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Highlights 8 

 MED-AD and AD is operated with the pilot facility with the Red Seawater and the 9 

thermal solar system. 10 

 The thermodynamic framework is to consider both thermal and flash evaporation 11 

simultaneously in the hybrid process. 12 

 MED hybridization with AD cycle boosts water production 3-5 folds. 13 

 The last effect of MED system can operate as low as 9.0 °C in hybrid configuration. 14 

 The flashing effectiveness of MED-AD is higher at low temperature due to additional 15 

flashing. 16 

 17 

Graphical abstract 18 
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 20 

Abstract 21 

The hybridization of desalination processes is one of the most promising technologies to overcome 22 

the current limitations of desalination technologies while maximizing the advantages of individual 23 

processes in practice. Multi-effect distillation (MED) and adsorption desalination (AD) hybrid 24 

desalination process has been investigated in this study to maximize the utilization of energy input 25 

in desalination. Two different thermal desalination technologies have been integrated, and the 26 

synergetic impact of utilizing energy enhanced the performance of the hybrid system. The 27 

synergetic thermodynamic model has been developed in this study and the experimental results 28 

from the pilot unit, with a nominal production capacity of 10 m3/day, installed at KAUST, KSA 29 

have been affirmed the proposed model. Both the water production and the universal performance 30 

ratio (UPR) have been improved 2-5 times in different quality of the heat source (40-60 °C) to the 31 

MED. Moreover, the MED-AD hybrid process is enabled to scavenge the energy from the ambient 32 

temperature below 30 °C for the desalination. The utilized energy of both thermal and flash 33 
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evaporation in all operation conditions, and individual effects has been inventoried to analyze the 34 

thermodynamic synergy of the hybridization. In the sole MED operations, the energy input in the 35 

first effect is carried over to the following effects, and part of it is used for thermal evaporation. 36 

However, due to the AD driven flash evaporation, the energy used in evaporation of the following 37 

effect is shown greater than the previous effect. The developed synergetic model of MED-AD 38 

hybrid system and its experiment with 4-effects MED pilot have demonstrated the potential of the 39 

hybrid system and its application to the industrial processes. 40 

 41 

Keywords: Multi-effects-distillation, Adsorption desalination; Hybrid desalination; Energy 42 

efficiency. 43 

 44 

1. Introduction 45 

Water is a vital resource, not only for the daily life of human beings but also for all socio-economic 46 

activities. However, it is being depleted due to unsustainable consumption for domestic, industrial, 47 

and agricultural purposes. Water scarcity in regions with fewer water resources, such as the Middle 48 

East and Africa is escalating more severely than other regions due to their rapid water demand 49 

increase. Complications driven by water shortages have been rising globally in different areas and 50 

sectors. Moreover, the ensemble projection of climate models and socio-economic scenarios shows 51 

the global community will face extensive water stress by 2040 in 167 countries [1]. Seawater has 52 

emerged as a reliable and effective solution for this problem, and this has been researched and 53 

developed in recent years. Current research on seawater desalination has improved technologies 54 

and been implemented in the industry to produce freshwater from seawater. 55 
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However, the main challenge that limits broader applications of seawater desalination is its 56 

intensive energy use [2], which is weakening economic and environmental sustainability of 57 

desalination technologies. As the technologies in the industry have been developed, the cost of 58 

desalinated water per unit production has been drastically decreased to 0.3-0.5 $/m3 [3]. Besides 59 

the economic aspect, emissions of airborne pollutants and greenhouse gasses caused by energy 60 

generations in the life cycle, chemical usages, and brine disposals impact critically the 61 

environmental sustainability of desalination processes [4].  62 

Energy consumptions of desalination technologies are commonly presented in the form of unit 63 

energy input per unit of desalinated water production. However, the same unit, kilowatt-hour per 64 

cubic meter (kWh/m3), is used to quantify the energy applied in different types of technologies, 65 

such as electricity, high-pressure steam, low-pressure steam, chemical potential, solar energy, etc. 66 

Hence, the understanding of energy use in seawater desalination is often misleading. Therefore, 67 

studies are conducted on the system performances by evaluating the primary energy (e.g., fossil 68 

fuel) consumption which can be converted from different derived energies [5-8]. Analyzing the 69 

primary energy consumption is also to deliver the fair understating of individual system or process, 70 

not only to compare different technologies [7-9].  While different approaches are developed to 71 

allocate derived energies into the primary energy, the exergy analysis is known as a method that 72 

ensures the evaluation of environmental impacts and thermodynamic potentials of systems [10-73 

12]. Through the developed method in the previous literatures [5, 13, 14], the performances of 74 

available industrial processes (seawater reverse osmosis (SWRO), multi-stage flash (MSF), and 75 

multi-effect distillation (MED) are shown as around 10% of the thermodynamic limit (TL). The 76 

gap between the thermodynamic limit and the current development of performances is still broad 77 

and represents both the potential and the challenge of seawater desalination improvements. 78 
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Various aspects of research are being conducted to overcome the challenges in energy 79 

consumptions of seawater desalination. Innovative new technologies (e.g., membrane distillation 80 

