31) 

 

𝜀𝜀𝐷𝐷𝐷𝐷 = �
ℎ𝑎𝑎,𝐷𝐷𝐷𝐷,𝑖𝑖 − ℎ𝑎𝑎,𝐷𝐷𝐷𝐷𝐷𝐷

ℎ𝑤𝑤,𝐷𝐷𝐷𝐷,𝑖𝑖 − ℎ𝑤𝑤,𝐷𝐷𝐷𝐷,𝑜𝑜,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
� (32) 

To calculate the remaining parameters of the dehumidifier, the energy balance is applied 

through the control volume of the dehumidifier; 

𝑚̇𝑚𝑤𝑤�ℎ𝑤𝑤,𝐷𝐷𝐷𝐷,𝑜𝑜 − ℎ𝑤𝑤,𝐷𝐷𝐷𝐷,𝑖𝑖� + 𝑚̇𝑚𝑑𝑑ℎ𝑑𝑑 = 𝑚̇𝑚𝑎𝑎�ℎ𝑎𝑎,𝐷𝐷𝐷𝐷,𝑖𝑖 − ℎ𝑎𝑎,𝐷𝐷𝐷𝐷,𝑜𝑜� (33) 

 

The mass flow rate of distillate produced can be calculated as 

𝑚𝑚𝑑𝑑̇ = 𝑚𝑚𝑎𝑎̇ �𝜔𝜔𝐻𝐻,𝑜𝑜 − 𝜔𝜔𝐻𝐻,𝑖𝑖� (34) 

The heat input to the HDH system can be calculated as: 

𝑄̇𝑄 = 𝑚𝑚𝑤̇𝑤�ℎ𝑤𝑤,𝐻𝐻,𝑖𝑖 − ℎ𝑤𝑤,𝑓𝑓� (35) 

The performance parameter, i.e. the GOR for the HDH system can be measured as [71] 

𝐺𝐺𝐺𝐺𝐺𝐺 =
𝑚̇𝑚𝑑𝑑ℎ𝑓𝑓𝑓𝑓
𝑄̇𝑄

(36) 
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The governing equations for AHT, VARS and HDH system are then solved numerically 

using MATLAB software. Further a detailed modelling of HDH system can be referred from 

Beniwal et al. [48].  

 

 
Fig. 5 Algorithm to design the HDH desalination system. 

 

 

3.4 Exergy analysis  

The term Exergy refers to the maximum amount of work that can be extracted from a system when 

it is allowed to come in the equilibrium to the environment. It composed of four main components  

[72] i.e. 

𝐸𝐸 = 𝐸𝐸𝑃𝑃𝑃𝑃 + 𝐸𝐸𝐶𝐶𝐶𝐶 + 𝐸𝐸𝑃𝑃𝑃𝑃 + 𝐸𝐸𝐾𝐾𝐾𝐾 (37) 

Where EPH refers to physical exergy, ECH refers to chemical exergy, EPT refers to potential exergy 

and EKN refers to kinetic exergy. 

Following are the assumptions made during the exergy analysis of the system [73] 

• The chemical, potential and kinetic exergies are neglected  

• The analysis is performed under steady state operations of the individual components 

• The reference temperature is assumed to be 25oC and reference pressure to be 1 bar. 



22 
 

• Exergy destruction across solution pump is neglected due to its very minimal power 

consumption compared to other components of the system. Therefore the exergy associated 

with the pump will be of negligible order compared to that of the system. 

 

Under steady state, the rate of exergy destruction can be calculates as [72] 

𝐸̇𝐸𝐷𝐷 = 𝑄̇𝑄 �1 −
𝑇𝑇𝑜𝑜
𝑇𝑇 �

+ 𝐸̇𝐸𝑖𝑖𝑖𝑖 − 𝐸̇𝐸𝑜𝑜𝑜𝑜𝑜𝑜 − 𝑊̇𝑊 (38) 

Where 𝐸̇𝐸 refers to the flow exergy and is calculated at every state point specified. It can be 

calculated as [72] 

𝐸̇𝐸 = 𝑚̇𝑚(ℎ − ℎ𝑜𝑜) − 𝑇𝑇𝑜𝑜(𝑠𝑠 − 𝑠𝑠𝑜𝑜) (39) 

 

Table 3: Exergy relations for various components of the system. 

