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Abstract

This study presents a comprehensive analytical framework to design efficient single-stage membrane distil-
lation (MD) systems for the desalination of feed streams up to high salinity. MD performance is quantified
in terms of energy efficiency (represented as a gained output ratio, or GOR) and vapor flux, both of which
together affect the specific cost of pure water production. Irrespective of the feed salinity, permeate or
conductive gap MD (P/CGMD) performs better than direct contact MD (DCMD) when the heat transfer
resistance of the gap (in P/CGMD) is lower than that of the external heat exchanger in DCMD. Air gap
MD’s (AGMD) better performance relative to the other configurations at high salinity and large system area
can be explained in terms of its thicker ‘effective membrane’, which includes the air-gap region. CGMD and
DCMD employing a thick membrane are also resilient to high salinity, similar to AGMD, while not being
susceptible to the gap flooding that can harm AGMD’s performance. A method is described to simultane-
ously determine the cost-optimal membrane thickness and system size as a function of the ratio of specific
costs of heat energy and module area. At low salinity and small system size, GOR rises and flux declines
with an increase in membrane area. For salty feed solutions, there exists a critical system size beyond which
GOR also begins to decline. Since both GOR and flux are lower, no economic rationale favors operation
above this critical size, irrespective of the costs of thermal energy and system area. A closed-form analytical
expression for this critical system area is derived as a function of the feed salinity and two dimensionless
ratios of heat transfer resistances within the MD module.
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Nomenclature

Acronyms

AGMD Air gap membrane distillation
CGMD Conductive gap membrane distillation
DCMD Direct contact membrane distillation

GOR Gained Output Ratio
HX Heat Exchanger

LMH L/m? hr

MD Membrane distillation
NTU Number of transfer units

PGMD Permeate gap membrane distillation
P/CGMD Permeate or conductive gap membrane distillation

TTD Terminal temperature difference, °C

Roman Symbols

A Area, m?

Oy Activity of water

B Membrane permeability, kg/m?-s-Pa

By Membrane permeability coefficient, kg/m-s-Pa

c Specific cost, $/m?, $/kWh or $/m?

C Cost factor

Cp Specific heat capacity, J/kg-K

d Depth or thickness, m

ATyvpp Measure of vapor pressure depression due to dissolved salts, °C

ATppy Boiling point elevation, °C

Heat transfer coefficient, W/m?2.K
Enthalpy of vaporization, J/kg
Permeate flux, L/m?-hr

Thermal conductivity, W/m-K
Length of module, m

Molality, mol/kg-solvent

Mass flow rate, kg/s

@.g.ghwgogb

Heat transfer rate, W
Heat flux, W/m?

vap Vapor Pressure, Pa

ESJECSY

Thermal resistance, K/W



s Salinity, g/kg

T Temperature, °C

U Overall heat transfer coefficient, W/m? K
v Velocity, m/s

w Width, m

Y Non-dimensional resistance ratio

Greek Symbols

Om Membrane thickness, m

€ Exchanger effectiveness

n Thermal efficiency

10} Porosity

Pch:m Non-dimensional resistance ratio
Ge:v Non-dimensional resistance ratio

Subscripts, Superscripts

b Bulk stream

c Cold channel

ch Channel - feed, cold or gap
cond Conduction

crit Critical size

eff, m effective property of membrane
f Feed channel

gap Gap between membrane and condensing surface
HX Heat exchanger

in Inlet

m Membrane

max Maximum

MD Membrane distillation module
min Minimum

out Outlet

p Permeate

ph Preheating stream

sat Saturated state

vap Vapor

VPD Vapor Pressure Depression

w Wall



1. Introduction

Membrane distillation (MD) is a thermal desalination technology that is especially promising for high-
salinity streams of s & 70-300 g-salt /kg-solution, where conventional reverse osmosis is not currently applied.
This study develops a unified analytical description of single-stage MD configurations based on the heat
transfer resistances in various portions of the MD module. The configurations evaluated are direct contact,
permeate or conductive gap, and air gap MD. Using this framework, two important aspects of designing

efficient MD systems for desalination up to high salinity are analyzed:

1. the choice of the best MD configuration for a given desalination application; and

2. system design and operation that avoids conditions of low flux and low energy efficiency.

As a related exercise, a method to identify the cost-optimal membrane thickness is developed. The novelty
of this work lies in developing a unified description of several single-stage MD configurations by replacing
a large number of design and operation variables with a few dimensionless parameters, and deriving an

expression for maximum allowable system area as a function of these parameters.

1.1. Context: desalination up to high salinity

Seawater, brackish groundwater, and municipal wastewater streams are commonly desalinated to produce
potable grade water. In these cases, the maximum salinity of the brine is often restricted, by the available
technology, to be less than 70 g/kg. In other applications (e.g., industrial zero-liquid-discharge, inland brine
management, and concentration of produced water from hydraulic fracturing), brines with salinities between
50 g/kg and saturation concentration may have to be further desalinated. Conventional spiral wound reverse
osmosis (RO), the workhorse of the desalination industry today, is typically operated below 70 bar of applied
pressure [1]. As a result, RO is not directly applicable to desalination of these saltier streams for which the
osmotic pressure can be as high as 300 bar [2].

Thermal separation processes such as mechanical vapor compression (MVC) are often used for such
applications [3, 4], since desalination up to saturation concentration is possible in these systems at low
pressures and temperatures (< 100 °C). More recently, humidification dehumidification desalination (HDH)
[5, 6, 7, 8] has been developed as simple, low capital-cost thermal technology for treating ultra-saline produced
waters [9, 10].

Membrane distillation (MD) is a thermally driven, scalable desalination process [11, 12] that has been
identified as a candidate technology for modular desalination of high-salinity brines [13, 14, 15]. Since MD can
operate at low feed temperatures, it has been successfully coupled with a range of renewable energy sources
[16, 17, 18, 19]. MD has been experimentally and numerically investigated for high-salinity applications,
mostly using small-scale systems. A unified perspective on MD system design for high salinity is lacking and
is therefore the focus of this study.

In the reminder of this section, some key MD performance metrics are discussed while reviewing previous

studies of MD up to high salinity.



1.2. Membrane distillation studies at high salinity

1.2.1. Small area systems measuring flux and thermal efficiency

Most studies have focused on small membrane area systems because of their ease of fabrication at a lab-
scale. The negative impact of high salinity on water flux in small systems has been widely reported [20, 21, 22].
Guan et al. [23], Li et al. [24], and Alkhudhiri et al. [25] tested MD with various electrolyte solutions up to
high salinity and found that water activity is a good predictor of the pure water flux. Vapor pressure at the
solution-vapor interface is proportional to the activity of water, which declines with increasing feed salinity
and does so at a different rate for each electrolyte solution.

In addition to water flux, the effect of high salinity on MD thermal efficiency (n) has also been investi-
gated through experimental [26, 27] and numerical [28] techniques. The thermal efficiency is the fractional
contribution of vapor transport to the overall energy transfer across the membrane [29]:

Quap

S ) 1
Qvap + Qcond ( )

Ui

where Qvap is the energy transfer by vapor and Qcond is the heat conducted through the membrane. A low
value of 7 indicates significant heat conduction loss through the membrane and values approaching 1 are
desirable.

An interesting application of high salinity MD is the MD crystallizer system in which pure water is
extracted from a supersaturated solution using MD with the brine recirculated into a tank where salt is

precipitated [30, 31].

1.2.2. Large area systems measuring GOR and flux
With the availability of commercial, larger size MD modules, studies of energy efficiency (which can be
represented as a gained output ratio, GOR) have also become more numerous. GOR is a non-dimensional

measure of the water production per unit of thermal energy consumption [32]:

m hf 9
— = (2)

GOR =
@n l—e

While GOR is proportional to MD thermal efficiency 7, it is also strongly affected by the extent of feed
preheating, and this effect is captured by the exchanger effectiveness: € = (Tpn,out — Tph,in)/(Tt,in — Tph,in)
(temperatures shown in Fig. 1). For gap MD systems, feed preheating happens within the module where the
feed acts as a coolant in contact with the condensation surface. In direct contact MD (DCMD), preheating
takes place in an external heat exchanger (HX), where the warm pure water stream leaving the module heats
the incoming feed.

While n quantifies the efficiency of energy transfer across the membrane, GOR is a global measure of the
system’s energy efficiency because a higher GOR directly corresponds to lower energy use per unit of distillate
produced. Therefore, GOR is a more comprehensive measure of energy efficiency, and along with flux, will be

used to quantify system performance. In vacuum MD, conduction across the membrane is typically neglected



because of the vacuum [29], resulting in n = 1. Chung et al. [33] modeled a multistage vacuum membrane
distillation process up to high salinity and found that GOR and water productivity significantly decrease
with salinity even though 7 is constant.

Recently, Deshmukh and Elimelech [34] numerically studied the DCMD process at high salinity and
highlighted that membrane improvement should focus on increasing the membrane’s ratio of vapor perme-
ability to thermal conductivity, similar to earlier findings by Martinez and Rodriguez-Martoto [35]. They
also analyzed the relative impact of modifying various membrane physical properties in this regard.

