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Abstract 14 

In humid environments, decoupling the latent and sensible cooling loads - dehumidifying - can 15 

significantly improve chiller efficiency. Here, a basic limit for dehumidification efficiency is 16 

established from fundamental thermodynamics. This is followed by the derivation of how this limit is 17 

modified when the pragmatic constraint of a finite flux must be accommodated. These limits allow one 18 

to identify promising system modifications, and to quantify their impact. The focus is on vacuum-based 19 

membrane dehumidification. New high-efficiency configurations are formulated, most notably, by 20 

coupling pumping with condensation. More than an order-of-magnitude improvement in efficiency is 21 

achievable. It is contingent on water vapor exiting at its saturation pressure rather than at ambient 22 

pressure. Sensitivity studies to recovery ratio, temperature, relative humidity and membrane selectivity 23 

are also presented. 24 

 25 

Keywords: Vacuum-based membrane dehumidification, dehumidification energy efficiency, 26 

coefficient of performance, thermodynamic limit, latent heat  27 
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1. INTRODUCTION 28 

Dehumidification can comprise a substantial fraction of cooling loads in hot humid 29 

environments. For example, 70-80% of the total energy consumed by a vapor-compression chiller 30 

comes from direct cooling at a relative humidity RH of 70-95%. Outdoor air (point O) and return air 31 

(point R) are mixed in an air-handling unit (Fig. 1). The mixed air (point M) is then passed over the 32 

cooling coil, where both sensible and latent heat are removed. To meet the required humidity for 33 

thermal comfort, the surface temperature of the cooling coil is set below the dew point temperature of 34 

the supply air. Then, the off-coil air is reheated to raise its temperature (T) and lower its RH (point S). 35 

The considerable energy consumption in both the cooling step (when the cooling coil operates at lower 36 

surface temperatures) and the reheating step diminishes air-conditioning efficiency [1,2]. 37 

This motivates decoupling moisture removal from sensible cooling [1,2]. Efforts to date have 38 

been based on solid [3-8] and liquid [4,9-13] desiccant dehumidifiers. These include three-fluid energy 39 

exchangers and other novel methods for improving heat and mass transfer [10,12]. The process is 40 

illustrated by pathway M → D → S in Fig. 1. The mixed humid air is first passed through the desiccant 41 

module, removing the water vapor. But the exothermic sorption between water vapor and desiccant 42 

warms the air stream (M → D). The air is then cooled to the desired temperature (D → S) by a 43 

conventional vapor compressor chiller. The desiccant is regenerated thermally after each cycle. The 44 

Coefficient Of Performance (COP - see Eq. (1) below) of desiccant dehumidification is low because of 45 

the excessive energy to regenerate the desiccant at high temperature [4,7,8,14]. 46 

This study relates to the strategy of Vacuum-based Membrane Dehumidification (VMD) [14-47 

18], illustrated by path M → I → S in Fig. 1. Mixed air is first passed over a membrane surface at 48 

ambient pressure. A vacuum pressure is applied to the opposite side of the membrane to create a 49 

driving force for water permeation. An advantage of VMD is that air is dehumidified isothermally (M 50 

→ I). The dried air is cooled to the thermal comfort level with minimal energy consumption (I → S). 51 

No thermal regeneration is needed for continuous operation. 52 
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Substantial efforts to develop suitable highly permselective polymeric [17-22], inorganic 53 

[14,19,23], liquid [24,25] and mixed matrix [26,27] membranes have been explored. However, 54 

precisely how membrane permeance and selectivity affect the COP of VMD remains to be elucidated, 55 

where, for dehumidification [14,15,18] 56 

 ��� = ����	�	����	������
�	����	�	���       (1) 57 

and is the principal measure of dehumidification efficiency. 58 

The vacuum pump is a critical part of a VMD system. It creates a continuous driving force for 59 

water vapor permeation. It also pumps and discharges permeate vapor from the membrane module to 60 

ambient pressure. It is essentially the only source of energy consumption in VMD. The key practical 61 

limitation in VMD systems to date has been requiring a pump that can handle large volumes of water 62 

vapor at high compression ratio (~100) [16]. 63 

Here, a fundamental thermodynamic approach to answer three important questions is 64 

developed. (1) What are the energy efficiency bounds of VMD imposed by thermodynamics? (2) How 65 

do the key physical variables affect VMD COP? (3) How can substantial improvements in VMD COP 66 

be realized? Our findings are vital for designing an efficient membrane vacuum system for 67 

dehumidification and gas separation. 68 

 69 

2. VACUUM-BASED MEMBRANE DEHUMIDIFICATION 70 

2.1 Thermodynamic analysis of ideal gas separation 71 

The incoming humid air, along with the outgoing dry air and water vapor (Fig. 2), can be 72 

treated as ideal gases for the temperatures and pressures of common cooling applications. The 73 

minimum work input for the complete separation of water vapor from humid air at constant pressure 74 

