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A B S T R A C T   

Solar thermal energy-driven double effect absorption refrigeration system (DE-ARS) for district 
cooling in smart cities is an efficient, and sustainable alternative for centralized air conditioning 
and concurrently harnesses low-grade solar energy. This work investigates ionic liquid based 
H2O-[mmim][DMP] mixture as an alternative working fluid to overcome the drawback of 
H2O–LiBr driven DE-ARS. The thermodynamic properties of H2O-[mmim][DMP] mixture is 
evaluated using the excess Gibbs free energy model. Performance modeling and simulation of DE- 
ARS is based on both energy and exergy analysis by applying the first and second laws of ther-
modynamic. The performance, and solution circulation ratio of parallel flow DE-ARS is assessed 
and optimized under various temperatures and solution distribution ratios. In comparison to the 
conventional H2O–LiBr, the proposed H2O-[mmim][DMP] working fluid achieves 5.22% and 
4.95% improvement in COP and ECOP, respectively at Th/Te/Ta/Tc of 140/5/30/30◦C . An 
optimization of generator temperature to achieve maximum COP and ECOP is performed for a 
wide range of evaporation temperature from 5 to 20◦C and Ta/Tc from 30 to 40◦C. An optimi-
zation of H2O-[mmim][DMP] mixture driven DE-ARS reveals the uppermost COPmax and 
ECOPmax of 1.81 and 0.69 for Te of 20◦C and Ta––Tc=30◦C.   

1. Introduction 

Emission of greenhouse gases (CO2, CH4, etc.) into the atmosphere is causing a global warming effect on the earth’s atmosphere due 
to the rise in primary consumption obtained from non-renewable fossil fuels. Future relevance in energy saving, CO2 mitigation, and 
reduction in greenhouse gases by exploiting renewable energy resources is essential to adopt for sustainability and climate change [1]. 
Worldwide large number of people lives in cities wherein electricity demand for space cooling and heating is enormous, and the future 
electricity demand of emerging smart cities due to rapid development may grow up. Therefore, the energy security for upcoming cities 
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must be sustainable and efficient to fulfil daily energy-dependent building utilities like lighting, cooling, and heating [2]. Overall, more 
than 50% of building energy is utilized to fulfil the cooling and heating demand. Especially in the Middle Eastern GCC countries, the 
cooling demand of the building sector is more due to high ambient temperature [3–6]. In such a case, centralized district cooling (DC) 
processes via absorption refrigeration system (ARS) is one of the potential alternate to harness renewable solar energy for 
air-conditioning of building [7–10]. Wide literature studies on the solar cooling have been reported and suggest that solar energy has 
enormous potential on heating, cooling and refrigeration on large scale [7,11,12]. The centralized chiller plant and associated chilled 
water distribution network (called as district cooling) have been employed to fulfil the space cooling demand of populated cities [13]. 
Zheng et al. [14] have investigated solar parabolic trough collector integrated ARS for space cooling and heating and confirmed the 
benefits with a reduction in CO2 emission by 18.8%. Consequently, the solar-driven space cooling process has a favorable prospect in 
sustainable development due to independence on fossil fuel, commercial feasibility, and environment friendliness to reduce CO2 
emission. 

Compared to standalone electric driven vapor compression cooling units, the centralized DC process reduces water usage and 
electricity consumption by up to 65%. Additionally, the high-grade energy consumption is reduced through the heat-driven absorption 
refrigeration technology by utilization of low-temperature heat obtained via waste heat and renewable sources like solar, geothermal, 
biomass, etc. [15,16]. Ultimately, thermal-driven ARS reduces the consumption of high-grade electricity, incurred operating cost and 
support the sustainability, including mitigation of CO2 emission [17,18]. 

In this, overall efficiency of heat-driven absorption cooling and refrigeration system varies with the type of working mixture 
utilized, absorption cycle configuration (single, double, triple effect cycle), and operating conditions within the evaporator, generator, 
absorber, and condenser [5,9,19,20]. Commercially two working fluids; NH3–H2O and H2O–LiBr have been accepted widely for 
cooling and refrigeration [21,22]; the major impediment of these working pairs are toxicity, high pressure, and rectification for 
NH3–H2O and crystallization and corrosion for H2O–LiBr. Such shortcoming urges researchers to rediscover novel alternative potential 
working fluids for efficient utilization and conversion of low-grade heat below 200◦C[23] as proposed in this work. 

Recently, numerous ionic liquids (IL) have been proposed as an adsorbent in combination with a refrigerant like water, hydro-
carbon, ammonia [24]. These ILs have been examined by researchers intensively; to find a better option for replacing H2O–LiBr 
mixture by overcoming the corrosion and crystallization issue [25–34]. ILs’ main beneficial properties are enhanced solubility, better 
thermal stability, adaptable thermodynamics properties due to the combination of cation and anion, low vapor pressure, liquid state 
that eludes the crystallization and less corrosive [27,28,35–39]. In specific, the mixture of IL with green and natural refrigerant water 
as a working fluid has been widely investigated as an alternative to LiBr–H2O for air conditioning and cooling purposes [33]. 

Sun et al. [27] have analyzed refrigerant R1234yf, and six ILs for single effect and compression assisted ARS. The cyclic thermal 
performance of [hmim][Tf2N] was found to be better with six IL-based absorbents but lower than conventional working fluids due to 
the low specific volume of R1234yf. Likewise, Kim and Kohl [40] modeled and simulated the performance of [hmim][PF6] and 
[hmim][Tf2N] with R134a refrigerant combination for ARS wherein [hmim][Tf2N] showed better COP in most input operating 
conditions. Refrigerant CO2 with [emim][Tf2N] based compression-assisted ARS was investigated by Li et al. [26] and they found that 
CO2 pressure and temperature were essential for enhancement and optimizing ARS outcomes. Likewise, Wang et al. [37] have assessed 
the performance of IL-based ternary mixture LiNO3-[BMIM]NO3/H2O for hybrid compression ARS with the measurement of ther-
modynamics properties and corrosion. Their results showed a better performance for the proposed ternary mixture driven hybrid ARS 
with utilization low generator temperature in alternative to conventional LiBr–H2O. 