Components Exergy relations 

Evaporator#1 𝐸̇𝐸𝐷𝐷,𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝐴𝐴𝐴𝐴𝐴𝐴 = 𝑄̇𝑄𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝐴𝐴𝐴𝐴𝐴𝐴 �1 − 𝑇𝑇𝑜𝑜
𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒#1

� + 𝐸̇𝐸1 − 𝐸̇𝐸2  

Absorber#1 𝐸̇𝐸𝐷𝐷,𝑎𝑎𝑎𝑎𝑎𝑎,𝐴𝐴𝐴𝐴𝐴𝐴 = 𝐸̇𝐸2 + 𝐸̇𝐸8 + 𝐸̇𝐸11 − 𝐸̇𝐸3 − 𝐸̇𝐸12  

SHX#1 𝐸̇𝐸𝐷𝐷,𝑆𝑆𝑆𝑆𝑆𝑆#1 = 𝐸̇𝐸3 + 𝐸̇𝐸7 − 𝐸̇𝐸4 − 𝐸̇𝐸8  

Desorber#1 𝐸̇𝐸𝐷𝐷,𝑑𝑑𝑑𝑑𝑑𝑑,𝐴𝐴𝐴𝐴𝐴𝐴 = 𝑄̇𝑄𝑑𝑑𝑑𝑑𝑑𝑑,𝐴𝐴𝐴𝐴𝐴𝐴 �1 − 𝑇𝑇𝑜𝑜
𝑇𝑇𝑑𝑑𝑑𝑑𝑑𝑑#1

� + 𝐸̇𝐸5 − 𝐸̇𝐸6 − 𝐸̇𝐸9  

Pump#2 𝐸̇𝐸𝐷𝐷,𝑃𝑃#2 = 𝐸̇𝐸6 − 𝑊̇𝑊𝑃𝑃#2 − 𝐸̇𝐸7  

Condenser#1 𝐸̇𝐸𝐷𝐷,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝐴𝐴𝐴𝐴𝐴𝐴 = 𝐸̇𝐸9 − 𝑄̇𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝐴𝐴𝐴𝐴𝐴𝐴 �1 − 𝑇𝑇𝑜𝑜
𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝐴𝐴𝐴𝐴𝐴𝐴

� − 𝐸̇𝐸10  

Pump#1 𝐸̇𝐸𝐷𝐷,𝑃𝑃#1 = 𝐸̇𝐸10 − 𝑊̇𝑊𝑃𝑃#2 − 𝐸̇𝐸1  

Evaporator#2 𝐸̇𝐸𝐷𝐷,𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 = 𝑄̇𝑄𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 �1 − 𝑇𝑇𝑜𝑜
𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉

� + 𝐸̇𝐸24 − 𝐸̇𝐸13  

Absorber#2 𝐸̇𝐸𝐷𝐷,𝑎𝑎𝑎𝑎𝑎𝑎,𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 = 𝐸̇𝐸13 + 𝐸̇𝐸19 − 𝐸̇𝐸14 − 𝑄̇𝑄𝑎𝑎𝑎𝑎𝑎𝑎,𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 �1 − 𝑇𝑇𝑜𝑜
𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎,𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉

�  

Pump#3 𝐸̇𝐸𝐷𝐷,𝑃𝑃#1 = 𝐸̇𝐸14 − 𝑊̇𝑊𝑃𝑃#3 − 𝐸̇𝐸15  

SHX#2 𝐸̇𝐸𝐷𝐷,𝑆𝑆𝑆𝑆𝑆𝑆#2 = 𝐸̇𝐸15 + 𝐸̇𝐸17 − 𝐸̇𝐸16 − 𝐸̇𝐸18  

Desorber#2 𝐸̇𝐸𝐷𝐷,𝑑𝑑𝑑𝑑𝑑𝑑,𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 = 𝐸̇𝐸16 + 𝐸̇𝐸21 + 𝐸̇𝐸12 − 𝐸̇𝐸17 − 𝐸̇𝐸20   