(MD), and forward osmosis (FO) are practiced for the industrial applications, and membrane 81 

material developments are pursued to enhance the performance of the seawater reverse osmosis 82 

(SWRO) process. Additionally, endeavors to improve existing technologies are continued, such as 83 

increasing energy efficiencies, advancing pretreatments/membrane cleaning, and developing the 84 

hybrid desalination processes [15-19]. 85 

The multi-effect distillation and adsorption hybrid cycle, MED-AD, is a hybrid system between 86 

an MED with a thermally driven energy efficient technology. The AD cycle utilizes low 87 

temperature waste or renewable energy sources to regenerate the saturated adsorbents (e.g., silica, 88 

and zeolite) where the regeneration temperatures can be as low as 55 to 60 °C. The innovative 89 

MED-AD hybrid system was pioneered by Ng et al. [20-23]. In general, the performance of a MED 90 

is limited by two limits, namely the Top-Brine-Temperature (TBT) of less than 65°C to avoid 91 

scaling of the outer surfaces of heat transfer tubes of seawater due to the presence of divalent ions 92 

such as carbonates, sulfates, magnesium, etc., and the Bottom-Brine-Temperature (BBT) of the 93 

last MED stage where the condenser is cooled by the seawater. The limits of TBT and BBT 94 

constrain the design of MED system: In a green field design, firstly, the total number of stages can 95 

be increased due to the larger temperature difference available to the stages undergoing multiple 96 

re-use of the condensation energy within the inner surfaces and re-evaporating the seawater film 97 

on the outer surfaces of tubes. Secondly, for a retrofit application of an existing MED-AD 98 

configuration, the temperature difference (ΔT) can now be increased from a conventional ΔT of 99 

3-3.5 K to about 6 to 7 K, and consequently doubling the water production rates from the MED. 100 

Detailed research on the AD cycles have been studied and made available by many researchers 101 



6 
 

[24-28] where their experiment and simulation results highlighted that the portable water 102 

production and PR of the desalination could be increase up to 2-3 times by the hybrid concept [20, 103 

23]. 104 

However, the fundamental framework of the MED-AD hybrid system has yet to be affirmed while 105 

the improved system performance has been confirmed experimentally in the literatures [20, 21, 106 

29]. Moreover, the theoretical studies in the previous literatures [23, 30] are prepared to present 107 

the overall performance. Namely, the previous models are not designed to investigate the 108 

introduction of different evaporation driving forces by the thermodynamic synergy during the 109 

hybridization. Therefore, firstly, the thermodynamic framework is developed in this study to 110 

explain the synergetic impacts observed in the previous studies on the MED-AD hybrid system. 111 

The presented thermodynamic models are to analyze both (i) the film-boiling evaporative mode 112 

by a thermally-driven temperature differential across the inner to the outer surfaces of tubes of a 113 

conventional MED, and (ii) flash evaporation mode driven by drop in the local saturation 114 

temperature caused by the continued sorption uptake of vapor emanated from the absorbent of AD 115 

cycles. Secondly, the MED and MED-AD hybrid experimental operations are conducted in the 116 

advanced pilot-scale facility at the King Abdullah University of Science & Technology (KAUST) 117 

in Saudi Arabia. The KAUST pilot has demonstrated the feasibility of the hybrid system by (i) the 118 

operation with the real Red Seawater, (ii) the integration with the solar thermal system, and (iii) 119 

the high energy efficient design, which is improved from the literatures reported from NUS in 120 

three effects with intermediate ejectors [20-22]. The pilot at KAUST has four effects and built-in 121 

special feature for vapor injection with instrumentations to capture all values for analysis. 122 

 123 

2. Thermodynamic synergy in MED-AD hybrid system 124 
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The basic mechanism of thermally-driven desalination processes is the utilization of the latent heat 125 

of evaporation in a cascade manner. The energy efficacy of MED is dependent on the number of 126 

times the latent energy of steam can be re-utilized in the subsequent effects or stages where both 127 

temperatures and pressures are decreasing. Thus, increasing the number of effects (or stages) 128 

extends the operation range of the distillation system that would enhance the utilization of feed 129 

exergy. Despite of the increased capital cost with the additional stages, it is reported that the 130 

improved unit production generally benefits to the total cost of the thermal desalination process by 131 

the developed model in the literature [31]. The main advantages of a hybrid MED-AD system over 132 

the conventional MED are two folds: (i) permits additional number of effects to be designed in a 133 

green plant and (ii) for a retrofitting configuration, the temperature differentials across the stages 134 

are enhanced, as shown in the graphical abstract. 135 

The impact of lowering the BBT to below ambient temperature in a MED-AD system is the unique 136 

thermodynamic synergy where there is an enhanced flash-evaporation of the seawater feed, this 137 

phenomena is propagated in an “avalanche” manner to the subsequent stages. In the conventional 138 