(p) and temperature is the reversible limit [28]: 75 

 � = −�	�	�	(������ + � ��� )      (2) 76 
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where n is the total number of moles, R is the gas constant, and Xa and Xw are the mole fractions of dry 77 

air and water, respectively. Namely, for input humid air with a moles of dry air and x moles of water 78 

vapor, for which Xa = a/(a + x) and Xw = x/(a + x): 79 

�(") = −�� #$ ln ' �
�()* + "	ln ' )

�()*+ .     (3) 80 

The impact of distinct separation strategies will now be analyzed. The most efficient 81 

dehumidification scheme - an isothermal process at constant atmospheric pressure (1 atm) - is 82 

considered first. The separation and condensation processes can be analyzed separately (Fig. 2). 83 

Because condensation proceeds at ambient temperature, cooling can be very efficient, representing only 84 

a negligible fraction of the total energy consumption. 85 

In a partial separation process, only ∆x mol of water vapor are removed. This reduces W(x) by 86 

∆W(x), which is the minimum work for the reversible separation: 87 

  �,-. = ∆�(").        (4) 88 

The latent heat removed (∆012) is proportional to ∆x.  Hence, the maximum dehumidification COP is 89 

 ���,�) = ∆3456789 = (:;�2	<=	><.?;.@�2-<.)	∆)
6789 = ABCCC	' D7E4*	∆)∆6())     (5) 90 

Actual systems operate irreversibly at finite flux. This prompts consideration of how COP 91 

depends on Recovery Ratio (RR): 92 

 �� =  �2;F	G�H<F	F;,<G;?
 �2;F	G�H<F	-.HI2 = ∆)

)  .      (6) 93 

Higher RR means drier product air, greater flux, and therefore lower COP. Figure 3 (a) plots Wmin as a 94 

function of RR. Figure 3 (b) shows corresponding results for COPmax. In the limit of vanishing RR, 95 

COPmax approaches ~5.4 (expanded in Supplementary Information 1 (a), which rigorously accounts for 96 

the proper limit when two variables each approach 0 but their quotient approaches a finite non-zero 97 

value). In the opposite limit of RR approaching 1, COPmax approaches ~4.2. 98 
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Dehumidification has also been proposed as an alternative to desalination for producing potable 99 

water from ambient air. The principal energetic measure is then Specific Energy Consumption SEC 100 

(typically in kWh/kg), which is proportional to 1/COP: 101 

 JK� = �	����	�	���
�LL	�M	N����	������ = :;�2	<=	><.?;.@�2-<.

OPQ = RBCC	' DST*	
UVCC	' DSWX*		∙	OPQ  (7) 102 

where the conversion factor in the denominator of Eq. (7) ensures that the units of SEC are kWh/kg. 103 

The minimum energy for water reclamation increases from 0.13 to 0.17 kWh/kg over the full 104 

range of RR values (Fig. 3 (b) and Supplementary Information 1 (a)). In contrast, the corresponding 105 

SEC limit for seawater desalination is more than two orders of magnitude lower [29,30]. Vacuum-106 

based membrane systems have also been developed for thermally-driven desalination [31] (in contrast 107 

to electrically-driven reverse osmosis). 108 

The latent heat and minimum work for calculating COPmax strongly depend on the air’s water 109 

content. The resulting variation of COPmax with input RH (as RR → 0 and RR → 1) is shown in Fig. 4. 110 

 111 

2.2 Thermodynamic analysis of vacuum-based membrane dehumidification 112 

The isothermal separation of water vapor from air requires membranes with high water vapor 113 

permeability and selectivity. A cross-flow membrane dehumidifier is shown in Fig. 5 (a). Its pressure 114 

profile is drawn in Fig. 5 (b). Humid air is passed over the membrane at ambient pressure, pamb. A 115 

vacuum pressure, pvac, is applied on the permeate side of the membrane. This creates a driving force for 116 

water vapor to be selectively sieved out of the air stream, pumped, and discharged to ambient. In 117 

practice, there is a pressure loss through the membrane, reducing the driving force for water vapor 118 

permeation. The apparent driving force, ∆pw, is smaller than the difference pw - pvac (Fig. 5 (b)). This 119 

pressure drop is caused by concentration polarization and flow maldistribution, depending on the 120 

specific membrane material structure and configuration [32-34]. However, a negligible pressure loss is 121 

adopted here in order to ascertain limiting performance. 122 
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The water vapor partial pressure (pw) decreases along the membrane. With sufficient contact 123 

time between the feed air and the membrane, pw can reach the vacuum pressure at the outlet. Lowering 124 

pvac leads to more water vapor being removed and hence drier product air. 125 

The energy flows for VMD are indicated in Fig. 5 (c). The major energetic virtue of VMD is 126 

condensing water at ambient temperature. The cooling process can then be highly efficient while using 127 

standard components only. The energy consumption for cooling the condenser is not taken into account 128 

in evaluating the COP of conventional vapor-compression chillers - a convention also used here. 129 

