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8.1. Introduction

| New technologies continue to grow and emerge to address emerging |

| challenges to water and energy resources caused by population |
growth and climate change.™? In water-stressed regions, desalination

| technologies to extract freshwater from seawater or brackish water |
are well-established, but efforts continue to make them more efficient

| and applicable to more water source types. |

| Membrane distillation (MD) is an emerging thermal desalination |
technology in which feed water evaporates at a membrane that

| permits water vapor to pass while preventing any liquid water |
to penetrate. The vapor is then condensed on the other side of

3 MD offers unique |

| the system producing pure water (Fig. 8.1).
advantages over other technologies including the ability to scale down

| the system to smaller sizes, being fouling resistant, the ability to work |

| at low temperatures, and potentially having competitive efficiencies |
compared to other thermal desalination technologies like multi-effect

| distillation (MED) and multi-stage flash (MSF). Deshmukh et al.* |

*Corresponding author: david.warsinger@gmail.com
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Fig. 8.1. Principle of MD process utilizing solar and waste heat as two energy
| sources. |

| showed that in large scales (>1000m? day~' water production), |

MD is less efficient compared to MED and MSF. However, this

| trend is reversed for small scale systems. MD systems can operate |

| effectively at lower temperatures than most other industrial processes |
(<80°C).>% So, MD could use solar and waste heat (Fig. 8.1),” and

| it would be a low carbon desalination technology.® |
These advantages for low temperatures and small sizes have led

| MD applications to substantially consider the two underused power |
sources of waste heat and renewable solar energy. Researchers have

| also proposed other energy sources with higher amounts of available |

| work, such as Joule heating. However, the energy source chosen can |
drastically impact the overall thermodynamic efficiency, which is

| often ignored.* |
MD systems need further efficiency improvements to truly

| takeover the niches for thermal technologies, but the best imple- |
mented systems? remain well below the performance of the best

| theoretical systems. These systems are complex, as their performance |

| depends on both system-level inputs such as the temperatures and |

total energy flows,

| impacted by local properties such as membrane conductivity. In order |

as well as micro-scale transport processes

to advance MD systems to their potential, a better understanding
| and implementation of MD efficiency is needed. |

|
|
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| This chapter aims to unify the various metrics for MD efficiency. |

| Here, we organize, categorize, and include the equations to convert |
between types of efficiencies, and explain the best uses of each type

| to maximize performance. To do so, this work chapter divides MD |
metrics into two primary categories: local and system level metrics.

| Additionally, it provides modeling results of representative figures |

| that conveys how the metrics are inter-related. |

| 8.2. MD Energy Efficiency Metrics |

In this section we present the main performance metrics for MD
| clearly and concisely, while conveying when to use each one. The |
| sections are organized by thermodynamic category. |
In this section, the main metrics are categorized into local and
| system level groups: |

| Local: |

| o Flux |
e Thermal efficiency

| System level: |

| e First law efficiency: gained output ratio (GOR), evaporation |
efficiency, specific energy consumption (SEC)
| e Heat transfer effectiveness |
| e Number of transfer units (NTU) |
e Second law efficiency

| 8.2.1. Flux |

| The permeate flux J of membrane distillation is one of the most |

significant metrics for the comparison of any membrane technology. '’
| Simply, it is the flow rate of permeate through the membrane,
| defined as: |

My

— 1

A @ |

| For MD, flux is driven by the vapor pressure difference, often |
simply described as:

| J = BuAPyy (2) |

J
|

|
|
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Fig. 8.2. Average temperature difference across the membrane with permeate
flux, showing impact of driving temperature across the membrane ATy, and
salinity. Conditions varying module length L = 0.1 m to 12 m at salinities ranging
from seawater, 35 g/kg, to 250 g/kg in an AGMD system. Membrane permeability
coefficient is set to B = 2 x 107" kg/m Pas, T.; = 25°C, Tt; = 85°C, 6m =
0.2mm and dgap = 1 mm represent the parameters used for the computations.

where 7, is the mass flow rate of permeate, A is the membrane
area, By, is membrane permeability, and AP, is the vapor pressure
difference across the membrane. This term AP, is affected by
temperature and salinity, but not with absolute pressure.