MED, however, the BBT remains above the ambient temperature as ambient as the condenser is 139 

seawater cooled. Consequently, the evaporation phenomenon in the MED system is attributed to 140 

the falling film-boiling which is driven by condensation energy of previous effects. The energy 141 

balance correlations in the MED system is shown in Table 1 from the previous literatures [32-34]. 142 

 143 

Table 1. Mathematical model equations for the MED system 144 

Model Equations Remarks 
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The energy balance equations are simplified to present the thermodynamic synergy in this study, 146 

and the energy balance due to the film-boiling evaporation across effects in n-number of effects 147 

MED can be expressed as 148 

, 1 ,      ( 1.0)t n t nQ Q      (1) 

where ,t nQ  is energy input for thermally driven falling film-boiling evaporation and   is thermal 149 

effectiveness. The energy input for thermal evaporation in the 1st effect, ,1tQ , is derived solely 150 

from the thermal heat energy input by hot water, 
hwQ , i.e., the heat source from the steam generator 151 

(SG). Thermal effectiveness,  , accounts for the energy loss in each stage. Thus, the total 152 

evaporation energy utilized in a conventional MED to produce distillate is derived as 153 

,

1

n
i

total MED hw

i

Q Q


   (2) 

In the MED-AD hybrid processes, additional flashed evaporation effects are incorporated with the 154 

film-boiling evaporation. Owing to the suction effects from the adsorbent, there exists a degree of 155 

superheat as the temperature of feed supply is higher than the evaporation temperatures of each 156 

chamber, Δ ,e nT . Evaporated vapor from both film-boiling and flash are further utilized in the 157 

subsequent effects but they are transformed as a heating source for thermally driven film-boiling 158 

evaporation. The energy balance for an evaporation stage can be defined as 159 

, 1 ,      ( 1.0)f n f nQ Q      (3) 

in which ,f nQ  and   are the fraction of the energy input or effectiveness incurred for flash 160 

evaporation in the n-th effect. By equations (1) and (3), the total evaporation energy consumed to 161 

operate a MED-AD hybrid system is given by their sum; 162 
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Thus, considering over all n stages of a MED-AD system, the energy model that accounts for both 163 

thermally and flashed driven processes is given by equation (6) from deriving the summation of 164 

equation (5) with equations (1-4). Such a theoretical energy balance would have to be validated by 165 

conducting actual experiments in a pilot plant where the indices   and   are regressed at assorted 166 

heat source and feed flow rates. Details of the experiments are described in the sections to follow. 167 

 168 

3. MED-AD pilot description 169 

The experiment pilot MED-AD hybrid at KAUST comprises the following key components; (i) a 170 

four multi-effects distillation (MED) system, each stage having a nominal tube surface area of 3.35 171 

to 4.24 m2, (ii) a four beds silica gel-water adsorption desalination system that extracts vapor from 172 

the last MED stage, lowering the saturation of BBT to as low as 10o C, and (iii) a solar thermal 173 

collector system of 352 m2 area with 12 m3 storage capacity. The 4-effects MED coupled AD cycle 174 

with 4-beds has a nominal water production of 10 m3/day [35], and it is shown in Fig. 1. For the 175 

hybrid operation, the MED condenser and the AD beds are linked by a pipe with a 35 cm diameter. 176 

Solar thermal energy is harvested via evacuated tubes collectors and excess solar thermal energy 177 
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could be stored in thermally-stratified water tanks. Only water of the highest temperatures are sent 178 

to regenerate the adsorbent of AD. Fig. 2 shows an operation flow schematic of the MED-AD pilot 179 

system in KAUST. The operation details are presented in the sections below. 180 

 181 

Figure 1. MED-AD hybrid pilot in KAUST 182 

 183 
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 184 

Figure 2. MED-AD pilot operation flow schematic 185 

 186 

3.1. Seawater feed 187 

Feed seawater for the MED-AD operations is drawn from the Red Sea which is available directly 188 

in the pilot facility connected to the intake pipe. A minimal screening is conducted during the 189 

intake, and no other chemicals (e.g., acid and antiscalant), only physical treatment (e.g., cartridge 190 

filtration) is applied to the experimental operations. Sample analyses of TDS and conductivity 191 

have followed the procedures in standard methods for the examination of Water [36]. The MED 192 

system is designed for parallel feed with nozzles and feed water is sprayed onto the horizontal 193 

tubes for achieving a falling film-boiling evaporation. Pre-heating of feed is conducted at the MED 194 

condenser, and part of the cooling water is re-circulated back to the feed water tank during the 195 

conventional MED operation. During the MED-AD hybrid operation, the MED condenser is by-196 

passed. 197 
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 198 

Table 2. Design and operational parameters of MED-AD pilot at KAUST 199 

MED steam generator (1st effect) 