The work input is the electrical energy to compress water vapor from pvac to pamb. The pump 130 

works most efficiently in an isothermal process, and far less efficiently in an isentropic process. In 131 

reality, the pump drives a polytropic process. To appreciate the COP limits, the two extremes of 132 

isothermal (T = constant and pV = constant) and isentropic (Z[\]= constant) operation are considered: 133 

���-@< =	 ∆34568^E =	 ABCCC'
_̀ab*	cd�	ef7gehfi

      (8a) 134 

���-@;. =	 ∆34568^j9 =	 ABCCC	' _̀ab*
S]klS]	m	no'ef7gehfi *

S]	m	nS] pqr
    (8b) 135 

where kw is the specific heat ratio and V denotes volume. 136 

For negligible pump inefficiency and a perfectly selective membrane, the maximum COP for 137 

isothermal and isentropic VMD (COPiso and COPisen) is plotted in Fig. 6 as a function of RR. VMD via 138 

isothermal compression is closest to the limiting process in Fig. 2. COPiso approaches COPmax as 139 

RR→0 (Supplementary Information 1 (b)). The increase in COPiso with T and with specific humidity 140 

(ω) is presented in Supplementary Information 2, and is consistent with the results shown in Fig. 4. 141 

Next, the sensitivity of VMD efficiency to membrane selectivity S is considered. When S is 142 

finite, air permeation must be considered. For membrane permeances Pw and Pa to water and air: 143 

J = Q]Qf  .         (9) 144 
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Along a membrane length increment dl (Fig. 7), the air and water fluxes are, respectively: 145 

dfa = Pa ∆pa dl          (10a) 146 

dfw = Pw∆pwdl .        (10b) 147 

The ratio of water vapor partial pressure to air partial pressure on the permeate side is equal to the ratio 148 

of water flux to air flux:  149 

H]RHfR = ?=]?=f = J	 H]qpH]RHfqpHfR  .       (11) 150 

From Eq. (11) and the boundary conditions for water vapor partial pressure at the entrance and exit, a 151 

1D model is considered. Water and air fluxes through the entire membrane are then: 152 

s = tuv u� = � t(Z 1 − Z 2)u�     (12a)  153 

s� = tuv�u� = �� t(Z�1 − Z�2)u� .      (12b) 154 

Figure 8 (a) shows the effect of membrane selectivity on RR as a function of pvac. Figure 8 (b) 155 

illustrates how COPiso varies with RR, and includes the sensitivity to S, with COPiso not vanishing for 156 

any of the curves in the limit of RR → 0 or RR → 1.  Lower pvac leads to a higher driving force for 157 

water vapor permeation and to a higher RR. At lower S, a larger fraction of air permeates the 158 

membrane. This reduces the water vapor partial pressure on the permeate side. A greater driving force 159 

for permeation is then created (Supplementary Information 3). High RR can then be obtained even at 160 

pvac > pw/input. In addition, lower S results in higher RR. A similar observation was reported in [18]. The 161 

dehumidification COP is obtained from the water and air fluxes, from Eq. (8a): 162 

���-@< = ABCCC' _̀ab*	y]cd(y](yf)	�	'ef7gehfi *
 .      (13) 163 

Dehumidification COP is independent of the membrane’s water vapor permeability, and instead 164 

strongly depends on S (Eqs. (11)-(13) and Fig. 8). The fact that higher RR is obtained at lower S does 165 

not mean that poorer selectivity implies higher energy efficiency. The reason is that there is a large 166 

energy requirement for pumping the unusable permeated air. COP peaks as a function of RR (Fig. S.3 167 

in Supplementary Information 4) - consistent with the results reported in [18]. One valuable conclusion 168 
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from these results is that higher S reduces the required membrane area, and therefore reduces the 169 

capital cost. Also, higher S increases dehumidification COP, and therefore decreases operation costs. 170 

In Fig. 8 (b) - which re-plots the results for COPiso from Fig. S.3 so as to show its explicit 171 

dependence on RR - all the curves exhibit a local minimum at sufficiently low RR (except for limit of 172 

infinite S). This local minimum - arising from competing effects delineated in Supplementary 173 