Wu et al. [41] have investigated different ILs for thermal energy storage purposes and simulation showed that [DMIM][DMP] 
generated better thermal COP of 0.745. However ionic liquid [EMIM] [Ac] expressed maximum thermal energy storage density of 87.5 
kW/m3. Further Wu et al. [42] explored low and high pressure compressor assisted hybrid single effect absorption system using various 
combination of refrigerant and ILs (R134a/[HMIM][Tf2N], R32/[HMIM][Tf2N],R152a/[HMIM][Tf2N], R161/[HMIM][Tf2N], 
R1234yf/[HMIM][Tf2N], R1234ze/[HMIM][Tf2N]. Overall, in those working fluids, the COP of R32/[HMIM][Tf2N] was found to be 
better in single effect low-pressure compressor assisted ARS. Wang et al. [28] evaluated the selection criteria of vapor-liquid equi-
librium models using IL-refrigerant binary mixture namely H2O/[emim][DMP] and NH3/[bmim][BF4 ] combination for ARS and 
recommended the Redlich-Kwong EOS model for correlating VLE data and estimating mixing enthalpies of a binary mixture. 

Two ARS configurations, namely single effect (SE) and double effect (DE) have been widely studied in the literature due to the 
utilization of heat below 200◦C wherein DE-ARS gives higher COP [43]. Avanessian and Ameri [44] have performed a detailed 
economic survey of single and double effect ARS wherein; they concluded the DE-ARS is more economical with a low payback period 
and more sustainable with low CO2 emission. SE-ARS is efficient to use low-grade heat source temperature below 100◦C. However, 
DE-ARS becomes more efficient (80% higher than SE-ARS) with the utilization of low-grade heat below 200◦C[45]. To predict the 
performance based on energy and exergy analysis, LiBr–H2O based DE-ARS have been researched extensively for parallel and series 
solution flow configurations. In these DE-ARS, parallel flow of feed solution from absorber to the generators demonstrated better COP 
than series flow [46,47]. 

Farshi and Asadi [48] compared the energetic and exergetic COP of DE-ARS using two working pairs NH3/LiNO3 and NH3/NaSCN 
towards utilization of low heat source and their thermodynamic simulation demonstrated high efficiency for wide range of crystal-
lization of NH3/LiNO3 in compared to the NH3/NaSCN. Dong et al. [49] and Takalkar et al. [50] have investigated thermodynamic 
properties of H2O/1,3-dimethyl imidazolium dimethyl phosphate ([mmim] [DMP]) system. Their simulation results of single effect 
ARS using conventional LiBr–H2O and proposed H2O-[mmim][DMP] demonstrated better performance for H2O-[mmim][DMP] 
mixture. However, their work is limited to single effect ARS. In comparison to LiBr–H2O, H2O-[mmim][DMP] enlarges the corrosion 
and crystallization range and it generates more attention for double effect ARS. 

The literature completely lacks the performance analysis of the double effect ARS using promising IL based H2O-[mmim][DMP] 
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mixture as an alternative working fluid. Therefore, the present work deals with the performance evaluation and heat source opti-
mization of parallel flow DE-ARS using H2O-[mmim][DMP] mixture as a working pair. Accordingly, this study investigates energetic 
and exergetic performances of DE-ARS components for wide temperatures wherein exergy analysis is based on the second law of 
thermodynamics and essential tool to identify the potential improvements in ARS [51–53] by considering the quality of energy. The 
effects of operating temperatures of evaporator (Te), generator (Tg), absorber (Ta) and condenser (Tc) with solution distribution ratio 
(SDR) on the energetic (COP) and exergetic (ECOP) coefficient performances of DE-ARS were assessed in detail and also compared with 
the commercial working fluid H2O–LiBr. Optimization of generator temperature (Th) to achieve maximum COP and maximum ECOP 
was also investigated for different evaporation temperatures (Te = 5,10,15,20 ◦C), and three sink temperatures (Ta––Tc=30,35,40 ◦C). 

2. Parallel flow double effect absorption refrigeration system 

Fig. 1 illustrates the H2O-[mmim][DMP] mixture based double effect (or two-stage) parallel flow ARS used for performance 
simulation. The cooling cycle consists mainly of two generators (namely high (HTG) and low (LTG) temperature generator), two 
solution heat exchangers (SHE-LT, SHE-HT), evaporator, absorber, condenser, expansion valves, and solution pump. In this, refrigerant 
water vapor is generated in two stages at two different generator temperature and pressure in HTG and LTG of DE-ARS. In the cyclic 
operation, a weak solution of H2O-[mmim][DMP] mixture (3) from the absorber is pumped and distributed into two parallel feed 
streams (11,12) to HTG and LTG, respectively. Solution heat recovery exchangers namely, SHE-LT and SHE-HT, recuperate the heat in 
between hot (strong solution) and cold (weak solution) streams. External heat obtained from the solar collector is provided to HTG, 
wherein high-pressure and high-temperature refrigerant water vapor (17) departs from the weak solution (stream 13). Then, water 
vapor is condensed within low-pressure LTG and the latent heat of condensation of refrigerant water within LTG is utilized as source of 
heat and to generate more extra refrigerant water vapor (7) from the second parallel feed weak solution (11). Refrigerant water vapor 
produced within LTG (7) is condensed within condenser, and latent heat of condensation is dissipated to ambient air either water- 
cooled or air-cooled type condenser. Further, high-pressure refrigerant water (8) is expanded through an expansion valve into low 
pressure (9) and then used as feed to the evaporator wherein cooling effect is delivered. The cooling with the evaporation of refrigerant 
water is achieved with the gain of heat from the space (or building) to be cooled (10). Strong H2O-[mmim][DMP] solution from the 
bottom of HTG (14,15,16) and LTG (6) after heat recovery within SHE (SHE-LT, SHE-HT) is mixed (6) into low-pressure water vapor 
(10) and passed as top feed to the absorber. In the end, weak H2O-[mmim][DMP] solution (1) is generated at the bottom of the 
absorber after the absorption of water vapor into strong H2O-[mmim][DMP] solution. Heat of the absorption was removed through the 
dissipation of heat to ambient air. Formed weak H2O-[mmim][DMP] solution is once again pumped through electric pump from the 
absorber and delivered as feed to the generators, and DE-ARS cycles continue to generate a cooling effect as shown in Fig. 1. 