Winter et al. [36] measured flux and specific thermal energy consumption for spiral-wound PGMD modules
up to 105 g/kg. At higher salinity levels, a peak value of GOR was observed with changing in feed inlet flow
rate. Similarly, Thiel et al. [2] used numerical models of PGMD to illustrate the existence of an optimal
system size (represented through a terminal temperature difference) at which GOR is maximized when the
feed inlet flow rate is held constant.

The studies mentioned in the previous paragraphs identify the existence of a critical feed flow rate (for
a system of fixed size) or equivalently a critical system size (for a fixed inlet feed flow rate), at which GOR
is maximized. Reducing the feed flow rate or increasing system size beyond this critical value leads to a
decrease in both GOR and flux. Such an operating condition is unfavorable irrespective of the costs of
thermal energy and system area. In Section 3.3, an expression for this critical system size relative to the

feed inlet flow rate is derived to help avoid such unfavorable operation.

1.8. Choice of MD configuration

Figure 1 is a schematic representation of various single stage MD systems. In AGMD, there exists an air
gap between the membrane and condensation surface. This gap is filled completely with distillate in PGMD.
In CGMD, the gap is made thinner and a high thermal conductivity material is used to enhance its overall
conductance across the thickness direction. In all these gap MD systems, the feed stream is preheated as it
flows across the condensation surface. In DCMD, the vapor from the feed side condenses into a cooler pure
water stream flowing on the other side of the membrane. Warm pure water leaving the MD module preheats
the feed in a separate external HX.

The relative performance of the MD configurations needs to be understood in order to choose the ap-
propriate configuration for a given application. Several authors have contrasted the performance of AGMD
and DCMD in small-scale systems, highlighting AGMD’s higher n and DCMD’s higher flux [37]. Recently,
Eykens et al. [38] experimentally demonstrated that the sensitivity of flux to various process conditions (such
as temperature, feed velocity, and salinity) is configuration dependent.

Winter [39] reported results from pilot-scale modules for AGMD, PGMD, and DCMD. He found that
the GOR and flux of PGMD and DCMD were close, and higher than that of AGMD. AGMD performance
was more resilient to an increase in feed salinity, whereas the performances of DCMD and PGMD dropped

faster. No clear hierarchy was established between PGMD and DCMD.
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Figure 1: A schematic representation of the single stage MD configurations considered in this study. AGMD, PGMD and
CGMD differ based on the gap conditions. DCMD requires an external HX for feed preheating (which is indicated by the
subscript ‘ph’).

1.8.1. Comparison methodology in this study

Swaminathan et al. [32] used performance curves in the energy efficiency-flux plane to compare ‘balanced’
counterflow [40, 41] single-stage MD configurations. For seawater salinity and the baseline parameters
considered, they showed that CGMD performance corresponds to the practical upper limit of PGMD (with
a low gap thickness) and DCMD (with a large external HX). Additionally, AGMD’s performance was close
to that of PGMD.

The rationale behind plotting the performance of systems in a GOR-flux plane is that the cost of pure
water production or brine concentration is always affected by both capital expenses (CapEx) and operating
expenses (OpEx). The specific cost of pure water production (csp water) using MD can be expressed as a

function of GOR and flux as (see Appendix A.1):

_ Ceor | Chux
csp,water - GOR J (3)

where Cgor is the scaled specific cost of thermal energy, Chyuyx is the scaled and amortized specific cost of
system area, and J is the pure water flux in L/m?-hr (or LMH). In this equation, the first term corresponds
to the operating expenditure (cost of heat), and the second term corresponds to capital expenditure. Some
studies of the economics of MD neglect the cost of thermal energy assuming that a free source of low-grade
“waste” heat may be available [42]. Many membrane tests at small scale have also focused exclusively on
water flux. In reality, the cost of providing thermal energy is usually quite significant [43]. Even if a waste-

heat source is available, the cost of equipment such as heat exchangers required to access the waste heat



must be accounted for and will contribute to a non-zero value of Cqor.-

With increasing system size, GOR usually increases and flux decreases. When performances are plotted
on GOR-flux axes, GOR and flux can be simultaneously compared while allowing system size to vary.
This comparison of GOR at the same flux level is based on Eq. 3 and assumes that Cqgor and Chux are
similar across different configurations. Cgogr is only influenced by the source of thermal energy and is
truly independent of MD configuration. Some variability in Cgux can be associated with the design choices.

Compared to the baseline case of AGMD:
e In PGMD, the gap is filled with liquid water - this should not result in a difference in Cpyx.

e In CGMD, the thermal conductance across the thickness of the water-filled gap is enhanced. This can
be achieved by introducing fins on the condensation surface or designing a thermally conductive spacer,
and making the gap thinner. The additional metal used to improve gap conductance can increase Chyx,

but this increase is likely to be small since the gap is quite thin.

e In DCMD, the amount of metal in the external HX can be different from that in the condensation
surface of AGMD. An additional pump is required for the cold loop, whereas there is only one flow
loop in the other MD configurations. The total pumping power is also likely to be higher in DCMD

due to additional flow resistance in the HX flow channels and fittings.

In a previous study [32], in order to perform a fair comparison, the heat transfer area in the external
HX was assumed to be equal to that of the condenser surface area (= Ay,), and the effect of Apx/Am

was evaluated separately.

A given desalination application can be described in terms of the feed water properties (e.g., s¢), ambient
temperature (Tph,in), heater output temperature (7t i, ), and costs of MD module and thermal energy (Chyx,
Ccor). The membrane, feed channel geometry, and feed inlet velocity (and correspondingly, heat transfer

coefficients hg, he) are assumed constant across the different systems to enable a fair comparison.

1.8.2. Choice of membrane thickness

Pure water flux is driven by a difference in vapor pressure between the evaporation and condensation
liquid-vapor interfaces and is proportional to the membrane permeability, B. The difference in vapor pressure
is influenced by the temperature difference between these two interfaces, AT}, and feed salinity, s¢m.
Heat conduction loss across the membrane is only a function of ATy,. Membrane permeability is inversely
proportional to membrane thickness, d,,. As thickness is decreased, vapor flux when desalinating salty water
initially increases (due to higher permeability), but starts declining as a result of conduction losses when
thickness goes below an optimal value. Below this optimal thickness, AT}, across the module becomes
comparable to the feed boiling point elevation, ATgpg. As a result, mass transfer is inhibited and heat
conduction losses become dominant. For distillation of very low salinity water, the membrane ought to be

as thin as possible. However, the optimal membrane thickness is larger for higher salinity feed water [44].



Several authors have considered the question of optimal membrane thickness, especially in the context
of maximizing flux in DCMD. For a small area DCMD module, at fixed hot and cold side temperatures and
feed salinity, an ideal value of membrane thickness can be determined to maximize flux [27, 45].

Ali et al. [46] evaluated the optimal membrane thickness for multiple values of system size at a fixed
salinity. They show that, for smaller system size, a thin membrane maximizes flux, whereas as the system
size increases, the driving temperature difference (ATy,) decreases, thereby making the optimal membrane
thickness larger.

Winter [39] evaluated the optimal thickness for large scale spiral wound modules under two operating
conditions: high recovery and high flux. A numerical model was used to infer optimal membrane thicknesses
for a given system size and feed inlet flow rate over a range of salinity levels. Two kinds of optima were
identified - one that maximizes GOR and another that maximizes flux.

Identifying an optimal membrane thickness is an inherent part of MD system design. It should therefore
be considered together with the choice of optimal system size, rather than independently. In Section 2.4,
the effect of d,, on the GOR-flux performance curve is used to identify an optimal membrane thickness as a

function of Cgor/Chiux-

1.4. Manuscript overview

In part 1 (Section 2), the equivalence of various single-stage MD configurations in terms of overall
performance is established by considering the heat transfer resistances in different portions of the module.
First, in Section 2.2, a clear performance hierarchy is established among DCMD and P/CGMD based on
the thermal resistance of the external HX and of the gap. Thereafter, in Section 2.3, the difference in
AGMD performance relative to the other configurations is explained by identifying that the air gap results
in an effectively thicker membrane. A method to determine optimal membrane thickness along with optimal
system size is described in Section 2.4.

In part 2, a simplified HX analogy model of single-stage MD is used to understand the dimensionless
groups affecting performance. An expression is derived for the critical specific area of an MD system, NTU,
above which both energy efficiency and flux are poor (Section 3.3). Low GOR and flux can be avoided by

choosing membrane area appropriately at the design stage or by adjusting the flow rate during operation.

2. Part 1: Unified framework for single stage MD configurations

2.1. Methodology: discretized numerical model

A length-wise discretized finite difference modeling framework (referred to here as a 1-D model) is used,
which has been described and validated previously [32, 47, 48]. Model features that are particularly relevant
to high salinity are discussed here. Pure sodium chloride solution up to 260 g/kg is considered as the feed. To

account for the nonlinear effect of high feed salinity on vapor pressure, Pitzer’s equations [49] describing the

10



properties of aqueous NaCl solution were used to evaluate water activity and thereby water vapor pressure

on the feed side:
pf,’;g - Psat (Tf,m) X Ay (Sf,m7 Tf,m) (4)

The specific heat capacity of water changes significantly with salinity and so this effect is also incorporated.
The enthalpy of aqueous sodium chloride solution is obtained as a polynomial fit over T € [20,90]°C and
s € [0,260] g/kg from the Pitzer model. Similarly, the effect of increased salinity on feed thermal conductivity
is included.