Information 4 - occurs at a sufficiently small value of RR as to be imperceptible for membranes with 174 

high S values, but becomes evident for the lowest S values considered (100 and 50). Results are 175 

included for S as low as 50 in order to provide the full perspective, even though commercial off-the-176 

shelf membranes of considerably higher S values are readily procurable. 177 

 178 

2.3 Engineering solutions to improve VMD energy efficiency 179 

The COP of VMD - even in the best-case scenario of isothermal compression - falls below the 180 

constrained thermodynamic limit, increasingly so as RR increases (Fig. 6). The shortfall follows from 181 

the loss of input work, resulting from only one vacuum pressure being applied to the entire membrane. 182 

This work loss can be reduced. The vacuum pressure profile applied to the permeate side should be as 183 

close to the water vapor partial pressure profile on the feed side of the membrane as possible. 184 

This prompts trying to improve VMD efficiency by two engineering solutions: (1) a multi-stage 185 

process (Fig. 9), and (2) a closed-loop configuration (Fig. 10). Both solutions have been proposed for 186 

seawater desalination [30,31], but never explored for dehumidification. 187 

In a multi-stage process, the membrane module is divided into several independent stages. 188 

Figure 9 (a) illustrates a two-stage system. The pressure is varied stepwise so as to achieve the highest 189 

COP in each stage. The work loss, as well as the work input, can then be reduced significantly (Fig. 9 190 

(b). By increasing the number of stages, the vacuum pressure profile approaches the feedwater vapor 191 

partial pressure profile. Then COPiso for VMD can approach the thermodynamic limit. 192 

 193 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 10 

In the closed-loop configuration (Fig. 10), humid air is circulated through the membrane 194 

module several times before it exits and is replaced by fresh humid air. The pressure level in each loop 195 

is reduced until the desired RR is obtained. Similarly, increasing the number of loops increases COPiso. 196 

However, even with these improvements, the VMD COP does not prominently exceed that of today’s 197 

best commercial vapor-compression chillers. Therefore, this line of analysis is not considered further. 198 

Rather, serious consideration of VMD technology necessitates roughly an order-of-magnitude 199 

improvement in COP. The underlying thermodynamics points the way - elaborated in the following 200 

section. Specifically, because water vapor is a condensable gas with a low saturation pressure, it is 201 

proposed that VMD be coupled with a condensing unit. Then the pressure ratio of the vacuum pump 202 

can be reduced dramatically, with an attendant prodigious increase in COP. 203 

 204 

3 COUPLING PUMPING AND CONDENSATION 205 

In this section, a modified VMD strategy with the potential of an order-of-magnitude 206 

improvement in COP is elucidated. 207 

3.1 Thermodynamic analysis 208 

The limiting COPmax for air-water vapor separation (Figs. 3 and 4) was derived via an 209 

isothermal process in which pure water is obtained at ambient pressure. This engenders a minimum 210 

work input, Wmin. But if pure water can be obtained at its saturation pressure psat (Fig. 11), then the 211 

work input can be lowered appreciably to W’min (Eqs. (3)-(4)). This is due to not having to compress 212 

water vapor from psat to pamb. The energy efficiency of this modified process is: 213 

  ���,�)z = ∆3456789{ = ABCCC' D7E4*	∆)6789pcd∆)	�		(ef7ge^f5 )
 .     (14) 214 

COP’max and its corresponding SECmin are graphed in Fig. 12. The difference between the 215 

separation processes portrayed in Figs. 3 and 12 is that water vapor is separated at different pressures. 216 

In Fig. 2, it is ambient pressure pamb. In Fig. 11, it is the water saturation pressure psat. A derivation and 217 
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evaluation of the different functions for COP and SEC plotted in Fig. 12 are presented in 218 

Supplementary Information 1 (c). 219 

The striking result is that an order-of-magnitude improvement in COP (Fig. 12 (a)) and in SEC 220 

(Fig. 12 (b)), is possible at practical RR values if water is removed at psat instead of pamb. 221 

 222 

3.2 Realizing maximum performance 223 

The high efficiency of the process in Fig. 11 is method-independent and represents its 224 

thermodynamic limit. This process can realistically be achieved with the modified VMD system 225 

displayed schematically in Fig. 13. The permeated gas and vapor are compressed by pump 1 to the 226 

condenser pressure, pcond, which is slightly above psat at the condenser temperature Tcond. When the 227 

water vapor is pumped to or above psat, it condenses to a liquid. The liquid has a much higher density, 228 

and hence does not contribute to the pressure accumulation inside the condenser. Pump 2 contributes 229 

only marginally to the work for creating and sustaining the condenser’s operating pressure. The 230 

condenser can be designed to connect with a container that stores the condensed water. When it is full, 231 

this container can be disconnected, and the water can be discharged. The work of pump 2 to evacuate 232 

the container can be negligible. The reason is that the volume of the container is very small compared 233 

to the volume of the water vapor. 234 

Since condensation takes place at ambient temperature, it is not necessary to use an energy-235 

intensive chiller for the cooling process. A conventional cooling tower can suffice. The system’s COP 236 

can be obtained from the electricity for the two pumps. For example, the COP with isothermal 237 

compression (derived in Supplementary Information 1 (d)) is: 238 

���′-@< = ABCCC' _̀ab*	y]
cd(y](yf)	�	'eiE9}ehfi *(cdiE9}(y]pyiE9}(yf)	�	~ef7geiE9}�

 .   (15) 239 

Results for the corresponding VMD system of Fig. 13 are presented in Fig. 14 (for a pump efficiency of 240 

100%). Figure 14 (a) plots COP for VMD with infinite membrane selectivity, for which pcond = psat. 241 
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Figure 14 (b) accentuates that greater power is required to pump the permeate water vapor to psat at 242 

higher Tcond. 243 

When S is finite, pcond must be higher than psat. This is required for water condensation, due to 244 

the air content in the permeate gas. One can then readily compute the pcond value at which COP is 245 

maximized (Supplementary Information 5). When S exceeds ~104 (attainable with current membranes 246 

as shown in Supplementary Information 6), COP can well exceed that of state-of-the-art vapor 247 

compression chillers (Fig. 14 (c)). Higher S has the added advantage of reducing operating costs. 248 

The COP of our modified VMD is below the thermodynamic limit (Fig. 14 (a)). The 249 

thermodynamic limit can be approached by introducing a multi-stage process and a closed-loop 250 

configuration (Fig. 15), albeit at higher capital cost. In the absence of the experimental realization of 251 

even the single-stage open-loop design, these possibilities are simply noted. Detailed evaluation is 252 

deferred to future investigations. 253 

 254 

4 CONCLUSIONS 255 

Thermodynamic bounds for dehumidification efficiency have been established here. This allows 256 

assessing the room for improvement of any given system. It also illuminates the physical bases for 257 

superior strategies. For example, water is commonly removed from the input humid air at ambient 258 

pressure. This severely restricts the attainable coefficient of performance, which then is not patently 259 

superior to current vapor compression chillers. 260 

The advantages of relaxing the constraint on exit water vapor partial pressure have been 261 

expounded. Permitting that pressure to reach its saturation value allows a dramatic reduction in the 262 

input energy. There is a concomitant order-of-magnitude improvement in dehumidification efficiency. 263 

Here, the focus is on vacuum-based membrane dehumidification (VMD). Sensitivity studies 264 

subsumed recovery ratio, temperature, relative humidity and membrane selectivity. Basic 265 

thermodynamics indicates that our approach should offer massive increases in COP. This is equivalent 266 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 13 

to sizable decreases in specific energy consumption. A key element is coupling pumping and 267 

condensation so that water vapor exits at its saturation pressure. 268 

Finally, the analysis has been strictly thermodynamic. Namely, there is no pretense of economic 269 

optimization. Nonetheless, one could ask why finite values of recovery ratio should be considered if 270 

only the limit of vanishing recovery ratio yields maximum efficiency. However, the limit of vanishing 271 

flux is decidedly uneconomical. Cost factors unrelated to the coefficient of performance shift system 272 

design to higher recovery ratio. There is a tradeoff, because efficiency worsens as recovery ratio 273 

increases. All this has been derived and quantified here. These results point the way to dramatic 274 

performance improvements in realistic dehumidifiers. 275 

 276 

Nomenclature 277 

COP   Coefficient of performance 278 

COPmax Thermodynamic limit for COP 279 

COPiso   Maximal COP of VMD with isothermal compression 280 

COPisen  Maximal COP of VMD with isentropic compression 281 

Fw,, Fa  Water vapor flux and air flux, respectively 282 

Fcond  Water vapor condensation flux in the condenser 283 

dfw, dfa  Differentials of water vapor flux and air flux, respectively 284 

∆Hlt  Latent heat removed 285 

kw  Specific heat ratio 286 

dl   Length differential 287 

n  Number of moles 288 

p  Total pressure 289 

pw  Water vapor partial pressure 290 

pw/input  Water vapor partial pressure of input humid air 291 

pw1, pa1  Partial pressure of water vapor and feed air, respectively. 292 

pw2, pa2  Partial pressures of water vapor and permeate air, respectively. 293 

pamb  Ambient pressure 294 

psat  Water vapor saturation pressure 295 

pvac  Vacuum pressure applied on the permeate side of the membrane 296 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 14 

pcond  Pressure at the condenser 297 

∆pw, ∆pa Difference in partial pressure between the feed and permeate sides, for water 298 