     Area of heat transfer 3.35 m2 

     Tube outer diameter 15 mm 

     Tube thickness 0.5 mm 

     Single tube length 635 mm 

     Tube matrix detail (tubes in a row x rows) 8 x 14  

     Evaporator volume 650 x 520 x 700 mm 

MED effects 

     Area of heat transfer 4.24 m2 

     Tube outer diameter 19 mm 

     Tube thickness 0.5 mm 

     Single tube length 635 mm 

     Tube matrix detail (tubes in a row x rows) 8 x 14  

     Evaporator volume 650 x 500 x 700 mm 

Adsorption beds 

     Mass of adsorbent (silica gel) 312 kg 

     Surface area of adsorbent 850 m2/g 

Operation parameters 

     Hot water (heat source) flow rate 5.0 m3/h 

     Hot water temperature range 20-60 °C 

     Feed water flow rate 0.475 m3/h 

     Feed water temperature 33 °C 

 200 

3.2. Produced vapor/distillate stream 201 

The MED evaporators comprising the inner and outer surfaces of tubes are mainly designed in 202 

accordance to the heat and mass transfer correlations of literatures [32-34, 37]. The design and 203 

operation parameters are summarized in Table 2. The heat transfer area of the steam generator (1st 204 
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effect) and the subsequent effects are 3.35 m2 and 4.24 m2 respectively, and the total area available 205 

for heat and mass transfer is 16 m2. In the 1st effect of MED, a steam generator, a primary vapor 206 

is produced by the heat source, which is hot water heated by a boiler and steam injector in the case 207 

of this pilot process. The primary vapor produced from the 1st effect is re-utilized as a heat source 208 

in the 2nd effect across tubes. It evaporates feed water at the outer tube, and the vapor is condensed 209 

as the distillate at the inner tube. Energy re-utilization to the subsequent effects are repeated with 210 

evaporation and condensation. In the MED sole operation, the vapor produced in the 4th effect is 211 

condensed by the MED condenser. The vapor from the last effect is adsorbed on to the silica gels 212 

in AD beds while the MED-AD hybrid system in operation. The desorbed vapor from the AD beds 213 

is condensed in the AD condenser. The total distillate production in the system is measured from 214 

both the MED and the AD by turbine flow-meters, and produced water is collected in the distillate 215 

tank. A belt drive type oil rotary vacuum pump is installed to remove non-condensable gases to 216 

enhance the heat transfer efficiency. 217 

 218 

3.3. Adsorption cycles 219 

Conventional bead type silica gel is packed in AD beds as an adsorbent. The AD cycles are 220 

operated in a 2-bed mode where two AD beds adsorb water vapor while another two desorb it 221 

sequentially. The cycle time of adsorption/desorption and the switching time are set to 270 s and 222 

30 s, respectively. The total mass of adsorbents (silica gel) in the four beds is 312 kg, and the 223 

surface area of silica gel is 850 m2/g. Detail thermo-physical properties and adsorption parameters 224 

of silica gel can be found in the previous studies [20, 30]. The hot water temperature of 68.0 ± 225 

1.0 °C which is from the solar collector is deployed in the heat exchangers during desorbing water 226 
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vapor. However, during an adsorption half cycle, the heat of adsorption from vapor uptake is 227 

rejected to the ambient environment by the cooling water. 228 

 229 

3.4. Solar thermal energy systems 230 

A 352 m2 solar evacuated-tube collector array (Fig. 3) is installed on a building rooftop of the pilot 231 

facility at KAUST which has an efficiency between 50 to 60% for incidence angle not greater than 232 

45° from the Zenith (ground normal). Water is circulated to the heat exchangers of solar circuit, 233 

transferring thermal energy of the heat pipes of evacuated tubes to the hot water circuit by a 234 

detachable dry-joint design. Hot water from the storage tanks are heated by the primary water 235 

circuits of collectors via a plate-type heat exchanger, isolating the secondary hot water circuit from 236 

the evacuated-tubes. The energy storage tanks are designed for thermally-stratified with a top-to-237 

bottom arrangement over four tanks that are placed horizontally, each tank has a 3 m3 capacity and 238 

the total storage capacity is 12 m3. Excessive solar input (above the thermal storage capacity set at 239 