Since the goal of this analysis is to provide system-level insights and compare various configurations,
other effects of high salinity (e.g., on liquid viscosity) are not considered. The membrane is characterized by
an average permeability coefficient (By), thickness (0, ), porosity (¢), and membrane material conductivity
(km). Permeability to vapor (B) can be expressed as By/dy,. The baseline values of system properties are
listed in Table A.2. The feed salinity is varied from 50-260 g/kg, which is the relevant range of salinities for
brine-concentration applications.

The effect of feed salt concentration on AGMD flux was experimentally evaluated. The module design
is detailed elsewhere [50] and is chosen to achieve constant temperature, salinity, and flowrate over the
active membrane area. Figure 2a plots measured flux as a function of inlet feed salinity, showing that model
predictions of flux in the small-area system are in good agreement with the experiment data. The following
parameters were used in the model (consistent with previous fitting of model performance at low salinity):
Ttin = 70.4°C, Tojn = 19.5°C, Q¢ = 15.1 L/min, Q. = 13.9 L/min, B = 16 x 1077 kg/m?-s-Pa, dgap = 0.75
mm, ky = 0.2 W/m'K, 6, = 200 pum, ¢, = 0.8. The average and maximum deviation between the model
predictions and experimental results are 5.1% and 11.4%. The deviation increases at high salinity which
could be due the larger effect of heat loss at high salinity when the feed specific heat is lower, or higher
inaccuracy in measurement of flow-rate or salinity.

Figure 2b shows comparisons of present model predictions to other reported data [39] for the effect of feed
salinity on overall energy efficiency of larger, spiral wound MD modules. The model conditions are the same
as those used in [32] for comparing the effect of feed inlet temperature and flow rate. The model captures
the trends observed experimentally: GOR of PGMD and DCMD are close, start higher than AGMD at
low salinity, but also decline faster with increasing salinity. In contrast, the AGMD module’s GOR remains
relatively constant over the entire salinity range. The average absolute deviation is 5.3% excluding one data

point at low absolute magnitude of GOR for which the deviation is 45.2%.

2.2. Ranking permeate gap, conductive gap and direct contact MD

2.2.1. Permeate and conductive gap MD
Increasing the gap conductance of PGMD to implement CGMD always results in improved performance.

Although increasing the membrane conductivity leads to higher heat conduction loss, the same is not a direct

11
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Figure 2: Validation of the finite difference discretized numerical model by comparing against experimental flux data (a) and

published energy efficiency data of large-scale modules (b).

outcome of increasing the gap conductivity. In fact, improving the gap’s conductance has an effect similar to
enhancing the heat transfer coefficients of the feed and cold channels, always resulting in both higher GOR
and higher flux, irrespective of the feed salinity. By reducing the non-membrane heat transfer resistances,
more of the overall temperature driving force is available across the membrane to produce vapor pressure
differences and purified water.

It is important to recognize that PGMD and CGMD designs exist in a continuum: PGMD with a small
enough gap thickness can outperform some CGMD implementations. As a result, these configurations can
be considered together as permeate or conductive gap MD (P/CGMD), or simply as CGMD, recognizing
that the goal is always to design a system with a high gap conductance (kgap/dgap). Since GOR of CGMD
can be several times higher than that of simple PGMD, any additional cost required for modifying the gap
design is likely to be justified by the performance improvement.

The potential to increase gap conductance is limited by practical constraints. A lab-bench scale imple-
mentation of CGMD could use metal woven mesh spacers, an aluminum foam spacer, a finned condensing
plate, or simply reduce the gap thickness down to nearly zero, by using no spacer in the gap and allowing
the membrane to be pressed onto the condenser surface. In larger systems, the gap needs to be wide enough
to allow permeate flow out of the system without significant pressure build up. A near-zero gap thickness

may therefore not be practical.

2.2.2. DCMD: comparison to P/CGMD and the effect of heat exchanger area
In DCMD, the size of the external heat exchanger (HX) relative to the area of MD membrane (Apx/Am) is

a design choice. DCMD is sometimes modeled by setting a fixed terminal temperature difference (TTDyx)

12



of the external HX of about 3°C to ensure a realistic HX size [47]. In Ref. [39], the reported energy
efficiency of the experimentally tested DCMD modules was based on assuming an external HX size such that
TTDpx = 2°C. While DCMD performance was close to that of PGMD, DCMD sometimes outperformed
PGMD, but at other times was worse that PGMD. Hence, no clear hierarchy was established. At seawater
salinity, and for the other baseline system properties considered in [32], the HX needed seven times the area
of the MD membrane for DCMD to match the performance of CGMD (hgap, = 10* W/m?-K). On the other
hand, even with Agx = Amp, DCMD outperformed PGMD (with a 1 mm gap, hgap = 600 W/m?K).

In fact, the influence of the external HX is very similar to that of the gap: overall system performance
improves with an increase in Apx or heat transfer coefficient of the HX (Uyx) irrespective of the feed salinity
level. Usually, the overall performance of DCMD is predicted by considering the external HX heat transfer
separately and solving simultaneously with the MD system heat transfer. When the heat capacity rates of
the feed and cold streams are matched at one end of the MD module (as discussed in [40], Appendix A.3),
a ‘balanced’ operating condition results for both the MD module and the external HX. Figure 3 shows that
when heat is transferred from a hot stream to a cold stream using two balanced counterflow HXs and an
intermediate fluid stream, the overall system can be modeled as one HX whose resistance is equivalent to

the resistances of the two individual HXs added in series. (A mathematical proof is given in Appendix A.4).

Heat transfer from the hot to the cold stream Effectivel HX where the two HX
in two balanced counterflow heat exchangers f— EC |ve.ytone w edrz d‘? ° .
(a) and (b) through an intermediate fluid. (a,b) resistances are added in series

ﬂl‘ill

mep

j—il,ill

mep

equivalent to

Un A, Up Ay, p— UA

mep
T. .
Tc,in ¢,in

1 1 1
HX (a) HX (b) UA — U,A, + Up Ay

mey,

Figure 3: If heat is transfered from a hot fluid to a cold stream using two balanced counterflow heat exchangers, the overall
thermal resistance (1/UA) is simply the sum of the individual HX resistances. This relates to Fig. 1 (DCMD), where the
DCMD module corresponds to HX (a) (on the left) and DCMD’s external HX corresponds to HX (b). The intermediate fluid

corresponds to the pure water stream in DCMD.

Even though the DCMD module is actually a combined heat and mass exchanger where the flow rates
of the two streams change continuously along the module length, the HX analogy model was shown to
predict GOR and flux to within about a 10% deviation from 1-D discretized modeling [32] (the impact of

this variation in flow rates is small and is discussed below). Consequently, this result for two HXs can be

13



applied to the DCMD system as well. The external HX thermal resistance can simply be considered in series
with the other resistances of the MD module in order to analyze DCMD. While P/CGMD does not have an
external HX resistance, DCMD does not have a gap resistance. DCMD has a HX resistance (1/UnxAgx) in
the place of the gap’s thermal resistance of P/CGMD (1/hgapAnb)-

The performance of these configurations can therefore be compared based on the magnitude of these
thermal resistances. This is validated by plotting the 1-D discretized modeling results for DCMD and
CGMD together in Figure 4. Both GOR and flux of CGMD and DCMD are nearly identical (illustrated for
two combinations of salinity and system size, s¢in = 70 g/kg, L = 5 m and s¢in = 200 g/kg, L = 2.5 m) when
the gap thermal resistance in CGMD matches the resistance of the HX in DCMD, i.e., hgap Avp = (UA)ux.
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hgap, UnxAnx/Avp [W/m?-K] hgap, Unx Anx/Auvp [W/m?-K]
(CGMD)  (DCMD) (CGMD)  (DCMD)
(a) sf,in =70 g/kg. L =5 m. (b) sfim =200 g/kg. L =2.5 m.

Figure 4: The performance of CGMD and DCMD (using the 1-D model) are similar when the resistance of the gap and the
external heat exchanger are matched. By = 1.8 x 10719 s. Two combinations of feed salinity and system size are shown. Other

parameters are fixed at baseline values A.2.

When these thermal resistances are matched, the GOR of DCMD is around 1% higher than that of
CGMD because the heat capacity rates of the two streams in the DCMD module do vary along the module
length, being highest at the hot end, ~ 7 incp,r, and declining to =~ ¢, ¢ (i — M) at the cold end. In
contrast, in the gap MD systems the permeate in the gap along with the feed together constitute one stream
of the exchanger, with the preheating stream being the other. As a result, throughout the length of the
exchanger, the heat capacity rates are relatively constant, close to the value at the hot-end of the exchanger.
The marginally better performance of DCMD is a result of this lower average heat capacity rate, resulting
in an improved NTU = UA/mcp, and hence higher heat transfer effectiveness ¢ and GOR. The performance
difference is small since the recovery ratio (= /1) in a single pass through the MD module is low, < 8%.

Therefore, the above analysis establishes a general comparison (applicable over a wide range of feed

salinities) between P/CGMD and DCMD in terms of the heat transfer resistances. The foregoing analysis
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is silent on the relative performance of AGMD compared to these other systems. In the next section, the
comparison will be limited to between AGMD and CGMD. Wherever it is not stated explicitly, hgap = 10%
W/m? K is assumed for CGMD.