vapor and air, respectively 299 

Pw,, Pa  Membrane water vapor permeance and air permeance, respectively 300 

R  Gas constant 301 

RH   Relative humidity 302 

RR  Recovery ratio 303 

ω   Specific humidity 304 

S  Membrane selectivity 305 

SEC   Specific energy consumption 306 

SECmin   Minimum SEC corresponding to COPmax 307 

T   Temperature 308 

Tcond   Condenser temperature 309 

VMD   Vacuum-based membrane dehumidification 310 

W Work to completely separate an ideal-gas mixture at constant T and p 311 

Wmin Minimum work for a partial isothermal dehumidification of air 312 

W(x) W as a function of x 313 

∆W(x) Decrease in W(x) corresponding to a decrease of ∆x in x 314 

x, a  Number of moles of water vapor and air, respectively 315 

∆x  Amount of water vapor removed from the humid air stream 316 

Xa, Xw  Mole fractions of air and water vapor, respectively 317 

’ (prime superscript) Denotes processes with water vapor separated at psat instead of pamb 318 

 319 
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Supplementary Information 1:  403 

(a) Thermodynamic limit as RR approaches 0 404 

Since RR approaches 0 as ∆x approaches 0 (Eq. (6)), COPmax in this limit can be expressed as: 405 

���,�)|cc→C = ABCCC	( D7E4)∆W(�)∆� |∆�→�  .        (S.1) 406 

∆6())
∆) |∆)→C is the derivative of W(x), which has a finite, non-zero limit as ∆x approaches 0: 407 

 
∆6())
∆) |∆)→C = −��	�� )

�() = ��	�� �())      (S.2) 408 

with which 409 

  ���,�)|cc→C = ABCCC' �_`ab*cd �	f��� = ABCCC' _̀ab*
cd �	 �f7g�]/89e�5	

 .     (S.3) 410 

At T = 30°C and RH =30% (the conditions used for Fig. 2), pw/input = 38.2 mbar and pamb = 1013.25 411 

mbar. Then Eq. (S.3) yields COPmax|RR→0 = 5.4466, and Eq. (7) yields a corresponding SECmin|RR→0 = 412 

0.1275 kWh/kg. In Fig. 3 (b), the dependence of COPmax and SECmin on RR is plotted on the left-hand 413 

and right-hand ordinates, respectively. 414 

(b) Maximal COP for VMD with isothermal compression as RR approaches 0 415 

For arbitrary recovery ratio:  416 �� =  �2;F	G�H<F	F;,<G;?
 �2;F	G�H<F	-.HI2 = Q]/89e�5pQhfiQ]/89e�5     (S.4)  417 

�G�> = � /-.HI2 	(1 − ��) .        (S.5) 418 

Therefore, Eq. (8a) becomes 419 

���-@< =	 ∆34568^E =	 ABCCC' D7E4*
cd	1. �f7g�]/89e�5	(nmkk)

	.	 	 	 	 	 (S.6)	420 

As RR approaches 0: 421 

���-@<	|cc→C =	 ABCCC' _̀ab*
cd	�	 �f7g�]/89e�5	

      (S.7) 422 

=> ���-@<	|cc→C = ���,�)|cc→C .      (S.8) 423 

(c) Derivation of COP when water vapor is separated at different pressures 424 
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The separation processes in Figs. 2 and 11 differ in the pressure at which water vapor is 425 

separated: ambient pressure pamb for the former, and the water saturation pressure psat for the latter. The 426 

difference between the minimum work for the two processes is the compression of permeated water 427 

vapor from psat to pamb: 428 

 �,-.z = �,-. − ��∆"	ln	(Z�,�/Z@�2) .     (S.9) 429 

The corresponding COP is given by Eq. (14). Since RR approaches 0 when ∆x approaches 0, Eq. (14) 430 

becomes 431 

   �����	z |cc→C = ABCCC	( D7E4)∆W(�)∆� |∆�→�pcd	�		(Hf7g/H^f5) .    (S.10) 432 

Now substituting Eq. (S.2) into Eq. (S.10) yields 433 

   �����	z |cc→C = 45000	( ����)��	ln	(Z�$�/Z��Z��) .      (S.11) 434 

At T = 30°C and RH = 90% (as in Fig. 11 and used for Fig. 12), psat = 42.4 mbar and pw/input = 38.2 435 

mbar. Then Eq. (S.11) yields COPmax|RR→0 = 171, with the corresponding SEC from Eq. (7) being 436 

SECmin|RR→0 = 4.06 kWh/kg. 437 

(d) Derivation of COPiso 438 

 Equation (15) for COPiso for the dehumidification process of Fig. 11 will now be derived. In 439 