3. Thermodynamic analysis 

The modeling and simulation to predict the performance of DE-ARS as shown in Fig. 1 using [mmim][DMP]-H2O is established on 
the subsequent assumption.  

• DE-ARS works in steady state environments. 

Fig. 1. Double effect parallel solution flow absorption refrigeration process with two generators (HTG, LTG) and two solution heat recovery ex-
changers (SHE-HT, SHE-LT). 

M.S. Ferwati et al.                                                                                                                                                                                                     



Case Studies in Thermal Engineering 28 (2021) 101382

4

• Refrigerant leaving the condenser and evaporator is at the saturated condition.  
• [mmim][DMP]-H2O solution leaving from the bottom of the absorber, HTG and LTG are at thermodynamic equilibrium state, and 

this condition is used to calculate respective equilibrium composition.  
• It is assumed that both the absorber and condenser temperatures are equal.  
• Refrigerant water vapor flow from the HTG is constant with a mass flow rate of 1 kgs-1.  

• The temperature approach (ΔTl) in LTG is assumed to constant with the value of 5K.  
• Pressure drop due to friction in the ARS components and piping are assumed to be zero.  
• Heat loss to ambient is zero.  
• Electricity utilization of solution pumping from the absorber to generators is assumed to be the negligible and can be ignored. 

3.1. Performance evaluation criteria via mass and energy balances 

Thermodynamics performance analysis of DE-ARS and each subcomponent is accomplished by applying the mass conservation and 
energy balance (the first law of thermodynamics) for constant refrigerant flowrate of 1 kg/s from HTG consideration of previous 
assumptions. The general mathematical expression for the total mass balance, individual IL balance within each subcomponent of DE- 
ARS, mainly HTG, LTG, condenser absorber, evaporator, SHE-LT, and SHE-HT and energy balance are written under steady state 
conditions as follows: 

ṁin − ˙mout = 0 (1)  

(ṁ X)in − (ṁ X)out = 0 (2)  

(ṁ h)in − (ṁ h)out = 0 (3) 

Here, ṁ is the inlet mass flow rate, X is the mass fraction of [mmim][DMP] in the [mmim][DMP]-H2O mixture and h is the enthalpy 
of mixture. 

DE-ARS with parallel flow consists of the distribution of weak [mmim][DMP]-H2O solution to the LTG and HTG. The fraction of 
mass flowrate of the weak [mmim][DMP]-H2O solution from the absorber is delivered to HTG as a feed called a solution distribution 
ratio (SDR). SDR is an important parameter and determines the performance of the DE cycle. 

Overall energy balance and heat duty of subcomponent of DE -ARS mainly HTG, LTG, condenser absorber, evaporator, SHE-LT, and 
SHE-HT based on the first law of thermodynamics are tabulated in Table 1. 

To solve the mass and energy conservation equations, a program is established in SCILAB 6.0.2. A further second SCILAB program 
to evaluate thermodynamics properties like Gibbs free energy, excess enthalpy, mixture enthalpy(h) of working pair [mmim][DMP]- 
H2O is established. These developed models are collectively used to compute the energetic and exergetic coefficient of performance of 
DE -ARS as given below: 

COP=Qe/Qh (4)  

ECOP=

Qe

(

Tref
/

Te
− 1

)

Qh

(

1 − Tref
/

Th

) (5) 

Here, exergetic COP is defined in terms of exergy or useful energy with reference-to-reference temperature. The reference tem-
perature is a sink temperature, and which is nearly the same as ambient temperature, and therefore in this study, it is assumed that both 
the absorber and condenser temperatures are equal. The second law of thermodynamics deals with the concept of entropy as a physical 
property of the thermodynamic system and reveals the direction of spontaneous process. This governs the loss of quality of energy 
during the process. Exergy is the combination property of system and environment and considers both the first and second laws of 

Table 1 
Heat balance equation using 1st law of thermodynamics of DE-ARS for m17 = 1 kg/s.  

Heat Duty of DE-ARS Component Equation 

Overall energy balance of DE-ARS Qe + Qh = Qc + Qa  

Evaporator Qe = ṁ10h10 − ṁ9h9  

Condenser Qc = ṁ8h8 − ṁ7h7 − ṁ19h19  

Absorber Qa = ṁ10h10 + ṁ6h6 − ṁ1h1  

LTG Ql = ṁ17h17 + ṁ11h11 − ṁ7h7 − ṁ18h18 − ṁ20h20  

HTG Qh = ṁ13h13 − ṁ17h17 + ṁ14h14  

SHE-LT QSHEl = ṁ4(h4 − h5) = ṁ2(h3 − h2)

SHE-HT QSHEh = ṁ14(h14 − h15) = ṁ12(h13 − h12)
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thermodynamics. Through exergy analysis, the quality of energy output of the system can be revealed. Therefore, ECOP is more 
meaningful than COP [54] in terms of a more complete and correct analysis. 