Rectifier 𝐸̇𝐸𝐷𝐷,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝐸̇𝐸20 + 𝐸̇𝐸25 − 𝐸̇𝐸21 − 𝐸̇𝐸22 − 𝐸̇𝐸26   

Condenser#2 𝐸̇𝐸𝐷𝐷,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 = 𝐸̇𝐸22 − 𝑄̇𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 �1 − 𝑇𝑇𝑜𝑜
𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉

� − 𝐸̇𝐸23  
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Humidifier 𝐸̇𝐸𝐷𝐷,𝐻𝐻 = 𝐸̇𝐸26 + 𝐸̇𝐸28 − 𝐸̇𝐸27 − 𝐸̇𝐸29  

Dehumidifier 𝐸̇𝐸𝐷𝐷,𝐷𝐷𝐷𝐷 = 𝐸̇𝐸29 + 𝐸̇𝐸30 − 𝐸̇𝐸28 − 𝐸̇𝐸31 − 𝐸̇𝐸32  

 

4. Results and Discussion  

The mathematical equations presented in section 3 are then solved mathematically using 

the simulation program MATLAB. The simulated results of the individual systems are then 

validated with the published data, as shown in section 4.1. The variation in COP of AHT and 

VARS is also analyzed for their different operating values of evaporator and desorber temperature. 

The rectifier heat is used to heat the feed water to achieve the required top temperature. The top 

temperature is varied by varying the feed flow rate through the rectifier. The mass flow rate of 

distillate (Ṁd) produced for the HDH system is also analyzed for different mass flow rate ratios 

(Ṁr) and varied top temperatures. Table 4 shows the values used for the numerical study of the 

proposed system. As for VARS system, we want to transfer the latent heat of phase change in the 

condenser, and the heat of absorption for the absorber to the ambient; therefore for corresponding 

to the ambient conditions, we are keeping the similar values for the absorber and condenser. 

 

Table 4: Input values for thermodynamic study of the proposed system 

Input Parameter Value 

ṁsol,AHT 1 kg/sec 

Q̇evap,AHT 300 kW 

Tcond,AHT 35 oC 

ṁsol,VARS 1 kg/sec 

Tabs,VARS 35 oC 

Tcond,VARS 35 oC 

Ṁw 1 kg/sec 

Tw,DH,i 25 oC 

Tf 25 oC 

εH 0.80 

εDH 0.80 
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4.1 Validation of the model  

Since the combination of AHT, VARS and HDH desalination systems has not been 

reported in the literature, individual components validation has been performed. The governing 

equations are solved using numeric computing program- MATLAB. The validations for the AHT, 

VARS and HDH desalination system have been performed against numerical model results from 

other studies. 

Thermodynamics analysis of AHT is performed and the parameters used are shown in 

Table 5. The component performance is evaluated and is compared with the data from the 

published literature as shown in Table 6. The model (AHT) results are in close agreement with the 

published data with a maximum variation of 0.7%. Also a COP of 0.48 was reported 

experimentally for similar operating conditions, with maximum percentage difference of 3% with 

the numerical model [74]. 

 

Table 5: Input values for validation of the AHT cycle [70]. 

Input Parameter Value 

Tevap,AHT 101.09 oC 

Tabs,AHT 153.90 oC 

Tdes,AHT 111.60 oC 

Tcond,AHT 55.02 oC 

Q̇evap,AHT 187.30 kW 

ṁsol 1.00 kg/sec 

 

Table 6: Validation between the current AHT model and the published data. 

Input Parameter Herold et. al. [70]  Current model % Difference/Tolerance 

Q̇abs,AHT (kW) 184.40 184.12 0.1 

Q̇cond,AHT (kW) 188.30 189.61 0.7 

Q̇des,AHT (kW) 185.40 185.01 0.2 

COP 0.495 0.494 0.2 

 

Similarly, thermodynamics analysis of VARS is performed and the parameters used are 

shown in Table 7. The component performance is evaluated and is compared with the data from 
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the published literature as shown in Table 8. The model (VARS) results are in close agreement 

with the published data, with a maximum variation of 7.63. Also an error of 8% is being reported 

for the experimental and numerical study for cooling capacity calculations and for the operating 

conditions of the present study the experimental COP is in range of 0.3 to 0.35 [75]. 