Fig. 11, the air-water mixture is pumped by pump 1 from pvac to pcond. For isothermal compression, the 440 

pump’s work consumption is 441 

   �HI,Hq = ��(s + s�)	ln	(Z><.?/ZG�>) .     (S.12) 442 

At the condenser, part of the water vapor is condensed at flow rate Fcond. The rest of the air-water 443 

mixture leaving the condenser is pumped by pump 2 from pcond to pamb. Its work consumption is 444 

   �HI,HR = ��><.?(s + s� − s><.?)	ln	(Z�,�/Z><.?) .   (S.13) 445 

The latent heat removed in the process is 446 

   ∆012 = 45000	 ' \�,<1* s  .       (S.14) 447 
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Combining Eq. (14) with Eqs. (S.12)-(S.14) and accounting for the work input of both pumps yields 448 

Eq. (15): 449 

���-@< = ∆34568^E = ∆3456e�7en(6e�7e� = ABCCC	' D7E4*y]
cd(y](yf) �	'eiE9}ehfi *(cdiE9}(y](yfpyiE9}) �	~ef7geiE9}�

 . (S.15) 450 

 451 

Supplementary Information 2:  452 

Fig. S.1: 453 

Supplementary Information 3:  454 

Fig. S.2: 455 

Supplementary Information 4:  456 

Fig. S.3:  457 

 COPiso possess a maximum because the water flux increases and then decreases with lower 458 

vacuum pressure (also illustrated in Fig. S.4). With pvac < 350 mbar, COPiso peaks at around pw/input and 459 

increases with S. At pvac > 350 mbar, COPiso is basically independent of S and increases with pvac. The 460 

rise of COPiso at pvac > 350 is because of the low energy input for the required compression ratio (Eq. 8 461 

(a)), and local minima occur at pvac ≈ 350-400 mbar. At pvac > 350 mbar, COPiso has little practical 462 

significance because RR then approaches 0. This point is sharpened in Fig. 8 (b) where COPiso is 463 

graphed against RR. 464 

Fig. S.4: 465 

Supplementary Information 5:  466 

Fig. S.5: 467 

Supplementary Information 6:  468 

Table S.1: 469 
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Figure captions: 490 

Fig. 1: Psychrometric chart. Air-conditioning processes are indicated, from mixed air (point M, mixing 491 

return air at point R and outdoor air at point O) to supply air (point S). With a conventional air-492 

handling unit, the path is M → off-coil → S. Using a desiccant, M → D → S. Using vacuum-based 493 

membrane dehumidification, M → I → S. 494 

Fig. 2: Schematic of the separation process at constant T and p, for parameters common to cooling in 495 

humid environments. 496 

Fig. 3: (a) Sensitivity of Wmin to RR for the conditions noted in Fig. 2. (b) The maximum COP and 497 

minimum SEC for water removal from air, as functions of RR (double-ordinate plot). 498 

Fig. 4: Variation of COPmax with RH at fixed T = 30°C, in the limits of RR approaching 0 and 1. 499 

Fig. 5: Schematic of (a) cross-flow VMD, (b) the water vapor pressure profile along the membrane and 500 

(c) the flow of liquid water and water vapor. 501 

Fig. 6: COP as a function of RR for VMD with isothermal vs. isentropic compression. The 502 

environmental conditions are the same as in Fig. 2. The corresponding method-independent limit for 503 

ideal-gas separation from Fig. 3 (b) (COPmax) is included for comparison. 504 

Fig. 7: Water vapor and air partial pressure profiles on both sides of the membrane when S is small. 505 

The inset indicates pressure conditions on both sides of the membrane. 506 

Fig. 8: (a) The effect of membrane selectivity S on (a) RR as a function of pvac, with the vertical dotted 507 

line indicating the input water vapor partial pressure; and (b) maximal COP via isothermal compression 508 

as a function of RR (at T = 30°C and RH = 90%). 509 

Fig. 9: Schematic of (a) a two-stage configuration and (b) the corresponding pressure profile. 510 

Fig. 10: Schematic of (a) a closed-loop configuration and (b) the pressure profile of the water vapor, 511 

pw, in a three-loop system. 512 

Fig. 11: Schematic of an isothermal separation process, but with water vapor being separated at its 513 

saturation pressure (rather than at atmospheric pressure). 514 
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Fig. 12: (a) COP’max and (b) SEC’min for water removal, for the process portrayed in Fig. 11, where 515 

water is removed at psat. For comparison, COPmax and SECmin are presented for the process depicted in 516 

Fig. 2, where water removal proceeds at pamb. 517 

Fig. 13: Schematic of a VMD design with coupling between pumping and condensation. 518 