Figure 8.2 shows the impact of key parameters on membrane
flux. The driving force for permeate flux, APy, is a direct thermo-
dynamic function of the temperature difference across the membrane,
AT}, However, increasing salinity reduces the vapor pressure on the
feed side.

As membrane area is a key capital cost in MD, flux is an
essential and easy-to-measure and almost universally used parameter
for membrane distillation.

8.2.2. First-law efficiency: GOR, evaporation
efficiency, SEC

The performance of thermal desalination systems is often described
as a function of energy input, regardless of energy type: such a metric
is a “First-law efficiency,” as it considers only energy, similar to the

_
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Energy Efficiency Metrics in Membrane Distillation 267

| first law of thermodynamics. Of these, the principle metric typically |

| used to describe these is the GOR. This dimensionless parameter is |
a ratio of enthalpy of evaporation for the separated water to actual

| input heat for separation, or: |

1phig

| GOR = (3) |

H

where hy, is the water enthalpy of vaporization (2257 kJ/kg), and Qu

| is the total heat energy input. |
GOR shows how many times the enthalpy of evaporation is

| reused within the system. Essentially, it directly reflects the energy |

| efficiency and cost of energy used within the system. As a result, the |
higher the GOR in MD system, the better, although practical design

| costs often lead to trade-offs with flux which will be discussed later. |
Evaporative systems without heat recovery, such as some lab-

| scale MD systems, or technologies like most steam evaporators and |

solar stills, often have a GOR between 0 and 1. For example,

| Heater Heater

Brine
recirculation Feed |

Brine pistillate ' €9 Brine Distillate
| (a) (b) |
Fig. 8.3. The schematic of (a) separated hot and cold feed at MD (traditional

| MD setup, GOR < 1) and (b) preheating feed inlet in MD and brine recirculation, |
necessary for reasonable efficiency (GOR > 1).

|
|
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Fig. 8.3(a) shows an MD system without heat recovery of the cooling
stream, limiting the GOR below 1. Therefore, practical MD systems
achieve GOR values greater than 1, by recovering the latent heat
of the cooling and brine streams via preheating; Fig. 8.3(b). In the
preheating loop, most of the brine heat could be reused by increasing
the module length (membrane area), or by multi-stage design. The
configuration shown has internal heat recovery (within the membrane
module), which is seen in the MD configurations known as air gap
(AGMD), permeate gap (PGMD), and conductive gap (CGMD).
Recovery of latent heat can also be done with an external heat
exchanger,'! which is seen in the MD systems known as direct contact
(DCMD) and vacuum (VMD).!2717

Notably, there tends to be a maximum GOR for a given MD
operating conditions, based on the membrane area made available
(which in turns alters flux). This can be seen as GOR vs flux
peaks (Fig. 8.4). The primary limitation causing these peaks is the
boiling point elevation (BPE), a term which describes vapor pressure
reductions from higher salinity in the feed side. For a given salinity,

14
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Fig. 8.4. GOR vs flux for CGMD and AGMD over a range of salinity.'®'8
Red dots indicate the trade-off conditions at which AGMD or CGMD begins
to dominate with the superior GOR vs flux frontier. Membrane permeability
coefficient is set to B = 2 x 107 1° kg/mPas, Tc; = 25°C, Tt; = 85°C, 0m =
0.2mm and dgap = 1 mm represent the parameters used for the computations.
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Energy Efficiency Metrics in Membrane Distillation 269