90 °C) during a diurnal period is sent for rejection into the ambient via a radiator circuit, releasing 240 

the excess thermal energy to prevent over heating of the thermal tanks. 241 

 242 

Figure 3. (a) The pictorial image of rooftop solar facility, and (b) the thermal energy storage unit 243 

scheme 244 
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 245 

4. Results and discussion 246 

4.1. Hybridization of MED and AD 247 

The MED and MED-AD hybrid operations within the temperature range of 20-60 °C are analyzed 248 

and compared. Individual data sets from each experiment in single temperature conditions are 249 

collected over 6 to 8 hours of continuous operation. The typical (i) temperature and (ii) water 250 

production profiles of the heat source (60 °C) during the hybridization of MED and AD are shown 251 

in Fig. 4. After the hybridization, the cyclic curve form of temperature (and water production) 252 

trends is driven by the AD cycles (300 s) while the operation heat source temperature is maintained 253 

constantly (60 °C). The AD cycle observed in the temperature and water production profiles is 254 

driven by the pair of water vapor adsorbing and desorbing with the adsorbent (e.g., silica), and the 255 

technology has been developed for the extensive application [38-42]. Saha et al. [42] have 256 

demonstrated the energy efficiency of the AD in the cogeneration system of desalination and 257 

cooling. In addition, the compact adsorption desalinator is developed with the specific water 258 

production of 7.7 kgw/kgsg per day and the performance ratio of 0.6 in the recent study [39].  259 
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 260 

 261 

Figure 4. (a) The temperature profile and (b) distillate productions of MED-AD hybrid system at 262 

heat temperature 60 °C with the AD cycle in 300 s 263 

 264 

The detail results of experiments and analyses are presented in the following three sections. Firstly, 265 

water quality of seawater feed is analyzes in all MED-AD and MED operations. Secondly, 266 

performance results from experiments are investigated by total distillate productions, heat energy 267 

inputs, and universal performance ratios. Analyses of temperature and energy distributions of 268 

individual MED evaporators (both sole MED and MED-AD hybrid operation) are conducted to 269 

investigate the thermodynamic changes in respective effects lastly. The proposed model of the 270 
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hybrid system is validated with the experimental results. All operations are conducted with 271 

seawater and freshwater to test the impact of salinity. However, the section 4.2 of the results is 272 

presented in only seawater because no significant difference seawater and freshwater was found.  273 

 274 

4.2. Water quality analysis in MED-AD and MED operations 275 

The heat source (hot water) temperatures supplied to the pilot plant ranges from 20 °C to 60 °C, 276 

and the tests are conducted for the MED and MED-AD hybrid systems are supplied with both 277 

freshwater (236 mg/L of TDS) and seawater (34,718 mg/L of TDS). The water quality results of 278 

feed seawater and MED-AD/MED distillate are presented in Table 3 with the analyses of major 279 

ions in the samples. The significant difference of distillate quality is not observed in MED and 280 

MED-AD operations. 281 

 282 

Table 3. Water quality analysis of feed and distillate on MED-AD and MED in seawater 283 

operations 284 

 Seawater Feed MED-AD Distillate MED Distillate 

Average Stdev Average Stdev Average Stdev 

Conductivity (uS/cm) 61,264 975 3.422 0.442 3.564 0.340 

TDS (ppm) 34,718 1,088 2.175 1.188 2.342 0.758 

Sodium (ppm) 10,883 608 0.805 0.655 0.838 0.463 

Magnesium (ppm) 1,099.91 55.20 0.096 0.060 0.096 0.028 

Calcium (ppm) 379.51 36.12 0.022 0.007 0.021 0.004 

Potassium (ppm) 434.11 26.67 0.058 0.034 0.052 0.011 

Chloride (ppm) 19,217 422 1.099 0.496 1.217 0.319 

Sulfate (ppm) 2,571.53 70.24 0.095 0.040 0.119 0.041 

Bicarbonate (ppm) 133.92 7.38 <0.01 <0.01 

 285 
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4.3. Performance of MED-AD and MED system 286 

The Key performance test results are shown in Fig. 5, which depict the operation range of the 287 

MED-alone system is from 40-60 °C whilst the temperature of cooling water applied in the MED 288 

condenser is 31-33 °C. The impact of temperature variations, the flow rate of feed water is set 289 

constant to 0.475 m3/h for all operations, and distillate production data are normalized to the total 290 

heat transfer area. It shows there is a significant improvement of production by hybridized MED-291 

AD. At the same heat source temperatures of 40-60 °C, distillate production improved by 3-5 folds 292 

of the MED-alone. Greater standard deviations of distillate production in the MED-AD than the 293 

sole MED operations are expected due to fluctuating states of the AD cycles. However, the 294 

experimental results show excellent thermodynamic synergy of MED and AD cycles, which can 295 

be solely attributed to significant flashing of feed caused by higher extraction of vapor by the 296 

adsorbent. In the conventional MED system, however, water production dropped with reducing 297 

heat source temperatures. 298 

At nearer to the ambient temperature, the heat source from 35-40 °C tend to have a levelling 299 

distillate production rate with the MED-AD hybrid operating mode, due probably to the transition 300 

evaporation mechanism of the hybrid system, as shown in Fig. 5(a). Despite the constant rate of 301 

production, the distillate production is observed to be 7-8 fold higher than the MED-alone mode, 302 

boosted by additional flash evaporation phenomena. This increase in distillate production is 303 

predicted by the model described by Equation (6) and they agree well with the measured data. The 304 

type of energy input to MED and MED-AD systems are clearly shown in Fig. 5(b), namely (i) the 305 

direct thermally driven energy input of MED from 33 to 60 °C (positive quantity) and (ii) the 306 

scavenged energy from the ambient seawater feed below the ambient temperature, from 15-33 °C 307 