The third parameter used to evaluate the amount of solution flowrate for pumping is the solution circulation ratio (SCR). High SCR 
means high solution feed to HTG in comparison to low refrigeration generator. DE-ARS is consuming a large amount of electricity for 
high SCR. SCR is expressed as like, 

SCR= ṁ8

/

ṁ1 = Solution Feed mass flowrate
/

total Refrigerant mass flow (6)  

ṁ1 = ṁ17 + ṁ7 (7) 

SCR is varying with the equilibrium T, P, and composition with LTG, HTG, and absorber and needs to low for efficient operation and 
low power consumption for pumping mixture from the absorber to the generator (low pressure to high pressure HTG and LTG). 
Complete program flowchart for thermodynamics analysis to obtain performances (COP, ECOP, and SCR) with the use of thermo-
dynamics properties are as displayed Fig. 2. Optimum temperature and SDR to obtain maximum COP and ECOP are simulated in detail. 

3.2. Thermodynamic properties 

3.2.1. Water 
Thermodynamics properties like enthalpy, entropy, equilibrium pressure and temperature of the refrigerant water (liquid and 

vapor phase) are calculated using well known IAPWS formulation and used for the performance evaluation of ARS [55]. 

3.2.2. Mixture H2O(1)-[mmim][DMP](2) 
Thermodynamics vapor-liquid equilibrium properties of H2O-[mmim][DMP] mixture is necessary to compute enthalpy and 

equilibrium composition (X) within in absorber, HTG, and LTG. Excess Gibbs free energy and activity coefficient based on the NRTL 
model was considered to correlate mixture VLE [49]. The total vapor pressure H2O-[mmim][DMP] mixture is equal to the partial vapor 
pressure of volatile refrigerant water only because ionic liquid [mmim][DMP] is nonvolatile with zero vapor pressure. The details of 
the excess Gibbs free energy-based NRTL model and its parameter are reported in detail by Dong et al. [49]. Here NRTL model fitting 
parameters are directly used to evaluate the enthalpy of H2O-[mmim][DMP] mixture using excess Gibbs free energy(gE). The excess 
enthalpy (hE) using gE is as given below, 

Fig. 2. Performance evaluation modeling and simulation flowchart of DE-ARS using H2O-[mmim][DMP] mixture.  
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h= x1h1 + x2h2 + hE (8)  

where, 

hE = − RT2
[

d(gE/RT)
dT

]

P
(9)  

Where, x is the molar composition of each component in the H2O-[mmim][DMP] solution, h1 is the enthalpy of liquid refrigerant H2O 
at saturated condition, h2 is the enthalpy of IL [mmim][DMP] at the pure state. h2 is calculated from the heat capacity (Cp2) of pure 
[mmim][DMP] and temperature difference [56]. 

4. Result and discussion 

4.1. Validation of thermodynamics property of H2O-[mmim][DMP] mixture 

At first, the verification of thermodynamic properties of H2O-[mmim][DMP] mixture with the published literature is essential for 
the detailed performance study of DE-ARS. Separate SCILAB mathematical computer programs for the calculation of thermodynamics 
properties of the proposed H2O-[mmim][DMP] mixture and pure water are developed. These programs have been employed as input 
module to the subsequent SCILAB program related to modeling and simulation of single effect ARS. Accordingly, the thermodynamic 
properties of the proposed [mmim][DMP]-H2O mixture and performance of single effect ARS is verified with Dong et al. and Takalkar 
and Sleiti [49,50]. Performance comparison of the COP plots have revealed good agreement for the generator temperature range of 
63–120◦C. This validates the modeling and simulation approach resulted to predict the thermodynamics properties of proposed 
H2O-[mmim][DMP] mixture and employed thermodynamic nonrandom two liquid model based activity coefficient modal. 

4.2. Validation of DE-ARS (parallel flow) models using H2O-[mmim][DMP] mixture 

Further to verify the mathematical models of parallel flow DE-ARS using H2O-[mmim] [DMP] mixture, simulation of conventional 
H2O–LiBr mixture are performed for temperatures Te/Th/Ta/Tc of 5/115/30/30◦C and 4/134/35/35◦C. For this, we developed an 
independent computer program in SCILAB to assess the thermodynamics properties of the H2O–LiBr solution [57] and the performance 
of DE-ARS using H2O–LiBr mixture [46,58]. Performance simulation are compared with the published data as described in Table 2. It 
can be seen that, COP of DE-ARS for Te/Th/Ta/Tc of 5/115/30/30◦C and 4/134/35/35◦C demonstrates good agreement with the 
Bagheri et al. and Azhar et al. [13,59]. Further, the performance of DE-ARS using H2O–LiBr is compared with the proposed 
H2O-[mmim][DMP] mixture for Te/Th/Ta/Tc of 5/140/30/30◦C. Tabulated data 3 reveals the detailed thermodynamic properties (like 
T, P, X2, h, m) of each process stream of H2O–LiBr and H2O-[mmim][DMP] mixture driven DE-ARS for Te/Th/Ta/Tc of 5/140/30/30◦C. 
The simulated COP and ECOP of H2O-[mmim][DMP] driven DE-ARS were found to be higher than H2O–LiBr by 5.22% and 4.95%, 
respectively. In terms of SCR, H2O–LiBr mixture demonstrated lowered value of 7.81, which is nearly half of the SCR of H2O-[mmim] 
[DMP] mixture. It means, H2O-[mmim][DMP] mixture expend high pumping power to drive the weak solution from the absorber to 
HTG and LTG to fulfil the same cooling capacity. Further, to compare and evaluate the definite difference between two working pairs, a 
detailed comparison was performed in the next subsection (see Table 3). 

4.3. Comparison of LiBr–H2O and H2O-[mmim][DMP] mixture 

Fig. 3 depicts the effect of HTG temperature on the performances of DE-ARS namely COP, ECOP, SCR, and heat load distribution 
fraction in between LTG and HTG (Ql/Qh) at constant evaporation temperature of 5◦C, absorption and condensation temperatures of 
30◦C. As noticed in Fig. 3a/b, both COP and ECOP of working fluids with the upsurge in Th start to increase at first, achieve maxima, 
and then finally begin to diminish. An optimum Th to achieve maximum COP is found to be higher than optimum Th based on 

Table 2 
Model validation of DE refrigeration cycle by considering H2O–LiBr and H2O-[mmim] [DMP] as a working pair.  