Fig. 14: Effects of (a) compression strategy, (b) condensing temperature (with isothermal compression 519 

and S→∞), and (c) membrane selectivity (with isothermal compression and Tcond = 35°C), on 520 

maximum COP for the VMD design that couples pumping and condensation. 521 

Fig. 15: Schematics of a (a) multi-stage and (b) closed-loop configuration for the design that couples 522 

pumping and condensation. 523 

 524 

Fig. S.1: Sensitivity of COPmax for VMD via isothermal compression to (a) T (at ω = 20 g/kg) and (b) 525 

ω (at T = 30°C). 526 

Fig. S.2: The profiles of water vapor partial pressure on the feed and permeate sides when membrane 527 

selectivity, S, varies. Fw is proportional to the shaded area between pw1 and pw2. The driving force for 528 

water vapor permeation increases with lower membrane selectivity. 529 

Fig. S.3: Dependence of COPiso on vacuum pressure, pvac 530 

Fig. S.4: The profile of water vapor partial pressure on the feed and permeate sides when vacuum 531 

pressure pvac varies. Membrane selectivity S = 10000. Fw is proportional to the shaded area between pw1 532 

and pw2. Fw  increases and then decreases when vacuum pressure decreases from 40 to 1 mbar. 533 

Fig. S.5: pcond at which COP is maximized as a function of RR for a broad range of S values. 534 

 535 

 536 

Table caption 537 

Table S. 1: Several composite membranes with high water vapor permeance and selectivity for air 538 

dehumidification  539 
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Figures: 540 

 541 

Fig. 1: 542 

 543 

Fig. 2: 544 

  545 

Fig. 3 546 
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Fig. 4: 548 

 549 
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Fig. 5: 552 

 553 
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Fig. 6: 555 

 556 

 557 
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Fig. 7: 559 
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Fig. 8: 561 

 562 
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Fig. 9: 564 

 565 

 566 

Fig. 10: 567 
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Fig. 11: 569 

 570 

 571 
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Fig. 12: 573 

 574 

 575 

Fig. 13: 576 
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Fig. 14: 579 

 580 

Fig. 15: 581 
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Fig. S.1: 583 

 584 

 585 

Fig. S.2: 586 

 587 

Fig. S.3: 588 
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Fig. S.4: 590 
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Fig. S.5: 592 

  593 
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Table 594 

Table S.1: 595 

Active layer 
material 

membrane structure Water vapor Selectivity Ref. 

SPEEK A 2–5  µm-thick top layer on 
polyethersulfone microfiltration 
hollow fiber (OD = 1.2 mm, ID = 
0.8 mm) 

1500-2500 115000-
192000 (N2) 

[1] 

PVA/gelatin–silica The top layer is dip-coated on 
porous polysulfone hollow fiber 
substrate. [ID=150 µm; OD=350 
µm] 

4.1-15 2980-
67511[C3H6] 

[2] 

Ionic liquids 
[emim][Tf2N] 
[N[4]111][Tf2N] 
[emim][BF4] 

The ionic liquids are spread over 
hydrophilic polyethersulfone [PES] 
flat substrate with a thickness of 132 
µm 

 
635 
 570 
1050 

 
3843(N2) 
3290(N2) 
16300(N2) 

[3] 

PVA/gelatin– 

silica 

The top layer is dip-coated on 
porous polysulfone hollow fiber 
substrate. Skin layer 2 µm. 

2390-5380 >15000[C3H6] [4] 

Pebax®1657 A 2 mm-thick Pebax® 1657  layer 
on an intermediate microporous 
support on a flat-sheet polyester 
substrate 

1800 [with 
substrate] 

6000 [without 
substrate] 

1800(N2) 
 

6000(N2) 

[5] 

PVA/LiCl blend Intermediate TiO2 powder layer and 
PVA/LiCl top layer are 
consecutively coated on a fine 
stainless steel wire mesh 

1790-4780 1000-
5000(air) 

[6] 

TEG 
 
PEG 

50 µm top layer is supported on a 
highly hydrophobic flat substrate 
[pore size = 0.1 µm, thickness = 125 
µm; and porosity =70%] 

180-270 
 

150 

1700-
2500(N2) 

 
2000(N2) 

[7] 

TEG 18 µm TEG liquid layer spreads, 
wets and then soaks on the top 
hydrophilicized surface of a flat 
hydrophobic substrate [0.1 µm 
micropores and 95 µm thickness]. 

706 2420(N2) [8] 

1 GPU = 3.348 10-10 mol/s m2 Pa 596 

 597 

 598 
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• Prodigious efficiency gains in Vacuum-based Membrane Dehumidification (VMD) 

• Thermodynamic perspective unifying the evaluation of dehumidification methods 

• Novel high-efficiency VMD strategies stemming from basic thermodynamics 

 