2.3. Air gap: effectively a thick and insulating membrane

GOR-flux performance curves of AGMD and CGMD are plotted together for two salinity levels in Fig. 5.
The relative performance of AGMD and CGMD is more complicated than what was observed among the
other configurations. At small area (large flux), CGMD outperforms AGMD irrespective of salinity, whereas
at larger system size (and correspondingly higher GOR and lower flux) and particularly at high feed salinity,
AGMD outperforms CGMD. The cross-over in performance between AGMD and CGMD happens at higher
(and hence more practically relevant) flux levels for higher salinity. The maximum GOR achieved by AGMD
is also higher than that of CGMD. These curves are in contrast to the case at seawater salinity, where CGMD

outperformed AGMD by about 100% over the entire range of system sizes (or flux levels) considered.

12 . , , , .
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\—— COMD) sy, = 105 g/ks

8 | ]
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8 —— CGMD, s;, = 245 g/kg
4
2
0
0 2 4 6 8 10
Flux [LMH]

Figure 5: GOR vs. flux curves for AGMD and CGMD at high salinity. At high salinity, AGMD outperforms CGMD at low
flux (large system area), and achieves a higher maximum GOR. At s;, = 245 g/kg, AGMD performs better energetically even
at practically relevant values of flux, 2 to 4 LMH. (System parameters: see Table A.2.)

Note that these results and comparisons are for a relatively thick membrane (6, = 200 pm). At lower
Om, the maximum GOR of CGMD would be even lower at high salinity. AGMD on the other hand, would
not be affected much since the 1 mm thick air-gap controls the thermal resistance, rather than the membrane
thickness, and thus dictates performance.

Figure 6 shows the cross-section of an air gap MD module. In the other MD configurations, water exists
on both sides of the membrane and the vapor pressure difference driving flux is related to the temperature
and salt concentration of these water streams. In AGMD, the region between the two menisci (salt water
meniscus to the left of the membrane and the condensing film surface) can therefore be defined as the effective

membrane. In addition to having a thicker ‘effective membrane’, the overall thermal conductivity (ke m)
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of this ‘membrane’ in AGMD is also potentially lower (since the actual membrane material occupies just a
small portion of the effective membrane, the remaining being filled with air). If the porosity of the air gap
is high, the permeability coefficient (By) of this effective membrane would also be higher than that of the
membrane. Higher effective membrane thickness d,,, lower membrane effective thermal conductivity kef m

and higher permeability coefficient By are all useful in achieving better GOR. at high salinity.

Cross-section of AGMD

—_—
effective membrane = membrane + air gap
thicker, lower k¢, and higher B,

Figure 6: Cross section of AGMD. The air gap along with the membrane can be considered as the effective membrane in the

case of AGMD.

One way to match AGMD’s high GOR at low flux with CGMD is to use a thick membrane. This
suggestion is verified by comparing the performance of AGMD against CGMD with a thick membrane in
Fig. 7. When a CGMD system with a thicker membrane is considered (1.2 mm thick, comparable to the
combined 1 mm thick air-gap and 0.2 mm thick membrane in AGMD), its GOR-flux profile starts approaching
that of AGMD (green curve).

8 T T T T 5 T . T :
7 AGMD 1 .| — AGmD |
6 i~ \ --- CGMD, thick membrane . - - - CGMD, thick membrane
]
=50 \‘\ 1 =3
g4 —cemp | &
O 3 ; \\ ] 02
) . — PGMD
2 - \\ n
1
1 TTET= 1
O 1 1 1 1 - - O
0 2 4 6 8 10 0 2 4 6 8 10
Flux [LMH] Flux [LMH]
(a) sin = 175 g/kg. dm = 1.2 mm for thick CGMD. (b) sin = 250 g/kg. 6m = 1.2 mm for thick CGMD.

Figure 7: When the membrane thickness equals the sum of the membrane and air gap thickness of AGMD, performance of
CGMD approaches AGMD. AGMD is still better due to lower heat loss across the low thermal conductivity air gap. Lowering
the membrane conductivity would make the performance of CGMD with a thick membrane very similar to that of AGMD.

CGMD and PGMD with 6y, = 0.2 mm are also shown for comparison. Other system parameters are provided in Table A.2.

At sip = 175 and 250 g/kg, a thick membrane CGMD system performs similar to AGMD (lower GOR
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compared to thin-CGMD at high flux and higher GOR at low flux), but its peak GOR is around 10-25% lower
than that of AGMD. Specific physical differences account this. The membrane’s permeability coefficient was
set at 60% of the molecular diffusion upper limit permeability, at By = 1.5 x 10719 s, in order to account
for vapor transport inhibition by the membrane’s porosity, and tortuosity. On the other hand, the air gap
spacer was considered to have a higher porosity (see Table A.2), and as a result the effective permeability
coefficient of the air gap was around By air—gap ~ 2.15 x 1071 5. Similarly, the effective conductivity of the
air gap was set at 0.032 W/m-K compared to kegm = 0.062 W/m-K. Therefore, By/kesr,m was higher for
the effective membrane of AGMD, resulting in higher maximum GOR of AGMD compared to CGMD with
a thick membrane.

With the development of ultra-porous MD membranes with enhanced vapor permeability and much lower
thermal conductivity [51], this disadvantage of thick-CGMD compared to AGMD at high salinity and low
flux can be bridged. This development is particularly important since AGMD with small gap thickness can
get partially flooded, pushing AGMD’s performance below that of even thin-CGMD towards PGMD (red
curve in Fig. 7). The practical implications of these effects on the choice of MD configuration for high salinity

are summarized in Section 2.5.

2.4. Choosing MD membrane thickness

Making a more permeable or less thermally conductive membrane (to increase By/ ke m) is contingent on
developing novel membrane fabrication methods. On the other hand, the thickness of the membrane can be
adjusted as an independent parameter during fabrication. We have shown that AGMD is better for low flux
and high salinity, whereas CGMD is better at high flux and low salinity. Since AGMD-type performance can
be obtained by using thicker membranes in CGMD, this section focuses on the choice of optimal membrane
thickness for a CGMD system.

The ideal membrane thickness depends not only the feed water salinity, but also on the flux at which
the system operates. Figure 8 shows GOR vs. flux curves for a three membrane thicknesses. At high flux,
the thicker membranes have a lower GOR compared to thinner membranes, whereas at low flux, the thicker
membranes achieve higher GOR. At each flux, there exists an optimum thickness. The overall best-case
(upper limit GOR) curve, when §,, is allowed to vary, is tangent to each of the GOR-flux curves obtained
at fixed d,,. This resulting curve is shown as a solid line in Fig. 8.

Similar upper limit curves can be obtained for each salinity based on the same procedure and are plotted
in Fig. 9a. Correspondingly, the optimal membrane thickness as a function of flux is shown in Fig. 9b. These
curves are valid for the baseline channel properties listed in Table A.2.

Figures 9a and 9b together can be used to pick the optimal membrane thickness for a given application
(defined by sin, Cgor and Criux). First, Fig. 9a is used to pick an operating point along the max. GOR-
flux operating curve to minimize specific cost (Eq. A.5). The location of the optimum point is a function

of the relative specific cost of thermal energy and amortized system size (Cgor/Chux). At the baseline
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Figure 8: GOR vs. flux at various membrane thicknesses for CGMD at s;, = 150 g/kg. For each flux, GOR is maximized at
a specific value of membrane thickness dm. The solid curve is the locus of maximum GOR values, calculated by allowing the

membrane thickness to vary.

condition defined in Appendix A.1l this ratio is 22.6. If the present cost of natural gas is considered, or
if the system capital cost is higher, this ratio would be lower. Once this operating point is identified, the
required membrane thickness can be obtained at the same value of flux from Fig. 9b. Representative results

are shown for three values of the cost ratio.

2.5. Practical implications for choice of MD configuration

Figure 10 shows the approximate external area required for DCMD to achieve the same GOR as a
CGMD system, which defined by its gap conductance. The following conditions were considered in Ref. [32]:
hgap = 104 W/m2-K, and Upgx = 1300 W/mQ-K. Numerical modeling of the full systems showed that
the DCMD HX had to be about 7 times the size of the membrane to match the GOR of the CGMD
system. DCMD with Apx = Am was also found to outperform PGMD (with hgap, = 600 W /m?.K). Similar
conclusions can be drawn without full modeling from Figure 10. In Winter [39], since TTD is fixed, (UA)ux
changes with changes in feed flow rate. As a result, in some cases (UA)ux is larger than hgap Anp, resulting
in DCMD’s better performance compared to PGMD, whereas in other cases the opposite was true.

Since DCMD and P/CGMD are essentially equivalent in terms of their overall performance, the choice
among these configurations is only a function of economics: the configuration with a lower Chyx for the same
performance is preferred. Based on Fig. 10, for a 0.5 mm gap width and kegr, = 3 W/m-K in CGMD, the
area of the HX in DCMD (Ugx = 1300 W/m?-K) has to be about 4.5 times that of the condenser surface
area in CGMD. The amount of metal required to increase the conductance of the thin gap in CGMD is
likely to be lower than what is needed for the larger external HX, in addition to other advantages of CGMD
such as having only one flow loop and a lower pumping power consumption. Based on these factors, CGMD

would likely be a cheaper system to implement for the same overall performance.
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(a) Maximum GOR is plotted as function of flux. At each

(b) The thickness at which energy efficiency is maximized
flux, the system is designed at the membrane thickness that

for CGMD as a function of flux.
maximizes GOR.