Parameter Bagheri et al. [59] - 
H2O–LiBr 

Present Simulation- 
H2O–LiBr 

Azhar and Altamush [13] - 
H2O–LiBr 

Present Simulation- 
H2O–LiBr 

Present 
Simulation 
H2O-mmim 
[DMP] 

Te 4 4 5 5 5 
Th 134 134 115 115 115 
Ta=Tc 35 35 30 30 30 
εSHE  0.7 0.7 0.7 0.7 0.7 
SDR 0.36 0.36 0.5 0.5 0.5 
dTl 10 10  5 5 
COP 1.129 1.120 1.401 1.406 1.22 
ECOP  0.515  0.561 0.5 
SCR  24.538  13.26 25.94  
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maximum ECOP. In the case of H2O–LiBr mixture, an optimum Th based on COP and ECOP is 112◦C and 105◦C respectively. Compared 
to H2O–LiBr, COP, and ECOP of H2O-[mmim][DMP] mixture begin to become better for generator temperature more than 115◦C. This 
signifies that, H2O–LiBr mixture is better to utilize a low-temperature heat source below 115◦C. However, a high-temperature heat 
source (more than 115◦C) to DE-ARS is preferred to generate better performance for H2O-[mmim][DMP] mixture. This is mainly due to 
the optimization of equilibrium mixture composition within HTG and LTG and maximum utilization of heat energy as observed in 
Fig. 3d. Fig. 3c reveals the variation of SCR with Th wherein SCR of H2O–LiBr mixture is continuously lower than the SCR of H2O- 
[mmim][DMP] mixture due to difference in equilibrium composition of absorbent inside the absorber and generator. 

Table 3 
Comparison of Simulation conventional H2O–LiBr and proposed H2O-mmim [DMP]working pair for SDR = 0.33; εSHE = 0.9; ΔTl = 5 K.  

Stream Number H2O(1)–LiBr(2) H2O(1)-[mmim][DMP](2) 

T/◦C  P 
/kPa 

X2 h 
/(J⋅g− 1) 

ṁ 
/(kg⋅s− 1)  

T/◦C  P 
/kPa 

X2 h 
/(J⋅g− 1) 

ṁ 
/(kg⋅s− 1)  

1 30 0.87 0.53 66.63 14.46 30 0.87 0.82 22.93 29.84 
2 30 36.35 0.53 66.63 14.46 30 33.20 0.82 22.93 29.84 
3 57.95 36.35 0.53 125.49 14.46 60.06 33.20 0.82 88.90 29.84 
4 69.66 4.25 0.60 175.95 12.61 67.03 4.25 0.88 104.01 27.98 
5 33.97 4.25 0.60 108.44 12.61 33.70 4.25 0.88 33.64 27.98 
6 33.97 0.87 0.60 108.44 12.61 33.70 0.87 0.88 33.64 27.98 
7 68.58 4.25 0 2,628.66 0.85 66.44 4.25 0 2,624.63 0.87 
8 30 4.25 0 125.75 1.85 30 4.25 0 125.75 1.87 
9 5 0.87 0 125.75 1.85 5 0.87 0 125.75 1.87 
10 5 0.87 0 2,510.07 1.85 5 0.87 0 2,510.07 1.87 
11 57.95 4.25 0.53 125.50 9.64 60.06 4.25 0.82 88.89 19.90 
12 57.95 36.35 0.53 125.50 4.82 60.06 33.20 0.82 88.89 9.95 
13 105.54 36.35 0.53 229.17 4.82 123.95 33.20 0.82 262.27 9.95 
14 140 36.35 0.66 339.17 3.82 140 33.20 0.92 299.08 8.95 
15 66.16 36.35 0.66 208.36 3.82 68.06 33.20 0.92 106.33 8.95 
16 66.16 4.25 0.66 208.36 3.82 68.06 4.25 0.92 106.33 8.95 
17 140 36.35 0 2,761.79 1 140 33.20 0 2,762.03 1 
18 73.58 36.35 0 308.00 1 71.44 33.20 0 299.05 1 
19 73.58 4.25 0 308.00 1 71.44 4.25 0 299.05 1 
20 68.58 4.25 0.58 161.87 8.79 66.44 4.25 0.86 102.92 19.03 

COP 1.495 1.573 
ECOP 0.505 0.53 
SCR 7.81 15.99 
Qh/Ql 1.20 1.15  

Fig. 3. Variation of COP, ECOP, SCR, and Ql/Qh of DE-ARS parallel flow with an increase in Th for H2O–LiBr and H2O-[mmim][DMP] for constant 
SDR = 0.33, Te = 5◦C Ta––Tc=30◦C, SDR = 0.33. 
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Working fluid comparison and effect of Te,Ta and Tc on the COP of parallel flow DE-ARS for Te/Tc/Ta of 10/30/30◦C, 10/40/40◦C 
and 5/30/30◦C is revealed in Fig. 4. Overall, high evaporation temperature and low temperature of absorption and condensation 
enhances performance of DE-ARS due to the improved refrigerant vapor absorption rate at high evaporation pressure and low absorber 
temperature. Such enhanced water vapor absorption into the incoming strong solution generates a weaker solution inside the absorber 
of DE-ARS. Enhanced water vapor absorption boosts the equilibrium concentration difference between strong and weak mixture. 
Further as seen in Fig. 4, DE-ARS utilizes low-temperature heat more efficiently for input temperature Te/Tc/Ta of 10/30/30◦C than 
10/40/40◦C and 5/30/30◦C. As discussed previously, compared to H2O-[mmim] [DMP] mixture, COP of H2O–LiBr mixture was found 
to be low at high Th. It can be viewed that on large, the low sink temperature (Ta––Tc) and high evaporation temperature produce better 
COP for H2O-[mmim][DMP] than H2O–LiBr mixture. 