| to have enough vapor pressure to drive flux, there needs to be a |
| higher temperature on the feed side; this AT is the BPE. As a |
result, the maximum possible GOR for a given system is a strong
| function of salinity. Overall, this comparison is a great way to go |
about optimizing performance.
| However, the first-law metrics like GOR have a serious drawback; |
they do not consider the available work (exergy) that a heat stream
| may have. For a thermal process, this available work increases |
| as temperature difference increases. GOR, therefore, is not fully |
reliable when comparing systems of substantially different operating
| temperatures or energy input types. As such, GOR is referred to as |
a First Law Efficiency metric, as it considers only the first law of
| thermodynamics and neglects the Second Law of Thermodynamics, |
| which includes entropy. Because of this significant limitation, these |
first law metrics are largely useful in comparing systems with the
| same energy sources. |
Notably, there are several other first law metrics that can be
| directly converted to GOR. |
However, some reporting of solar evaporation efficiency ignores
components of Qvap or Qtotal, they may not match.
| For related systems, especially those using solar power, an |
evaporation efficiency is often given: these numbers are usually
| identical to the thermal efficiency, where Qu is a solar energy |
input. The three metrics converge in systems with negligible heat
| recovery, such as in small coupon modules or those without a flowing |
| preheating stream. In those cases, Qvap = Qtotah and the GOR and |
thermal efficiency converge. However, for real MD systems with heat
| recovery, the metrics may not correlate with one another. Usually |
a full model of an MD module is needed. Such an approach can
| allow for GOR calcualted from small systems. Those figures are |
typically below 100% (a GOR of 1) since they usually lack the heat
| recovery. |
| Another closely related performance metric is the SEC, or specific |
energy consumption, which is the energy input used to produce 1 m3
| of distillate (i.e. ratio of energy supplied to the volume of produced |
fresh water). The SEC varies from about 20 to 9000 kWh/m*1?

|
|
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270  Advances in Water Desalination Technologies

| depending on the type and size of the MD system, feed processed |

| water, energy source, energy recovery systems, etc. |
The specific energy consumption (SEC)?Y can be calculated with:

| QH o hfg |

SEC = — = 4
| m,  GOR ) |

While these first law metrics are simply related by a constant, they
| are the reciprocal of one another, so for SEC, lower values are better, |
| unlike the case of GOR. |
Usually, the SEC is much higher for small laboratory MD systems
| compared to larger pilot plants with greater membrane areas. |

| 8.2.3. Thermal efficiency |

| While system-level metrics like GOR are helpful in system design, |
they are not as easily applied to design choices that are local

| rather than system-level, such as material and channel depth choices. |
For such local considerations, the MD thermal efficiency 7y is the

| standard metric and helps with understanding tradeoffs with heat |
and mass transfer. Researchers find this metric particularly useful

as it can bridge lab-scale results to meaningful implications for large |

| systems. The MD thermal efficiency describes how much of the heat |
transfer between the feed and preheating channel is used to enact

| desalination, as a fraction of total heat transfer, which includes |
conduction losses. More specifically, thermal efficiency is defined as

| the fraction of energy transferred across the membrane as pure vapor |

| tramsport21 : |
= @ 5

| o Qtotal ( ) |

| where Qtotal is composed of Qvap and Qcond. Heat transfer by |
conduction across the membrane (Qcond) is a loss mechanism; Ideally

| 7th approaches 1, meaning that all the energy supplied to the process |

| should be used for the evaporation (Qvap) that causes desalination.?! |
The thermal efficiency can be calculated easily from lab-scale

| experimental data, as Qvap is simply a function of the permeate |
flow rate and enthalpy of evaporation, while the denominator can

|
|
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be described as a function of total enthalpy removed by the feed
stream, which can be described by the heat capacity c,:

1pheg

(6)

n = cp(ag i Tt i — Mg 0Tk o)
where the temperatures are taken at the inlet and outlet of some
portion of the feed side, as shown in Fig. 8.5.