 

Table 7: Input values for validation of VARS [70]. 

Input Parameter Value 

Tevap,VARS -10.00 oC 

Tabs,VARS 40.00 oC 

Tdes,VARS 124.20 oC 

Tcond,VARS 40.00 oC 

ṁsol 1.00 kg/sec 

 

Table 8: Validation between the current VARS model and the published data. 

Input Parameter Herold et. al. [70]  Current model % Difference/Tolerance 

Q̇cond,VARS (kW) 159.20 167.41 5.15 

Q̇evap,VARS (kW) 146.90 155.46 5.82 

Q̇abs,VARS (kW) 273.90 292.95 6.95 

Q̇des,VARS (kW) 327.50 352.52 7.63 

Q̇rect,VARS (kW) 42.80 45.13 5.44 

COP 0.447 0.441 1.34 

  

The numerical model for the closed air open water (CAOW) HDH system  is prepared and 

is validated against a numerical study performed by Narayan et al. [76].  

 

Table 9: Input values for validation of HDH system. 

Input Parameter Value 

Tw,H,i 80 oC 

Tw,DH,i 30 oC 

εDH 0.80 
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Fig. 6 Variation of GOR of a HDH desalination system with respect to mass flow rate ratio (Ṁr) 

for the present study and validating with Narayan et al. [76] 

 

The mathematical model for the HDH desalination system has been prepared and is 

validated with the available similar published results by Narayan et al.[76]. Fig 6 shows the 

validation study, which is the variation of GOR with mass flow rate ratio for the top temperature 

of 80oC. As can be seen from Fig. 6, the current HDH desalination model is in close agreement 

with the result from Narayan et al.[76], with a maximum deviation of 3.08%. When comparing 

with the experimental system, a GOR of 0.9 has been reported for similar operating conditions 

[77]. 

 

4.2 Variation in COP of the VARS system 

Figure 7 shows the variation of COP of a VARS with respect to desorber temperature for 

various evaporator temperatures. As can be seen from Fig. 7, as the desorber temperature increases 

for any given evaporator temperature, the COP of the system rises to a point and after which it 

becomes nearly constant. This pattern is followed for all the evaporator temperatures. As we 

increase the desorber temperature, the solution temperature at the inlet to the desorber also 
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increases. The rate of refrigerant removal rate from the solution in the desorber is less than the 

amount of heat supplied in the desorber, as the desorber temperature increases leading to decrease 

in the amount of refrigeration corresponding to the heat input and eventually a constant or decrease 

in the COP value after the maximum point. 

Also, as the temperature of the evaporator increases, the maximum value of the COP 

increases and follows a similar trend as in the case of lower temperature. The increase in the 

evaporator temperature leads to an increased saturation pressure of the absorber, leading to higher 

absorption rate of the refrigerant in the absorber. The increase in COP is due to the higher 

absorption of refrigerant in the absorber due to increased absorber pressure, which means a higher 

refrigeration effect for the same desorber heat input. 

 

Fig. 7 Variation of COP of a VARS system with respect to desorber temperature for various 

values of evaporator temperature. 
 

4.3 Variation in COP of the absorber heat transformer 

As shown in Fig. 8, by increasing the temperature lift for a given evaporator temperature, 

the COP of the heat transformer decreases. This happens because as the lift increases so the 

temperature of the absorber. With an increase in the absorber temperature for a given pressure, the 

absorption capacity of the solution towards refrigeration decreases, which leads to lesser heat of 
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absorption. Also, when the evaporator temperature increases, so does the pressure of the 

evaporator and the absorber. The increased pressure of the absorber tends to increase the 

absorption capacity of the absorber, and hence higher would be the value of heat of absorption. 

Due to this reason, the COP of the heat transformer increases with the increase in the evaporator 

temperature, for a given lift. 