4.4. Sensitivity analysis 

4.4.1. Effect of solution distribution ratio (SDR) 
The effect of solution distribution ratio on the performance parameters of DE-ARS like COP, ECOP, and SCR are exhibited in Fig. 5. 

COP of DE-ARS initially increases with the rise in SDR then achieves maxima and at the end COP starts to decline very slow rate., COP 
approximately becomes constant over SDR of 0.3 for which half of the weak solution flowed from the absorber to HTG. Also, at 
constant SDR, COP of Th of 140◦C are found to be better than Th = 100◦C due to the high concentration of strong H2O-[mmim][DMP] 
solution leaving from the generators. Such a high difference in equilibrium concentration of weak and strong H2O-[mmim][DMP] 
solution improves the efficiency of DE-ARS. As like COP trend, a similar performance variation is noted for exergy-based performance. 
However, ECOP variation is less for HTG temperature of 140◦C than 110◦C due to high exergy loss. 

Fig. 6 shows the effect of HTG temperature and SDR on COP, ECOP, SCR, and Ql/Qh (heat load fraction of low to high-temperature 
generator) for Te = 5◦C, Ta/Tc = 30◦C. COP and ECOP variation depict better performances for the high value of SDR. The major 
difference in both performances of DE-ARS is viewed for SDR in the range of 0.1–0.3. SDR greater than 0.3 reveals a marginal variation 
in the COP and ECOP. Further at higher Th, COP starts to diminish with rising SDR from 0.3 to 0.5. For example, at Th = 140◦C, SDR of 
0.1 showed the lowest COP and ECOP of 1.49 and 0.5; then performances (COP and ECOP) improved till SDR of 0.3 with values of 1.57 
and 0.53, respectively. Afterwards (SDR more than 0.3), COP start to decrease at a slower rate till SDR of 0.5 with COP of 1.56 and 
ECOP of 0.52. In the current simulation study a maximum COP of 1.57 was achieved for the SDR of 0.3 and Th of 150◦C, and the 
maximum ECOP of 0.638 was attained for SDR of 0.4 with Th of 109◦C. 

The minimum temperature of HTG at which DE-ARS start to become feasible to produce a cooling effect and reveal lowest COP and 
ECOP is slashed with the rise in SDR from 0.1 to 0.3 and then nearly become constant till SDR of 0.5. This indicates that the utilization 
of low-temperature solar heat to produce cooling effect is improved after SDR greater than 0.3. At SDR of 0.5, COP of DE-ARS improves 
with the increase in temperature of HTG and achieves a maximum and then starts to decrease at a slower rate. 

SCR plot reveals decline with the rise in both Th and SDR. At higher Th (likely more than 120◦C ) with SDR greater than 0.3, the rate 
of SCR reduction becomes almost flat. This means at higher Th, and SDR of 0.3, 0.4, and 0.5, the power required to pump the weak 
solution is approximately same. Further, Ql/Qh variation was found to improve with the rise in Th but it reduces with the increase in 
SDR from 0.1 to 0.5. High Th inside HTG generates the high temperature H2O vapor with reduction in equilibrium concentration of 
strong H2O-[mmim][DMP] mixture in HTG. Overall, produced high-temperature water vapor within HTG is distributed as a feed and 
heat source to LTG; this upsurges in solution temperature within LTG, ultimately increasing the equilibrium concentration of H2O- 
[mmim][DMP] mixture and generates more refrigerant H2O vapor. 

4.4.2. Effect of evaporation temperature 
The impact of evaporation temperature on the COP, ECOP, and SCR for Te of 5, 10, and 15◦C are as displayed in Fig. 7. It clearly 

indicates the high evaporation temperature of DE-ARS provides better COP (Fig. 7a) and ECOP ((Fig. 7b) due to high equilibrium 

Fig. 4. Comparison of COP of H2O-[mmim][DMP] driven DE ARS with H2O–LiBr for Te/Ta/Tc of 10/30/30◦C, 5/30/30◦C, 10/40/40◦C  
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pressure within absorber and evaporator. High evaporation pressure boosts the water vapor absorption capacity into the strong so-
lution of H2O-[mmim][DMP] mixture. As displayed in Fig. 7d, the equilibrium composition difference between weak (Xa) and strong 
solutions within HTG and LTG (Xh and Xl) becomes more with the rise in Te from 5 to 15◦C. Such Improved concentration gradient at 
high Te reduces the solution circulation rate as seen in Fig. 7c. As a case Th of 110◦C, the composition difference between weak and 
strong solution is noticed to be high for Te of 15◦C, and then it reduces with the reduction in Te to 5◦C. Likewise, within investigated 
evaporation temperature, Te of 15◦C revealed lowest SCR of 11 for Th of 110◦C, which is 75% lowered than Te of 5◦C. Solution pumping 
power required to flow weak solution for high Te of 15◦C is lower due to low SCR. 

4.4.3. Effect of absorber and condenser temperature 
The temperature of the absorber (Ta) and condenser (Tc) is determined by the ambient or sink temperature since the heat of ab-

sorption and condensation is dissipated to ambient either water cooled and air-cooled heat transfer system, respectively. Low Ta and Tc 
improve the heat transfer rate with the increase in temperature gradient. Therefore, effect of Ta and Tc on the performance of DE-ARS is 
vital to investigate in detail. The detailed performance simulation is presented in Fig. 8 for three Ta––Tc of 30, 35, and 40◦C. 