Figure 9: Charts for choosing membrane thickness and system size: maximum GOR and the thickness at which GOR is
maximized are plotted as a function of flux. At the known feed salinity, a point along the max-GOR vs. flux graph is chosen
to minimize the cost of water. Once this operating point is chosen, the corresponding value of membrane thickness can be

obtained from Fig. 9b. Representative choices of optimal system design are shown for three values of Cqor/Ciux [L/m?2-hr].

AGMD is particularly promising at high feed salinities. But a thin air gap (less than about 1 mm) can get
partially or completely flooded during operation (Fig. 11). Recent visualizations [52, 53] of the condensation
process within the air gap have confirmed that the film is affected by the gap spacer and is quite different
from the ideal case depicted Fig. 6. In Appendix A.5 the susceptibility of large area systems to gap flooding
is highlighted. Such flooding would lead to a shift in AGMD performance towards that of PGMD (red curves
in Fig. 7), which is particularly bad at high salinity.

Since CGMD and DCMD systems with thick membranes perform similar to AGMD, while eliminating
the danger of air-gap flooding and PGMD type operation, these designs may be more robust alternatives to
AGMD. This advantage will be more pronounced once ultra-porous membranes are commercially available,
since at present an ideal AGMD system outperforms CGMD with a thick membrane. These results assume
that high hgap or (UA)mx can be implemented, since the equivalent resistance in AGMD (of the thin film

condensate) is small. Figure 11 shows the overall comparison between various options at high salinity.

3. Part 2: Deriving general results for sizing MD systems

3.1. Methodology: simplified heat exchanger (HX) analogy model adapted to high salinity

A simplified model of MD will be used for deriving generalized results for sizing MD systems. This model,
which does not employ length-wise discretization, is based on an analogy to heat exchanger analysis using

the e-NTU method, and was proposed previously by the present authors [32] and will be used to derive
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Figure 10: The relative size of HX in DCMD to match a CGMD system’s GOR.

generalized results for sizing MD systems. (Similar concepts have been developed for modeling a variety of
pressure-driven osmotic mass exchangers [54, 55, 56, 57]; and simplified models based on the e-NTU method
have also been applied for predicting DCMD flux [58].) We refer to this approach as the HX analogy model.
This model has previously been applied to PGMD, CGMD, and DCMD at seawater salinity. Based on
the results of Part 1, the previously proposed models are generalized as one model for all single stage MD
configurations, and the model applicability is also extended to higher feed salinity.

The corresponding MD resistance network is shown in Fig. 12. In the 1-D discretized model, the variation
of the membrane’s vapor transfer resistance (Rm vapor), Which is lowest at the high temperature end of the
module, is captured. On the other hand, in the HX analogy model, Ry vapor is averaged over length. As a
result, all the heat transfer resistances are constant over the exchanger length, just as in a simple HX model.
In addition to varying locally, R vapor is also affected by system size: it is higher for larger systems. The
effect of module length on the magnitude of Ry, vapor is still captured, through ATy, the average temperature
drop across the membrane. A larger MD system results in a lower terminal temperature difference (TTD)
and ATy, hence resulting in a higher vapor transfer resistance across the membrane (the equation for hRass
given in Fig. 12, as derived in [32]).

In this simplified model, the effect of dissolved salt on vapor pressure depression and on feed solution
specific heat are included in order to extend the applicability of this model to high salinity. The effect
of salinity on the vapor pressure of the feed stream is incorporated through ATypp, the vapor pressure
depression temperature (which is approximately equal to the boiling point elevation or ATgpg). Here, ATypp
is defined so that the vapor pressure of a saline feed solution at temperature T and salinity s¢ is equal to the
saturation vapor pressure of pure water at a lower temperature, T' = Tt — ATypp (Tt, st) =~ Tt — ATspr (T}, st).
Refer to Appendix A.6 for a discussion of this concept. Here, ATypp is evaluated at the mean temperature
and at a salinity 4% higher than the inlet feed stream (to account for feed concentration increase with length

and concentration polarization. Concentration polarization can be modeled in more detail as a function of
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Figure 11: Relative performance relationships between various MD configuration at high salinity. A < B and A > B are used
to indicate that performance of system A is worse or better than that of system B. An ideal AGMD system is optimal (27d
from left), if flooding can be prevented. If not, CGMD with a thick membrane (2" from right) is almost as good, while being

more robust.

flux and channel mass transfer coefficient if better accuracy is desired at high flux).

Once this resistance network is established, an overall heat transfer coefficient (U, for U A the reciprocal
of total resistance) can be determined, from which NTU = UA/rc, is found. NTU is a non-dimensional
measure of system area. Exchanger effectiveness can be evaluated as ¢ = NTU/(1 + NTU) for balanced
counterflow MD systems [59] (See Appendix A.3 for a brief overview of balancing flows in MD systems). 7
is determined based on the ratio of membrane resistances to heat transfer mediated by vapor transport and

heat conduction. GOR is then estimated as 7 -¢/(1 — €) or equivalently,
GOR = NTU (5)

3.2. Design goals based on the resistance network model

Three key goals for MD system design are described below:

1. A low total resistance (high overall heat transfer coefficient U) is ideal, so that for the same area A,
NTU and therefore heat transfer effectiveness ¢ are increased.

2. To achieve, a high GOR, 7 should also be high, in addition to &: most of the energy transfer across
the membrane should be mediated by vapor transport, ideally with very little heat conduction loss.
Correspondingly, the ratio of membrane conduction resistance to the resistance to vapor transport,

@c-v, should be high:

¢ o Rmemb. conduction
c:v 5
memb. vapor

= kB O hggbAePTravs (6)

eff,m
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Figure 12: Updated resistance network model of general single-stage MD system. The design goals are summarized.
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where A = 1054.8 Pa and b = 0.0479°C~! are obtained by fitting data to Pet(T) = AePT. ko m
is the effective thermal conductivity of the membrane, and is influenced by the conductivity of the
membrane material (ky,) as well porosity, tortuosity and geometry of the pores. Even if the membrane
material is eliminated (porosity ¢, = 1), vapor would still conduct some heat; hence, in practice the
heat conduction loss is always non-zero.

Note that ¢.., is defined to be independent of system size (i.e., independent of AT,,) by considering
hmass:0 (see Fig. 12) instead of the total conductance due to vapor mass transport, hass.  Also,
@c.v 1s independent of membrane thickness because it cancels from the ratio of vapor permeability
(B = By/dwm) and heat conductance (Acond memb = Keff,m/0m). Stated another way, ¢c., is the non-
dimensional ratio of membrane’s vapor permeability coefficient to its effective thermal conductivity.

. To achieve a high flux and high GOR, the temperature difference across the membrane (AT,) should be
as close as possible to the terminal temperature difference (TTD) or the temperature difference between
the bulk streams (AT},). A temperature difference across the membrane drives pure water production,
but temperature drops across the other thermal resistances are simply losses of the available driving
temperature difference between the hot and cold bulk streams, AT},. As a result, in an efficient MD

system, ATy, must be close to ATj,.

ATy Riembrane 1
AT, R = AT (ATm—ATypD) 0
b total 1+ ¢ch:m |:]. + (bc:v (1 — A'}/—}IZD) ( W(ATm—ATveD) ):|

where, for CGMD,

o ERnon—membrane,i
¢ch:m

Rmemb. conduction

1 1 dg
fi et e
= S (8)
keff,m

For AT, to be close to ATy, ¢en.m, the ratio of the total resistance of non-membrane channels to the
conduction resistance of the membrane, should be as low as possible.

Like ¢¢.v, Pen:m is also defined to be independent of system size. A low value of ¢¢,.;m can be achieved
by increasing the heat transfer coefficients of the hot and cold channels or the gap region. Note that,
unlike ¢¢.v, Gch:m 1s not independent of membrane thickness. A low value of ¢ch..,, can also be achieved

by making the membrane thicker (or otherwise increasing the membrane’s conduction resistance).

These parameters can be used to understand the general design goals for improving MD performance.

The importance of the two resistance ratios (similar to ¢c.v, ¢cn:m) as well as of the temperature-difference

ratio ATy, /ATypp was brought out very clearly by Bandini et al. [60], in the context of small-area DCMD

system design.

The resistance network can be completely defined by one of the resistance terms (e.g., £ Rnon—membrane,i)s

and the two non-dimensional ratios defined above. GOR, which is non-dimensional, can actually be expressed

as a function of only the two non-dimensional resistance ratios and the dimensionless system size, expressed
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as NTU, independent of the magnitudes of the individual resistances. This fact will be used to derive a
general expression for the critical system size in Section 3.3.

Unlike GOR, flux is a dimensional quantity and is affected by the magnitude of the resistances in addition
to resistance ratios. At the same values of ¢c.v, @ch.m, & high overall U is preferable in order to achieve better
GOR-flux performance. While ¢¢,.m can be reduced by increasing the membrane thickness, this approach is
less desirable than reducing the resistance of the non-membrane regions, as shown in Appendix A.7.