(negative quantity). Fig. 5(c) depicts the universal performance ratio (UPR) of the MED and MED-308 
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AD operation for all heat source temperatures. It is observed that the UPR of MED-AD is more 309 

robust for all heat source temperatures from 15 to 60 °C. It is noted that MED-alone mode could 310 

not operate below a heat source temperature of 35 °C where the cooling water temperature is 30 °C, 311 

the ambient temperature, in the condenser. The BBT of the MED-alone operation is shown as 312 

34.85 °C at the heat source temperature of 40 °C. The result in this study is even less than the 313 

BBTs reported in the current literature [43-45], which are in the range of 37-46 °C. 314 

  315 

 316 

Figure 5. (a) Distillate production, (b) energy input, and (c) performance ratio of MED-AD and 317 

MED in the different heat source temperatures 318 

 319 

The universal performance ratio (UPR) is applied to evaluate different operating conditions in sole 320 

MED and MED-AD hybrid systems. The universal performance ratio has been introduced by Ng 321 

et al. [5, 14] to evaluate desalination technologies directly by primary energy (e.g., fossil fuel) 322 

consumption, and it can be defined as  323 
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where CF is the conversion factor derived from the conversion efficiency to convert different 324 

derived energies to primary energy. UPRs in experimental operations are analyzed by using the 325 

conversion efficiency of electricity and thermal energy as 47 % and 3.4 % respectively [14]. 0.68 326 

kW of electrical energy is consumed for all experimental conditions with both MED and MED-327 

AD operations, and solar energy is not considered as primary energy inputs. The electrical energy 328 

is calculated according to the according to heating (5.0 m3/h) and cooling (1.2 m3/h, including the 329 

feed) water flow rates in 80 % of pumping efficiency. In a MED-AD hybrid system, UPRs above 330 

the ambient temperature of a heat source (40-60 °C) are shown to be similar around 45. Below 331 

40 °C of heat source temperature, UPRs are improved as systems are scavenging the ambient 332 

energy. Utilization of ambient energy is maximized at 30 °C of heat source temperature. Hence, 333 

UPR of 4-effects MED-AD hybrid is exceeded 60 with the heat source temperature of 30 °C. In 334 

the operation with 40 °C heat source temperature, the UPR of the MED-AD was enhanced 5 times 335 

to the sole MED. UPRs of sole MED operations are increased as heat source temperatures rise, 336 

which is commonly expected. 337 

 338 

4.4. Energy analysis in individual effects of MED-AD and MED system 339 

The improved performance in hybridization is presented by comparison of the overall performance 340 

between MED-AD and MED operations at different conditions. However, examining data in a 341 

respective effect is necessary to investigate the fundamental impact of the hybrid system. Hence, 342 

MED-AD and MED operation temperatures are measured, and the energy utilization in the systems 343 
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are analyzed, which are shown in Table 4. As the main impact of MED-AD hybridization is 344 

mentioned as the extended range of operation temperature, 4th effect temperature (BBT) in MED-345 

AD operation at 20 °C of heat source temperature is lowered down to 9 °C. At this lowest operation 346 

condition, the inter-stage temperature is measured as 2.6 K which is in the range of conventional 347 

operation condition. At heat source temperature of 60 °C, in the MED-AD hybrid operation, the 348 

inter-stage temperature is widened to 10.1 °C as the BBT is stretched to 20 °C while the TBT is 349 

49.4 °C. However, in the sole MED operations, the limitation of BBT is shown as 34.8 °C, and the 350 

inter-stage temperature is only 1.1 K at 40 °C heat source temperature. The results explain low 351 

system performances in this operating condition. 352 

 353 

Table 4. MED-AD and MED operation temperature and energy distributions 354 

MED-AD 

T
em

p
er

at
u

re
 (

°C
) 

HW in 59.9 ± 0.5 55.0 ± 0.2 49.6 ± 0.4 45.0 ± 0.1 40.0 ± 0.1 35.0 ± 0.1 30.0 ± 0.1 25.0 ± 0.1 20.0 ± 0.0 

HW out 54.4 ± 0.1 49.3 ± 0.1 44.9 ± 0.4 40.9 ± 0.2 35.9 ± 0.2 30.9 ± 0.2 26.5 ± 0.2 22.2 ± 0.2 18.0 ± 0.2 

Feed in 33.0 ± 0.1 33.0 ± 0.1 33.0 ± 1.2 32.9 ± 1.3 33.0 ± 1.4 33.0 ± 1.3 32.9 ± 1.3 33.0 ± 1.3 32.9 ± 1.3 