 

Fig. 8 Variation in COP of an AHT with temperature lifts for various evaporator 

temperature.  

 

 

4.4 Variation in the mass flow rate of distillate (Ṁd) of the CAOW-HDH desalination cycle 

Fig. 9 shows the distillate production rate for different values of top temperature, with 

varying mass flow rate ratio (Ṁr). For a given temperature of water at the inlet of the humidifier, 

the distillate production rate increases to a maximum point and after which it starts to decrease, 

for an increase in the mass flow rate ratio. For a constant mass flow rate of water, therefore, with 

an increase in the mass flow rate ratio, there is a decrease in air flow rate. 

As the mass flow rate of air is decreased so, there will be an increase in the temperature of 

the air at the outlet of the humidifier. Therefore, the overall effect up to the maximum point is the 

increase in the distillate production rate. After this point, the air temperature at the humidifier 

outlet increases, but due to the continuous decrease in the mass flow rate of the air, there will be a 
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decrease in the water content of the air. Also, we can see from Fig. 9 that the optimal mass flow 

rate of distillate produced increases as the inlet water temperature in the humidifier increases. 

 
Fig. 9 Effect of top temperature (Tw,H,i) on distillate production rate (Ṁd) for various mass 

flow rate ratio (Ṁr) for single stage humidification-dehumidification desalination (HDH) system.  
 

4.5 Variation in the refrigeration effect of a VARS and mass flow rate of distillate produced 

Fig. 10 compares two cases. Initially, 300 kW of waste heat is available at 80oC. If we use 

this heat directly in a VARS to produce the refrigeration, then below −4oC no refrigeration is 

possible. This is because the waste heat temperature required to separate the refrigerant out of the 

solution is less than the saturation temperature of the solution at the inlet of the desorber. As the 

evaporator temperature increases, so is the absorption of the refrigerant in the absorber (according 

to Henry law). The higher the concentration of the refrigerant in the solution leads to lowering the 

solutions’ saturation temperature. Therefore nearly after evaporators’ temperature of −4oC, the 

saturation temperature of the solution at the desorber inlet reaches below 80oC, which leads to 

evaporation of refrigerant in the desorber and eventually, some refrigeration effect is produced. 

In the second case when we integrate an AHT system, the waste heat of 300 kW and 80oC 

is converted to 150 kW of upgraded heat at 110oC. The output heat from the desorber is used as 

heat input to the VARS. The supply temperature of the heat from the AHT is sufficient enough to 

produce refrigeration at an evaporator temperature of -14oC and above. As can be seen from figure 
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10, with the assumed operating conditions (Table 4) the proposed system applicability area is 

limited to the refrigeration below −2oC, as above which the conventional VARS system will be 

dominating in providing more amount of refrigeration and the freshwater. 

 

Fig. 10 Effect of Absorption heat transformer on refrigeration effect and distillate 

production rate for various evaporator temperatures. 

 

4.6 Results of the exergy analysis 

To operate the VARS system at the evaporator temperature of -10 oC and condenser temperature 

of 35 oC, for a cooling effect of 157 kW or 44.65 TR, following are the operating conditions 

generated for fulfilling the required conditions, as mentioned in the table 10. 

 

Table 10: State point values of operating parameters. 

State point T (oC) P (kPa) x (concentration) ṁ (kg/sec) h (kJ/kg) s (kJ/kg-K) 

1 35.0 47.41 - 0.1884 146.6 8.35 

2 80.0 47.41 - 0.1884 2643.0 7.61 
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3 120.0 47.41 0.55 1.2715 259.5 0.72 