The optimal MD membrane has already been recognized to be that which maximizes ¢..,. This param-
eter is defined independent of membrane thickness. As a result, the optimal method to achieve any given
membrane thickness is using an air-gap, with a very thin physical membrane, provided gap flooding is not a
concern. Further improvements in ¢.., can be achieved through methods such as partial evacuation of the
air gap [39, 61], which help both increase By as well as reduce keg m. In this manner, a partially evacuated
air gap can also be incorporated into this analytical framework.

Once all these techniques are used to maximize ¢...,, from the system design perspective, the heat transfer
coefficients of all the non-membrane portions of the system should be maximized. The extent to which these
can be increased is limited by cost constraints. For a given set of non-membrane thermal resistances, the
optimal membrane thickness and system size can then be determined based on the method proposed in

Section 2.4. These design goals are also described in Fig. 12.

3.8. FEwvaluating critical system size as a function of heat transfer resistances

3.83.1. Systems larger than a critical size must be avoided
For a zero salinity feed stream, the thermodynamic maximum GOR is co. In other words, the thermody-
namic least energy required to create pure water from already pure water is 0. With a membrane distillation

system, this situation is realized when Ayp — oo, which correspondingly leads to J — 0. For non-zero

Tt in—Tc,in _1
ATvpp (T%,in,5¢,in)

[32]. This cannot be achieved in real MD systems since the membrane would have to be perfectly insulating,

feed salinity, the thermodynamic maximum GOR can be expressed as GORmpax,MD =

wherein even the vapor does not conduct any heat from the feed side to the cold side (¢, — 00).

For real membranes, thermal efficiency 1 # 1, and 1 decreases with an increase in system size, as ATy,
decreases and approaches ATypp. In fact, beyond a certain ‘critical system size’, the rate of decrease of 5
is faster than the increase in €/(1 — ¢), leading to a net decline in GOR =7 -¢/(1 —¢). This corresponds to
the peak GOR at low flux observed in Fig. 7. While flux keeps decreasing with a further increase in system
size, beyond the critical system size, GOR also starts declining rather than improving. As a result, there is

no rationale for designing or operating an MD system under this unfavorable condition.

3.8.2. Deriving a closed-form expression for critical system size
The goal of this section is to derive a generally applicable expression for critical system size, using the
non-dimensional parameters from the simplified HX analogy framework. First, from Eq. 5, GOR = nxNTU,

where NTU = UA/rc,. Note that since the overall heat transfer coefficient U is a function of system size
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(since ATy, decreases with increasing area, resulting in a lower h22%), NTU is not a linear function of system
size.

Figure 13 shows GOR as a function of NTU for various feed salinity levels (for baseline values of
@cvy Pehim ). The dotted lines are from the simplified HX analogy model of MD. Note that the HX analogy
model is able to effectively capture the GOR vs. NTU curves, including the peak GOR, and critical system
NTU at which GOR reaches a maximum. For pure water, GOR continuously increases with an increase in
system size; GOR has no thermodynamic upper limit in this case. This is a result of 1 remaining relatively
unchanged (for pure feed) as the driving temperature difference across the membrane AT;, decreases. Ex-
perimentally, an equivalent result was observed for 7 as a function of membrane thickness in DCMD; even

at small membrane thickness (corresponding to small ATy, ), n does not decline for a pure feed [27, 45].
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Figure 13: Energy efficiency (GOR) is plotted against NTU (dimensionless system size) to show the existence of a critical size
(NTU®t) beyond which GOR decreases. The operating conditions should always be to the left of this maximum GOR point.
Dotted lines indicate results from the simplified HX analogy model, and demonstrate that the peak is captured quite well by

the simplified HX model as well. System parameters: Table A.2.

At high feed salinity, although effectiveness ¢ increases as system size increases, n decreases due to a

decrease in the flux-driving temperature difference. The HX model represents 7 as:

1
AT eb(ATm—ATVpD)71 -1
14 [%V (1 — A;;j;D) ( ) )}

NTU can be expressed as a function of ¢c.v, Gchim, AT, and salinity (through ATypp) as:

n= 9)

NTU = ~1 (10)

A7"1‘[‘18‘}(
eb(ATm—ATva) 1

AT
1+ ¢ch:m + ¢ch:m¢c:v (1 — A}’{;D) [ Y(ATm—ATveD) }

Putting Egs. 9 and 10 together, GOR can be expressed as a function of ¢cn.m, Gcv, ATvpp, AT, and
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AT‘max = Tf,in - Tc,in:

ATax 1

AT b(ATm—ATypp) ;]
1+¢ch:m+¢ch:m¢c:v (1_ A¥§‘D ) |:€ b(ATm*ATVPD)

AT b(ATm—ATva)_l -1
1+ |:¢c:v (1 - A}/‘ED) (Gb(ATmfATva) )]

Table 1 summarizes the practical significance of the generalized non-dimensional and other parameters.

GOR = (11)

Table 1: List of system variables and non-dimensional parameters used to characterize MD system critical size.

System variables Dimensionless| Summary
parameter
L, mg in NTU Defines system size. L is physical length of the module in
the flow direction. NTU = YXE%)  NTU is not a linear

mcp

function of L since U = f(L). Membrane mass transfer
coefficient (h2s%) is a function of AT}, which decreases at

larger L. Experimentally NTU can be inferred as NTU =

Te,out —Tc,in
TTDup

Om, P, e, Pgap Pch:m Ratio of combined resistance of non-membrane sections to
membrane conduction resistance. ¢y, increases for a thin-
ner membrane or at higher channel heat transfer coeffi-

cients.

Bo, keftms Tpave Ge-v Ratio of the membrane conductance resistance to (size in-
dependent part of) membrane mass transfer resistance. A
higher value is better. ¢.., can be increased by increasing

By or reducing keg m.

ATypp, St,in - ATypp, which is approximately equal to the boiling point
elevation, is a measure of the vapor pressure depression of
the saline solution. It is a function feed salinity and average
temperature. For NaCl solutions, as feed salinity increases
up to saturation at 260 g/kg, ATypp increases to around
6 °C.

ATpmax = Tt in — Tcin - This is fixed at 60°C in this study: Ttin = 85°C, Tt in =

25°C. At lower top temperature, in addition to adjusting

ATy, the effect of lower temperature on By should also

be accounted for.

As described previously, AT}, decreases with an increase in system size and can be taken as a proxy

for system size in the GOR expression, Eq. (11). The critical system size (NTU™ or L), above which
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MD systems should not be operated, can be evaluated by finding the corresponding AT below which the
system should not be operated. GOR reaches a maximum at this critical system size (see Fig. 13). Near the

eP(ATm —ATypp) _

peak GOR, ATy, ~ ATypp, SO b(ATm_—ATva)l ~ 1. Hence, the GOR expression can be simplified to:

ATmax -1
1+@chim+Pchim Pe:v (1* AZV%)

-1
1 + |:¢c:v (1 - A§¥PD):|
9GOR

By setting 537 =0, AT can be expressed as an explicit function of denm, Ge:v, ATypp and AT ax:

GOR =

(12)

AT + e (AT max + Getm - ATypp) + 1/ S mx (g[8 T s (8T e ~STve)

ATcrit = AT Ochim
m VPD ql) h: (ATmax + ¢Ch;m . ATVPD) [1 + ¢ch:m (1 + ¢c:v)] - A,Tmax

(13)
The NTU® at which GOR is maximized can in turn be obtained by plugging AT into Eq. 10. NTU it
as a function of ¢ep.m, ¢c.v and salinity is plotted in Fig. 14.

NTUcrit (sina ¢ch:m7 Qsc:v)

100 150 200 250
sin [g/kg]

Figure 14: Level curves of critical dimensionless system size NTUCt as a function of ¢ep.m (ratio of the channels’ thermal
resistance to membrane conduction resistance), salinity, and ¢c.v (non-dimensional ratio of membrane vapor permeability to

thermal conductivity). Design and operation should be selected to ensure NTU < NTU®rt,

The NTU of a system in operation can be inferred based on temperature measurements. Applying energy
balance on the preheat stream, UAAT}, = 1ivc, AT axial, Where AT, is the temperature difference between
the feed and cold bulk temperatures, and ATy axial is the temperature difference along the length of the

. _ ATpnaxial ~ Tph,out—7Tph,in
cold channel. Rearranging, NTU = =Xz ~ PR —

. These temperatures can be readily measured
for an MD module in operation to infer its NTU in order to ensure operation at NTU < NTU™,

NTU as a non-dimensional parameter is useful when a system is operating, and inlet and outlet
temperatures can be measured. For designing a system, however, the more relevant parameter is the critical

length of the module. This critical length can be represented as a function of feed salinity, and non-
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dimensional parameters ¢ch.;m and ¢.., as shown in Fig. 15. The dimensional critical length also depends on

the actual resistance within the module, in addition to the dimensionless resistance ratios.

Lcrit (¢c:v: ¢ch:m7 Sin) [m]
1gin/w = 0.083 [kg/m-s]. Nehannels = 1132 W/m2-K

- L :
100 150 200 250
sin [g/ke]

Figure 15: Level curves of critical length Lerit (in meters) as a function of salinity and the dimensionless ratios ¢cph.;m and ¢e:v.
This dimensional result is valid for Achannels = 1132 W/m-K (overall heat transfer coefficient of non-membrane regions) and

i in/w = 0.0833 kg/m-s.