It is clear that lower value of Ta and Tc is more beneficial to enhance both energetic COP (Fig. 8a) and exergetic COP (Fig. 8a). 
Further, low sink temperature is beneficial to utilize low-grade heat more efficiently within the HTG of DE-ARS. The main reason to 
boost the cyclic performance at low Ta is enhanced to water vapor absorption capacity into the strong H2O-[mmim][DMP] mixture. 
Ultimately this enhanced absorption at low Ta declines the equilibrium concentration of [mmim][DMP] in the absorber. Overall, the 
combined effect of low Ta and Tc diminishes SCR (Fig. 8c) of DE-ARS and which ultimately diminishes pumping power. Drop in Tc from 
40 to 30◦C diminishes the saturation pressure of refrigerant water vapor condensation within condenser and pressure of LTG as 
manifested in Fig. 8d. Such low Tc and saturation pressure is very useful for efficient consumption of low-grade heat within DE-ARS to 
generate cooling. Further low Tc reduces the pressure of water vapor condensation within condenser and supplied heat temperature of 

Fig. 5. Effect solution distribution from the absorber to HTG and LTG at Th of 140◦C and 110◦C with Te/Tc/Ta of 5/30/30◦C  

Fig. 6. Effect of HTG temperature and SDR on COP. ECOP, SCR and Ql/Qh for Ta/Tc = 30◦C, Te = 5◦C  
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HTG. Equilibrium concentration difference of H2O-[mmim][DMP] mixture between LTG and HTG expands vastly with the reduction in 
Ta and Tc as depicted in Fig. 8e. Overall, the combined effect of low Ta and Tc diminishes SCR (Fig. 8c) of DE-ARS and which ultimately 
diminishes pumping power. 

Fig. 7. Effect of temperature of refrigerant evaporation on a) COP, b) Exergetic COP, c) SC and d) equilibrium concentration within absorber (Xa), 
LTG (Xl) and HTG(Xh) of parallel flow DE-ARS using H2O-[mmim][DMP] binary mixture for SDR = 0.33 and Ta––Tc=30◦C 

Fig. 8. Effect of sink temperature in term of Ta––Tc on a) COP, b) ECOP, c) SCR d) Ph, and e) equilibrium concentration gradient (Xh-Xa), (Xl-Xa) of 
parallel flow DE-ARS of H2O-[mmim][DMP] binary mixture for SDR = 0.33, Te = 10◦C 
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4.5. Performance optimization and comparison 

A previous study reveals the impact of evaporation temperature, condensation temperature, and absorber temperature on the 
efficiency parameters of DE-ARS. Optimum performances towards utilization of low-grade heat more efficiently within the generator 
of DE-ARS is essential to compute over a wide range of Te, Ta, and Tc. Table 4 shows the simulation results to predict optimum per-
formances of studied working binary mixture H2O-[mmim][DMP] and further it shows the comparison with the commercial working 
fluid H2O–LiBr. The performance optimization study covers a broad range of evaporation temperature from 5 to 20◦C. 

From the tabulated data at Te = 5◦C, an optimum Th to achieve COPmax using H2O–LiBr driven DE-ARS is boosted from 114◦C to 
154◦C, but COPmax reduces from 1.53 to 1.38 as Ta––Tc increase from 30 to 40◦C respectivley. For a similar case with Te = 5◦C, an 
optimum Th of H2O-[mmim][DMP] mixture driven DE-ARS rises from 141◦C to 208◦C with the decline in COPmax from 1.57 to 1.4 with 
the rise in Ta––Tc from 30 to 40◦C. This indicates that H2O-[mmim][DMP] mixture gives high COPmax for high-temperature heat source 
and alternatively H2O–LiBr driven ARS delivers better COPmax for the utilization of low-temperature heat source. 

COP comparison between H2O–LiBr and H2O-[mmim][DMP] mixture for same Th is also simulated wherein Th is selected corre-
spond to COPmax of H2O–LiBr. The simulation results show that the COP of H2O-[mmim][DMP] mixture approximately equal to 
COPmax of H2O–LiBr. As a case Te of 20◦C, COP of H2O–LiBr and H2O-[mmim][DMP] is 1.64 and 1.638 respectively at the same HTG 
temperature of 110◦C. 

Further ECOPmax of DE-ARS using H2O-[mmim][DMP] mixture reduces from 0.64 to 0.57 with the increase in Th from 109◦C to 
169◦C. Energy and exergy-based performance comparison showed that optimum Th based on ECOPmax is found to be lower than 
COPmax. Overall, the simulation results show uppermost COPmax and ECOPmax of 1.81 and 0.69 for Te of 20◦C and Ta––Tc=30◦C. Also, 
for these operating condition (Te = 20◦C and Ta––Tc=30◦C), DE-ARS requires low-temperature heat of 68 and 60◦C to achieve 
maximum COP and ECOP, respectively. Such Th is lower than the optimum Th (72◦C) of LiBr–H2O driven DE-ARS. Therefore, in general 
COP and ECOP of DE-ARS enhances with the rise in evaporation temperature and decline in absorber and condenser temperature. 

5. Conclusions 

The utilization of solar energy for heating, cooling and refrigeration is an attractive green approach to reduce CO2 emissions that 
can lessen peak demand of high-grade energy during summer. Solar powered absorption refrigeration system for upcoming and 
developing cities can be more attractive during high solar radiation time in hot arid countries to fulfill the cooling demand. The 
centralized solar thermal powered vapor absorption refrigeration and cooling systems can significantly lower greenhouse effect with 
the large reduction in electricity consumption. 

Accordingly, in this study, a parallel flow double effect absorption refrigeration system due to efficient utilization of low- 
temperature heat below 200◦C was investigated using ionic liquid based H2O-[mmim][DMP] binary solution as a potential alterna-
tive working pair to conventional H2O–LiBr. The thermodynamics properties of novel H2O-[mmim] [DMP] working mixture were 
computed by considering the local composition based NRTL model. The thermodynamics properties of H2O-[mmim] [DMP] mixture 
and refrigerant H2O were computed and verified with the modeling and simulation of single effect ARS for Te/Tc/Ta of 10/40/30 ◦C. 
The performance of DE-ARS was validated with the conventional LiBr–H2O for temperatures Te/Th/Ta/Tc of 5/115/30/30 ◦C and 4/ 
134/35/35 ◦C. Simulated COP in both cases showed good agreement with the published literature and validate thermodynamic 
properties of proposed mixture. The energy and exergy performance of DE-ARS was assessed for a wide range of Te, Th, Ta and Tc. 
Simulation results in comparison of H2O-[mmim] [DMP] mixture with conventional H2O–LiBr mixture indicates that.  