1st Eff 49.4 ± 0.2 44.1 ± 0.1 39.3 ± 0.4 36.6 ± 0.2 32.0 ± 0.3 27.6 ± 0.2 23.8 ± 0.2 20.2 ± 0.2 16.7 ± 0.2 

2nd Eff 44.4 ± 0.3 38.6 ± 0.1 33.9 ± 0.5 30.5 ± 0.3 27.7 ± 0.2 24.5 ± 0.3 21.3 ± 0.4 18.1 ± 0.3 14.6 ± 0.4 

3rd Eff 32.4 ± 0.6 29.6 ± 0.5 26.7 ± 0.7 24.5 ± 0.5 22.9 ± 0.4 21.0 ± 0.5 18.4 ± 0.5 15.4 ± 0.6 12.6 ± 0.5 

4th Eff 19.0 ± 1.9 18.5 ± 1.9 16.2 ± 2.0 14.1 ± 2.1 14.4 ± 2.1 14.4 ± 1.9 12.9 ± 1.9 10.8 ± 1.7 9.0 ± 1.3 

T
o

ta
l 

E
n

er
g
y

 (
k

W
) 

HW input 34.25 33.60 26.85 23.26 23.32 23.22 20.10 15.93 11.59 

T
h

er
m

al
 E

v
ap

o
ra

ti
o
n

 

1st Eff 29.82 31.08 26.13 22.87 23.22 23.14 20.02 15.85 11.55 

2nd Eff 27.83 29.81 26.00 22.78 23.26 23.80 21.21 17.56 13.80 

3rd Eff 27.70 29.57 25.80 22.99 23.73 24.79 22.67 19.51 16.21 

4th Eff 27.59 29.61 26.45 23.96 24.73 26.24 24.54 21.84 18.93 

F
la

sh
 

E
v

ap
o

ra
ti

o
n
 1st Eff - - - - 0.18 0.77 1.27 1.79 2.28 

2nd Eff - - - 0.39 0.75 1.17 1.59 2.06 2.45 

3rd Eff 0.17 0.53 0.99 1.27 1.46 1.71 2.06 2.50 2.80 
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4th Eff 1.93 2.05 2.61 2.91 2.81 2.81 3.08 3.50 3.70 

MED 

T
em

p
er

at
u

re
 (

°C
) 

HW in 60.0 ± 0.1 55.0 ± 0.1 50.0 ± 0.0 45.0 ± 0.0 40.0 ± 0.1 - - - - 

HW out 56.6 ± 0.1 52.2 ± 0.1 48.0 ± 0.1 43.6 ± 0.0 39.2 ± 0.0 - - - - 

Feed in 33.0 ± 0.1 33.0 ± 0.2 33.0 ± 0.3 33.0 ± 0.1 33.0 ± 0.0 - - - - 

1st Eff 53.7 ± 0.1 49.6 ± 0.0 45.5 ± 0.0 41.9 ± 0.0 38.2 ± 0.0 - - - - 

2nd Eff 50.3 ± 0.1 46.6 ± 0.0 43.2 ± 0.0 40.5 ± 0.0 37.3 ± 0.0 - - - - 

3rd Eff 45.9 ± 0.1 42.8 ± 0.1 40.4 ± 0.0 38.7 ± 0.0 36.2 ± 0.0 - - - - 

4th Eff 43.6 ± 0.1 38.7 ± 0.1 37.2 ± 0.0 36.6 ± 0.0 34.8 ± 0.0 - - - - 

T
o

ta
l 

E
n

er
g
y

 (
k

W
) HW input 19.49 16.20 11.26 8.19 4.32 - - - - 

T
h

er
m

al
 E

v
ap

o
ra

ti
o
n
 

1st Eff 16.14 13.68 9.85 6.97 3.84 - - - - 

2nd Eff 13.20 11.52 8.45 5.91 3.44 - - - - 

3rd Eff 10.98 9.95 7.31 5.08 3.14 - - - - 

4th Eff 9.10 9.02 6.54 4.55 2.96 - - - - 

 355 

From temperature and flow rate data, the energy balance is analyzed to investigate the energy 356 

utilization of operation systems. Across a considered boundary in a single effect, the thermal 357 

energy input is utilized to evaporate feed water along with sensible heating and heat transfer loss 358 

in the conventional MED system. The thermal energy for the 1st effect is from the heat source (hot 359 

water), and the following effects are using the heat of condensation of vapor produced from the 360 

previous effect. In the MED-AD hybrid system, the energy of feed water is consumed for flash 361 

evaporation under pressure drop in an evaporation chamber. The amount of flash evaporation can 362 

be analyzed by the temperature difference between the feed water and the chamber. Therefore, the 363 

inventory of total energy (including the energy scavenged from the ambient) used in thermal 364 

evaporation which is driven by the heat of prior effects and flash evaporation is derived as shown 365 

in Table 4. Energy analysis results are verified by comparing the sum of individual evaporation 366 