The maximum length and NTU are strong functions of ¢ch., and ATypp and are affected less by ¢c.y.
Note that the value of GOR™" is significantly affected by ¢¢.v (as shown in Appendix A.8), evidenced by
the difference in performance between AGMD and CGMD (with a thick membrane). The maximum module
length is extremely high at low salinities as long as ¢cn:m is small enough (i.e., if the membrane is thick
and heat transfer coefficients of non-membrane elements are high). At larger feed salinity, the maximum
allowable length decreases (even for a relatively thick membrane). Similarly, as ¢ch.m increases (thinner
membrane or higher resistances in parts of the module other than the membrane), the allowable maximum
length decreases.

The GOR obtained by setting L = L™** is within 1% of the maximum GOR obtained by numerical
optimization of the full 1-D module over a range of sy, € [70,250] g/kg, dch.m € [0.05-1.15], and ¢, €
[3.1,6.2].

3.8.3. Adjusting feed flow rate to avoid counter-productive operation

Winter et al. [36] noted the existence of a practically relevant value of NTU®™ or 7ng'it at high salinity
based on experiments with large-scale PGMD modules (Fig. 16). Note that the experimental data at s, =
50 g/kg and 75 g/kg reach a maximum with changes in feed flow rate. The numerical model (now including

the effect of feed flow on channel heat transfer coefficient) can also predict the existence of a critical flow

rate and maximum GOR. If the flow rate is set based on the HX analogy model equation for NTU™ the
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GOR obtained is very close to the numerical model’s maximum GOR.

5 T y
&0 ¢ max GOR (model)
Al O NTU = NTU**
i
— 3 r \ S0 1
v D
O S
O 2t N 1
@ [ o
N
Tr IS ® Winter et al. Expt. ]
K —— Model
0 - 1 1
0 200 400 600

Feed Flow Rate [kg/hr]

Figure 16: Effect of flowrate on maximum GOR (attained at NTUcrit) of a fixed size system at various salinity levels. Data

from Winter et al. for PGMD [36]

4. Concluding remarks

The energy efficiency (GOR) and flux performance of common single stage MD configurations up to
high feed salinity levels were compared in this study. The thermal resistance of the gap region in perme-
ate/conductive gap MD directly corresponds to the resistance of the external HX in DCMD; both limit the
extent of preheating of the feed stream. A low value of these thermal resistances results in improved GOR
and flux irrespective of the salinity level. Simple permeate gap MD can be modified to the better CGMD by
making the gap thinner or introducing a more conductive spacer material. To match CGMD’s performance
with DCMD, the external HX area has to be several times larger than the membrane, so as to match these
resistances (UnxAnx = hgapAMD). The cost of increasing the gap conductance is likely to be lower than
using a much larger HX, and hence overall, CGMD is preferred among these design variants.

AGMD is more resistant to higher feed salinity levels and achieves a higher GOR than the other config-
urations in large area modules. AGMD is brought within a common analytical framework together with the
other systems by identifying the membrane along with the air-gap region together as an effectively thicker
membrane. Care should be taken in AGMD systems to avoid partial or complete flooding of the air-gap which
can push AGMD performance down towards that of PGMD. CGMD and DCMD with a thick membrane
are also resistant to high salinity without being vulnerable to the negative effects of gap flooding during
operation. An AGMD system without gap flooding outperforms CGMD with a thick membrane since the
permeability coefficient of the open air-gap is higher and the thermal conductivity of the air gap is likely to
be lower than that of the membrane.

The choice of optimal MD configuration has been linked here with the choice of optimal membrane

thickness. This work presents a method to simultaneously pick a cost-optimal membrane thickness and
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system size. GOR-flux operating curves can be plotted for several d, values and an upper-limit profile
of these curves represents the best case design when allowing for variations in membrane thickness and
system size. An operating point along this max-GOR flux operating curve, and its corresponding membrane
thickness and membrane area, can be identified to minimize the specific cost of pure water production as a
function of the ratio of specific cost of thermal energy to amortized system area.

At small size and low salinity, an increase in MD system specific area (A/rhg) results in an improvement
in GOR and a decline in flux. However, beyond a critical system size, GOR also starts to decline rather
than improve. As a result, irrespective of the costs of thermal energy and system area, there exists no
justification to operating beyond this critical system size. This critical specific area can also be expressed
non-dimensionally by NTU*, An analytical expression for NTU“!" is derived using the simplified HX
analogy model of MD, as a function of feed salinity (ATyvpp) and the two non-dimensional resistance ratios,
¢cv and Pen.m. This expression can inform the choice of system size at the design stage (for treating a given
feed flow rate) or the selection of flow rate during operation (for a physical system of fixed size) so as to

avoid the counterproductive operating regime.
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Appendix A. Appendix

Appendiz A.1. Economic analysis

The flux-GOR performance curve for a given MD configuration indicates the set of all operating points
that are accessible to the technology by varying system size at fixed feed flow rate. The overall specific cost of
water production from an MD system is influenced by both capital and operating expenditures. The capital
cost increases with system size. The operating expense consists of labor, chemicals, membrane and other
material replacement, as well as energy. Energy is utilized in an MD system both in the form of heat and
electricity. Considering only the cost of capital (assuming capital cost is linearly proportional to membrane

area) and energy consumption, the overall cost of water from MD can be written as a function of three terms:

C = CCapEx + Cthermal T Celectric (Al)
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CCapEx Can be expressed as a function of water flux as:

Csystem,ammortized [$/hl‘] _ csp7capital[$/m2] X A[mQ] X CAF[hril]
Vp[m3/hr] J[Lm—Qhrfl] x Alm?] x 1073[m3 /L)

Coapex[$/m’] =

o Cﬂ ux

; (A.2)

For a 20 year plant life and annual interest rate of 10%, the capital amortization factor CAF = 1.35 x
10~5[hr~']. For a system specific cost of ¢y, =$100/m?, Cyx = 1.35 [$-L/m®hr] and coaprx = 132
The contribution of thermal energy cost to the cost of water produced by MD is directly proportional to

the specific cost of thermal energy and the specific thermal energy consumption of the MD process.

Cthermal[$/m3] - Csp,thermal [$/kWh] X qMD[kWh/mg]

higlJ /K f
= Csp.thermal|$/MMBTU] x % x (0.947 x 107?)[MMBTU/J] x 10%[kg/m?]
Ccor
— A.
GOR (43)

Considering the cost of energy from natural gas to be $13.11/MMBTU (2005 data [62]) and hg, = 2.442 x 10°
J/kg, Cgor = 30.34[$/m?] and cihermal = %. Based on the current price of natural gas, or with the use
of other waste heat sources, the cost of thermal energy would be lower and hence results are plotted for a
range of Cgor/Chux = 22.6-1.

If W is the electricity consumption in watts, the corresponding contribution to the overall specific cost

of water can be written as

Celectric = Csp,electric [$/kWh] X wsp,electric[kWh/m3]

W[W] x 26—3kW /W] x f hr

= G etectricl 8 W ] T Afm?] x 46~%m? /L] x T

W
Csp,electric \ 4

J
C/
_ Gy (A4)
Unlike Cqyx and Cgor, C;mmp is not independent of system size, as the pumping power increases with an

increase in module length. Duong et al. report a low value of around 0.3 kWh/m? for the specific electrical
energy consumption [63]. Nevertheless, even for a pump power consumption of 1-2 kWh/m3-product, the
relative contribution of pump energy consumption is much lower than that of capital cost and thermal energy.

As a result, the total cost of water from MD can be approximated as

Caux , Ccor
J GOR

(A.5)

C & CCapEx + Cthermal =

Appendiz A.2. Baseline system parameters

See Table A.2.
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Table A.2: Baseline system parameters.

Parameter Symbol Value | Units
Membrane permeability coefficient By 1.5 x10710 | s
Membrane thickness Om 200 | pm
Membrane porosity 0] 0.8 | -
Membrane material conductivity km 0.2 | W/m-K
Membrane width per unit flow rate W/ 1M in 12 | m/(kg/s)
Top temperature T% in 85 | °C
Bottom temperature T in 25 | °C
Channel height den 1 | mm

Gap thickness dgap 1 | mm
CGMD - gap conductivity kgap 10 | W/m-K
PGMD - gap conductivity kgap 0.6 | W/m-K
AGMD - gap porosity Psap 0.9 | -

AGMD - gap spacer conductivity kgap,spacer 0.2 | W/m-K
DCMD - HX Area ratio Anx/Am 1] -

DCMD - HX heat transfer coefficient | Ugx 1300 | W/m?2-K

Appendiz A.3. Balanced MD systems

Figure A.17 shows the flow profiles for balanced DCMD [40] and gap MD systems [41], along with the

temperature variation within balanced HXs.