• High Th generates higher COP but lower ECOP of DE-ARS for H2O-[mmim][DMP] mixture. 

Table 4 
Optimization and comparison of the performance of H2O-[mmim][DMP] with commercial working pair H2O–LiBr for Te of 5, 10, 15, 20◦C and 
Ta––Tc=30,35,40◦C with SDR of 0.35.  

Te 

(◦C)  
Ta=Tc 

(◦C)  
H2O–LiBr[46]  H2O-[mmim][DMP] 

COP Optimum Th 

(◦C)  
Thmin  COPmax Optimum Th 

(◦C)  
ECOPmax Optimum Th 

(◦C)  
COP based on optimum Th of H2O/ 
LiBr- 

5 30 1.53 114 103 1.57 141 0.64 109 1.524 
35 1.44 134 124 1.49 179 0.60 137 1.36 
40 1.38 154 148 1.4 208 0.57 169 1.05 

10 30 1.63 100 86 1.65 114 0.67 90 1.64 
35 1.53 119 107 1.57 145 0.64 114 1.524 
40 1.45 138 128 1.49 183 0.60 141 1.346 

15 30 1.73 86 73 1.73 89 0.68 73 1.73 
35 1.63 105 91 1.65 118 0.66 95 1.64 
40 1.54 124 111 1.57 150 0.64 119 1.52 

20 30 1.82 72 60 1.81 68 0.69 60 1.805 
35 1.73 91 78 1.73 94 0.68 78 1.727 
40 1.64 110 96 1.65 120 0.66 100 1.638  
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• Low-temperature heat utilization of H2O–LiBr mixture showed better COP at high sink temperature of Ta/Tc of 40 ◦C.  
• SCR of H2O–LiBr mixture was found to be lower than H2O-[mmim][DMP] mixture.  
• H2O-[mmim][DMP] mixture demonstrated lower COP and ECOP of 1.22 and 0.5 for Te/Th/Ta/Tc of 5/115/30/30 ◦C. 

Some of the main conclusions of sensitivity analyses and optimization of proposed H2O-[mmim][DMP] driven parallel flow DE-ARS 
are as given below.  

• COP and ECOP of DE-ARS were found to be increasing with SDR till 0.3 and then gave nearly similar range COP, however SCR is 
decreased with rising in SDR and becomes almost the same after SDR of 0.3.  

• Effect Te and Ta/Tc on the performances of H2O-[mmim][DMP] mixture revealed improved COP and ECOP for high Te and low Ta/ 
Tc due to variation of equilibrium pressure and composition within in HTG, LTG, and absorber.  

• Optimization results based on Te from 5 to 20◦C and Ta/Tc from 30 to 40◦Cshowed that maximum COP of 1.81 for Te/Ta/Tc/Th of 
20/30/30/68◦C. 

In general, examined H2O-[mmim][DMP] mixture showed benefits to improve the energy performance of DE-ARS and to overcome 
the drawback of conventional H2O–LiBr mixture. High-temperature heat is efficiently utilized by H2O-[mmim][DMP] mixture driven 
parallel flow DE-ARS, and it gives basic criteria for the selection of H2O-[mmim][DMP] mixture for the replacement of conventional 
working mixture for cooling purposes. The feasibility of the H2O-[mmim][DMP] mixture for different multistage cycle configurations 
and to utilize low-grade heat more efficiently is under investigation of future study. 
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Nomenclature 

Variables 
CP heat capacity, kJ/kgK 
g Gibbs energy 
h Enthalpy, kJ/kg 
ṁ Mass flow rate, kg/s 
P Total pressure, kPa 
Q Heat load, kW 
R Gas constant, kJ/(kmol K) 
T Temperature◦C 
X2 Mass fraction of absorbent into a binary mixture 
x1 mole fraction of refrigerant into a binary mixture  

Subscripts 
1,2,3 state points 
a Absorber 
c Condenser 
E excess 
e Evaporator 
g Generator 
h High temperature generator 
l Low temperature generator 
ref reference 
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max Maximum  

Abbreviations 
ARS Absorption refrigeration system 
COP Coefficient of performance 
DE-ARS Double effects absorption refrigeration system 
ECOP Exergetic Coefficient of performance 
HTG High temperature generator 
LTG Low temperature generator 
LiBr Lithium bromide 
[mmim][DMP] 1,3-dimethylimidazolylium dimethylphosphate 
SCR Solution circulation ratio 
SDR Solution distribution ratio 
SE-ARS Single effect Absorption refrigeration system 
SHE-LT Solution heat exchange low temperature 
SHE-HT Solution heat exchange high temperature 

References 

[1] S.S. Alrwashdeh, H. Ammari, Life cycle cost analysis of two different refrigeration systems powered by solar energy, Case Stud. Therm. Eng. 16 (2019), https:// 
doi.org/10.1016/j.csite.2019.100559. 

[2] S.M. Babaei, A.R. Razmi, M. Soltani, J. Nathwani, Quantifying the effect of nanoparticles addition to a hybrid absorption/recompression refrigeration cycle, 
J. Clean. Prod. 260 (2020), 121084, https://doi.org/10.1016/j.jclepro.2020.121084. 

[3] D. Perez-Astudillo, D. Bachour, DNI, GHI and DHI ground measurements in Doha, Qatar, Energy Procedia 49 (2013) 2398–2404, https://doi.org/10.1016/j. 
egypro.2014.03.254. 

[4] D. Bachour, D. Perez-Astudillo, Ground-measurement GHI map for Qatar, Energy Procedia 49 (2013) 2297–2302, https://doi.org/10.1016/j. 
egypro.2014.03.243. 

[5] V. Eveloy, D.S. Ayou, Sustainable district cooling systems: status, challenges, and future opportunities, with emphasis on cooling-dominated regions, Energies 12 
(2019), https://doi.org/10.3390/en12020235. 
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