4 94.9 47.41 0.55 1.2715 207.3 0.58 

5 68.7 5.63 0.55 1.2715 207.3 0.43 

6 80.0 5.63 0.60 1.0831 194.2 0.49 

7 80.0 47.41 0.60 1.0831 194.4 0.49 

8 112.0 47.41 0.60 1.0831 255.7 0.68 

9 66.1 5.63 - 0.1884 2629.8 8.53 

10 35.0 5.63 - 0.1884 146.6 8.35 

11 110.0 200.00 - 16.43 461.4 1.42 

12 115.0 200.00 - 16.43 482.6 1.47 

13 -10.0 290.64 0.9996 0.1472 1237.9 4.73 

14 35.0 290.64 0.42 1 -96.0 0.38 

15 35.0 1350.38 0.42 1 -94.7 0.38 

16 87.7 1350.38 0.42 1 150.3 1.09 

17 112.2 1350.38 0.32 0.8528 290.4 1.41 

18 50.4 1350.38 0.32 0.8528 3.2 0.63 

19 50.4 290.64 0.32 0.8528 3.2 0.63 

20 91.6 1350.38 0.9636 0.1569 1578.8 4.75 

21 91.6 1350.38 0.42 0.0097 169.5 1.16 

22 39.1 1350.38 0.9996 0.1472 1316.9 4.26 

23 35.0 1350.38 0.9996 0.1472 166.3 0.58 

24 -10.0 290.64 0.9996 0.1472 166.3 0.65 

25 25.0 100.00 - 0.2407 104.8 0.37 

26 81.6 100.00 - 0.2407 341.6 1.09 

27 49.8 100.00 - 0.2407 208.7 0.70 
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28 42.7 100.00 - 0.0752 192.0 6.26 

29 66.2 100.00 - 0.0752 653.3 7.66 

30 25.0 100.00 - 0.2407 104.8 0.37 

31 40.0 100.00 - 0.2407 167.6 0.57 

32 57.4 100.00 - 0.0122 240.3 0.80 

 

Based on the operating parameters, as mentioned in the Table 10 and the exergy relations 

as stated in the Table 1, the exergy destruction across various components of the system is 

presented in the Table 11. As can be seen from the table 11, the maximum exergy destruction in 

the AHT occurs in the absorber while for VARS, it occurs in the desorber. As the absorber#1 of 

the AHT and generator#2 of the VARS are at the highest temperature in the corresponding system, 

therefore the irreversibility attached to it will be maximum for a fixed value of effectiveness of the 

absorber#1 and generator#2. This leads to the highest exergy destruction among those components 

of the system, as can be seen from Table 11. 

 

Table 11: Exergy destruction across various components of the system 

Components Exergy destruction (kW) 

Evaporator#1 1.91 

Absorber#1 15.26 

SHX#1 9.0593 

Desorber#1 13.18 

Condenser#1 0.5846 

Evaporator#2 0.91 

Absorber#2 11.1716 

SHX#2 11.6057 

Desorber#2 13.0062 

Rectifier 0.3483 

Condenser#2 2.3631 

Humidifier 0.6233 
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Dehumidifier 2.6196 

Total 82.64 

 

 
Fig. 11 Grassmann diagram for exergy balance across the proposed system. 

 

5. Conclusion  

This paper presented a novel combination of three different technologies i.e. absorption 

heat transformer (AHT), vapour absorption refrigeration system (VARS) and a humidification-

dehumidification (HDH) desalination system. Thermodynamic modeling of the proposed novel 

system is prepared and solved with the help of MATLAB and thermodynamic performance of the 

system is predicted in terms of COP, refrigeration temperature and distillate production rate.  

• Absorption heat transformer helps in improving the grade of the heat. 

• The upgraded heat helps in driving the refrigeration system below the sub-zero 

temperatures.  

• For the assumed systems operating conditions, the AHT helps to operate the VARS below 

−4oC. 
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• For 300kW waste heat at 80oC, for evaporator (VARS) temperature of −10oC, the system 

reported 70kW of refrigeration effect is provided with 20kg/hr of distillate production rate.  

• Also a total of 84.64 kW of exergy destruction is being reported for an evaporator and 

condenser temperature of −10oC and 35oC.  

• Not only the use of AHT helps us to drive the absorption refrigeration systems but also the 

increased temperature can also be helpful in the process industry such as crop drying, paper 

mill etc. 

For future work, a multistage refrigeration system can be implemented for further 

utilization of the available energy. Also multistage HDH system can be incorporated to use the 

heat available of the brine, leaving the humidifier of the single-stage system.  
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