Appendiz A.4. Two balanced HXs with an intermediate fluid

For the system shown in Fig. 3, since the HX are balanced, the temperature drop of one stream is equal

to the temperature gain of the other:

ATax = Th,in - Th,out = T'i,l - T‘i,2 = Tc7out - Tc,in

For the individual HXs:

T 1 =T NTU
Ea = 71 .'2 = a (A.G)
Thin —Ti2 1+NTU,

TC out — Tc in NTUb
_T. in _ AT
T N, —Tewm | 1+NTU, (A1)

Rearranging,
1 Ti in — /I’l 1
- = 711’ 2 =1 —+
€a AT,y NTU,

(A.8)
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Balanced DCMD system:
Locally close to balanced heat capacity rates
by setting

Thpure,in = 7hf,out

Balanced Gap MD system:
Gap flow in same direction as feed and

cp(St,out) countercurrent to preheat stream
P ;ou

e (pure)

At low salinity feed stream, this corresponds to
equal flow rates along the length:

1kgls Tkg/s 1 kgls

The total mass flow rate of feed + gap is
constant along the length:

1kgls

Temperature profiles in
balanced and unbalanced HXs

.

Position along HX

Balanced Not balanced
mhep|, = mep|, _mc”|h—>mq’|£_
'fnf,out mpure,in 'mcp|h < mcp|C
0.94 kg/s 0.94 kg/s 0.94 kg/s 0.06 kg/s 1kgls ———— o
Figure A.17: Flows in balanced MD systems.
1 Tiqg —Te; 1
I i,1 cin _ 14+ (A.9)
€b AT'ax NTUb
Similarly, for the overall HX (without any subscript):
1 Th in — Tc in 1
— = = —1 + — AIO
€ ATk NTU ( )
1 1
cT A" (Thin — T2+ Tix — Tein — (Tin — Ti2))
1
= ATax X ((Th,in - T‘i,2) + (ﬂ,l - Tc,in) - AT‘ax)
1 1
€a €b

From Eqgs. A.10, A.11:

L SR
NTU ~ NTU, ' NTU,
1 1 1

T wa) T A, Ay

Appendiz A.5. Potential for flooding in AGMD

(A.11)

(A.12)

The present numerical model is compared against results from the pilot scale MD module reported in [63].

The GOR-flux values obtained with changes in feed flow rate (Fig. A.18a) and top temperature (Fig. A.18b)

33



at two values of salinity s;, = 0,35 g/kg are plotted. The channel geometry, feed flow rate, temperature and

salinity in the numerical model are set based on the reported data.

14 T T 14 : ;
w
12 t s=0g/kg 1 12 Tf/r |
/ o
10 r T 10 B ,g:()()‘/k()‘ [ ] T
— . o = [ ] - -
Z 8 -9 — 35 g/kg i : 8 | Y : ””’, - |
o o no: == "0 ®
36t ] 8 6t co ° ]
4 + ---AGMD ] 4 [ s =35g/kg --- AGMD T
, | —— PGMD o | — PGMD |
| ® Duong et al. Experiments 1 ® Duong et al. Expt.
0 L 1 0 L L
0 1 2 3 0 0.5 1 1.5
Flux [LMH] Flux [LMH]
(a) Validation at various feed flow rates. (b) Validation at various feed inlet temperatures

Figure A.18: Comparison of the full-system model by comparing against published data for flux and energy efficiency. AG
(dotted model lines) refers to Air Gap and PG to Permeate Gap (solid model lines). The reported module geometry data was
input to the model. Additionally the following parameters were used: By = 1.5 x 10710 kg/m-s-Pa, hq, ~ 5000 W/m?.K,

hgﬁ%MD = 500 \)\/‘/1112,1(7 dlg:(;l,\gg = 0.7 mm.

The decline in performance between si, = 0 and 35 g/kg cases is more pronounced then what would be
expected for an ideal air gap system. The AGMD model prediction shows a small difference in performance
between the two salinity levels, whereas the difference predicted by the PGMD model is closer to the observed
trend. We can therefore surmise that the large scale experimental module could have had some water bridging
or partial flooding of the gap. On average, experimental results occur between the model predictions for
an air-gap system and that of a permeate gap system (where the entire gap is assumed to be filled with
produced product water).

Note that in Fig. A.18a, at larger feed flow rates, the obtained GOR and flux values are higher than
predicted by both the AGMD and PGMD models. This could be because a simple laminar correlation is used
for the heat transfer coefficient within the flow channels in the model, whereas in reality, with an increase
in flow rate, the effective heat transfer coefficient would increase due to increased mixing in the spacer-filled
channel. Additionally, the effect of changes in top temperature on By of the membrane have also not been

considered in the numerical model.

Appendiz A.6. FEffect of salt on vapor pressure depression

The presence of solutes leads to a reduction in the vapor pressure of the feed solution. At very low solute

concentrations, this effect can be evaluated through Raoult’s law. For non-ideal solutions,
pvap(T7 S) = Pias (T)CLW(T, 5) (A13)
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where a,, is the activity of water.

In order to include the vapor transport resistance into the HX analogy model, the vapor pressure of
pure water was approximated as an exponential function of temperature. Correspondingly, the effect of salt
on reducing the vapor pressure was incorporated as an effective reduction in the temperature of the feed
solution which results in a lower vapor pressure. A vapor pressure depression temperature (ATypp) can be

defined as a function of temperature and salinity such that,
pYP(T, s) = p"*P(T — ATypp(T, s),s = 0) = Pt (T — ATypp(T, s)) (A.14)
A more commonly used AT metric is the boiling point elevation or ATgpg which is defined such that:
PP (T + ATgpr(T, s),s) = p™P(T, s = 0) = Py (T) (A.15)

or in other words, the additional temperature required for a salty solution to match the vapor pressure of a
pure water solution.

Both ATypp and ATgpg are represented pictorially in Fig. A.19. p¥@P(T, s) for sodium chloride solution
is obtained from Pitzer’s model [49]. Over the range of temperatures and feed salinities relevant to MD,
ATypp ~ ATgpg with a maximum deviation of about 3%, occurring at high salinity and temperature. This
difference is lower than the uncertainty caused by the average feed salinity within the MD module, T}, ave-

In this study, the following approximation was used: p¥2P (T, s) & Pysat (T — ATspEg).

x 10°

—s=0s/ke bT
s =190 g/kg ~ Ae

Vapor Pressure [Pa]
w

ATgpr

ATV@»

0 L L 1 1 1 1
20 30 40 50 60 70 80 90

Temperature [°C]

Figure A.19: Difference between ATypp and ATgrg illustrated for a solution at T'=70°C and s = 190 g/kg.

Appendiz A.7. Effect of non-dimensional parameters on flux

While GOR is only a function of the non-dimensional parameters @chm, @c.v and system size (NTU),
flux is additionally a function of the magnitudes of the resistances (related to design goal 1, of maximizing
overall heat transfer coefficient, U). Hence GOR-flux performance curves obtained by allowing system size

to change, at the same set of resistance ratios, can be different based on the resistance magnitudes.

35



Figure A.20a shows the effect of decreasing ¢en.m in two ways: keeping membrane thickness constant
while increasing h., and maintaining a constant hg, while increasing d,,. While the maximum GOR value
is the same for these two cases, flux for the case with higher channel transfer coefficient is about two times
higher than the case with a thicker membrane.

When ¢cph.m is reduced to 0.2 from 0.4 by increasing membrane thickness, GOR is higher at low flux, but
beyond 4 LMH, the original system ¢ch..m = 0.4 outperforms the modified system, in spite of ¢cp.;n being
lower (compare the red and black curves). On the other hand, when ¢y, is reduced by increasing hcy, the

green curve outperforms the black curve over all flux levels.

7 T T T T 6 T T T
""" ¢ch:m =0.2. hch = const., 6m T
L 7Sy s 4 _——— Gchem = 0.4
6 ," ,’X\\‘ SN T Gchm = 0.2 Om = const., hep T Sr I’I,<\\\\\
5 '." :" \‘\\ \\ —— ¢chim = 0.4 ]
za)
3 3
2
1 ey =T By 1, ki = comst. T==~ITTTS
""" ¢c:v =T. B01 5111 = const., kun hch J/ 1
o Il 1 1 1 o 1 1 1
0 4 8 12 16 20 0 5 10 15 20
Flux [LMH] Flux [LMH]

(a) The effect of actual transfer coefficient on flux at the (b) The effect of actual transfer coefficient on flux at the

same value of ¢ch:m- same value of ¢c.v .

Figure A.20: Max GOR is only a function of ¢c.v and @cn.m, but flux depends on the magnitudes of the resistances also. sin—150

g/ke.

Similarly, Fig. A.20b shows the difference in performance based on whether ¢.., is increased by improving
membrane mass transfer or by increasing membrane heat transfer resistance, while keeping ¢cn.m and 6y,
constant in both cases. In order to maintain a constant ¢cp.,, and d,, a decrease in ky, would also be
accompanied by lower hg,. It is better to increase ¢ by increasing By rather than by decreasing ky,, at

fixed ¢ch:m .

Appendiz A.8. Importance of ¢e.y for mazimum GOR

While it was observed that ¢e., or good membrane design has a small effect on NTU  its effect on
the actual magnitude of the maximum GOR achieved at the critical size is more significant, as illustrated in
Fig. A.21.

The way to read this chart is as follows: For a feed salinity of 200 g/kg and ¢ehm = 0.2, the maximum
GOR achievable (at the critical system size) is 5 for ¢e., = 10. If, on the other hand, ¢., = 2.5, the
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Figure A.21: Effect of vapor permeability to heat conductivity ratio (¢c:v) on maximum GOR of the system.

maximum GOR (interpolated from the chart) is only about 3. The impact of ¢..., on GOR is significant,
even though it has a small effect on NTU®,
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