energies and measured total distillate production data. Distillate productions in individual effects 367 
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are determined and presented in Fig. 6 from the energy analysis results. In the conventional MED 368 

system, it shows maximum production in the 1st effect as the heat source loses energy across 369 

effects. Contrary to the sole MED, distillate production in the 4th effect is equivalent to or 370 

increased from the production of the 1st effect in the MED-AD hybrid system. 371 

 372 

Figure 6. Distillate productions by individual effects in MED-AD and MED 373 

 374 

Furthermore, additional analyses have been made to identify the sources of individual evaporation 375 

energies. All evaporation phenomena in the sole MED operations are distinctly sourced from the 376 

heat input [55]. However, the avalanche effect has been observed in the MED-AD hybrid system, 377 

in which the energy from flash evaporation is utilized as heat sources for thermal evaporation in 378 

following effects. Sources of evaporation energy at heat source temperatures 20, 40, and 60 °C are 379 

presented in Fig. 7. In the MED-AD hybrid operation at the heat source temperature of 20 °C, 56% 380 

of the total evaporation originates from flash evaporation which utilized ambient energy. 381 

According to the analysis, in the MED-AD system, extracting more energy from the same heat 382 

source temperature is carried out by the stretched range of operating temperature. Therefore, 383 
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significant production improvements are observed in the same operating conditions. The impact 384 

of flash evaporation in total distillate productions shows that it is significant only in the low-385 

temperature operations. The model of thermodynamic synergy in an MED-AD, equation (6), is 386 

developed to present the thermodynamic advantages of hybridization. In this model, additional 387 

evaporation energy from flashing is introduced, and the impact of extended ranges of operating 388 

temperatures is included as a thermal energy input term. Thermal energy input to the 1st effect of 389 

an MED increases in the same operation conditions (e.g., heat source temperature, feed water flow 390 

rate, etc.) while the BBT lowers as more energy is extracted. From the analyzed evaporation 391 

energies in Table 4, the individual values of thermal and flash effectiveness in different operations 392 

can be calculated, which signify performance of energy utilization in the systems. The flash 393 

effectiveness in the MED-AD hybrid system is increased significantly as operation temperature 394 

drops by enhanced flashing phenomena. Due to higher energy loss in heat transfer and sensible 395 

heating at higher operation temperature, the thermal effectiveness is reduced as operation 396 

temperature rises in the experiment. 397 
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 398 

Figure 7. Energy used for evaporation in MED-AD and MED 399 

 400 

5. Conclusion 401 

The synergetic model, for analyzing the energy distributions in consecutive stages of a MED-AD 402 

hybrid system, has been demonstrated. The model is also verified with measurements taken from 403 

a lab-scale pilot plant fed with at different heat source temperatures. Enhanced performance of the 404 

hybrid system is presented with 3-5 folds increase in the distillate production at almost the same 405 

energy input at the top-brine stage. The improvements are attributed to the extended range of 406 

operating temperature and additional flash evaporation accrued in the preceding MED stages, 407 

demonstrating the excellent thermodynamic synergy to even below the ambient temperatures in 408 

the last few stages: This is a kudos to hybrid integration of heat and mass transfer processes. The 409 

symbiotic integration of MED and AD cycles has great potential for utilizing low-temperature 410 
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energy sources, such as the solar or geothermal thermal sources, and it will pave the way for 411 

sustainable seawater desalination of the future. 412 

 413 

Nomenclature 414 

AD  Adsorption desalination 415 

BBT  Bottom brine temperature 416 

CF  Conversion factor 417 

FO  Forward osmosis 418 

MD  Membrane distillation 419 

MED Multi effect distillation 420 

MSF  Multi stage flash 421 

SG  Steam generator 422 

SWRO  Seawater reverse osmosis 423 

TBT  Top brine temperature 424 

TL  Thermodynamic limit 425 

UPR  Universal performance ratio 426 

Symbols 427 

Q  Heat flux 428 

H   Enthalpy 429 

m  Mass flow rate 430 

A  Area 431 

T  Temperature 432 
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d  Diameter 433 

h  Heat transfer coefficient 434 

Re Reynolds number 435 

Pr  Prandtl number 436 

Nu  Nusselt number 437 

k  Thermal conductivity 438 

Greek symbols 439 

  Flash evaporation effectiveness 440 

  Thermal evaporation effectiveness 441 

  Dynamic viscosity 442 

  Density 443 

Subscripts 444 

b Brine 445 

e Evaporator 446 

elec Electrical energy 447 

f Flash evaporation 448 

f_f Feed water to flash evaporation 449 

f_t Feed water to thermal evaporation 450 

g Gas 451 

l-g Evaporation 452 

hw Hot water 453 

l Liquid 454 
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n Number of effect 455 

sg Steam generator 456 

t Thermal evaporation 457 

ther Thermal energy 458 

tube Heat exchange tubes 459 

v_t Vapor from thermal evaporation 460 

v_f Vapor from flash evaporation 461 
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