The thermal efficiency is effectively a measurement of desired
thermal transport local to some membrane multilayer sandwich that
includes the membrane and major channels. It is thus an excellent
parameter for optimizing material choices and layer thicknesses.
To improve it, one must increase the resistance to conduction,
and /or decrease the resistance to mass transport. Therefore, typically
the thermal efficiency can be increased by reducing the thermal
conductivity of the membrane, increasing membrane thickness, or
by using an air gap. Alternatively, design changes to aid mass
transport through the membrane (or air gap) such as a more porous
or permeable membranes, can also increase it.

‘QH, Ty
Tﬁi Tc,o

Qvap

Qcc»nd

T

fo

s Tci
my, ’
Fig. 8.5. Heat input and heat recovery in the module, showing key parameters
for calculated the thermal efficiency of membrane distillation, 7. The heat flow
rates shown are those that define nn, and the feed temperatures shown can be
used to easily calculate the overall thermal efficiency 7, or the heat transfer

effectiveness ¢ for the system.

_
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| However, as it does not consider system-level performance, 7y |

| must be used in conjunction with other system-level efficiency |
metrics, to give any information on optimizing performance. As

| explained in the following sections, it can be used as a model input |
to help calculate the other metrics, a use that more researchers need

| to understand and implement. |

8.2.4. Heat recovery parameter (e-NTU)

| While other performance parameters indicate total energy use |
(GOR) or local heat transport (n,), performance parameters that
| describe operating conditions and system sizing are needed. Two such |
| parameters can be applied from the primary analysis approach for |
heat exchangers,' as MD itself is a heat exchanger with a membrane
| in the middle. These parameters are the heat transfer effectiveness |
e, and the Number of Transfer Units, or NTU; the approach using
| these parameters is referred to as e-NTU. |
The heat transfer effectiveness £22 measures how effectively heat
| is transferred across the MD module from feed to the cold side, as |
| a fraction of 1, where 1 would be a maximum enthalpy increase for |
the cold stream. The parameter ¢ is therefore defined as an enthalpy
| ratio, but since specific heat is relatively constant in MD, € can also |
be expressed in temperature differences only:

Q _ hc,o - hc,i _ Tc,o - Tc,i
Qmax hﬂi - hC,i Tf,i - Tc,i

| €

(7) |

where Q is heat transfer between inlet and outlet streams, h is

| enthalpy, and the subscripts c, f, i and o represent the cold, feed, |
inlet, and outlet respectively, as shown in Fig. 8.5. The heat transfer

| effectiveness € approaches 1 as the temperature difference across the |
membrane approaches zero; performance approaches this limit with

| larger areas (and lower fluxes) and reduced heat transfer resistance |

| in the channels, but boiling point elevation (a result of higher feed |
salinity) provides an upper limit on values of e.

| This effectiveness (&) heat exchanger metric is typically used in |

conjunction with its partner metric, the Number of Transfer Units

|
|
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| (NTU). NTU is a dimensionless system size metric that includes heat |

| transfer. NTU is related to J as they both describes system size, but |
this new metric is dimensionless which makes it easier to transfer

| insights across designs. The NT'U of an MD module is defined as: |

UA  Too—Tey
e,  Tri— Teo

| NTU = (8) |

where, U is the overall heat transfer coefficient across the MD

| module between cold and hot streams measured in W/m? K, and |

| ¢p is the specific heat. The concept of NTU originally appeared in |
the heat exchanger literature for heat exchanger sizing and rating.

| Larger values of NTU indicate larger system size and better heat |
transfer performance, whereas smaller J values usually indicate a

| larger system size only but can be caused by inferior heat transfer. |

Like in heat exchanger analysis, the overall heat transfer coeffi-

cient times area, U A, is equal to the inverse of the thermal resistance.

| Therefore, it can be readily calculated using the resistances in MD, |
including boundary layer resistance in the cold and hot streams,

| the effective resistance of the membrane, and the heat conduction |
resistance of the gap. As a result, the overall heat transfer coefficient

| U can be expressed as: |

| 11 1 dgp 1 |

— = + B — 9
| U hf heﬁ,m kgap hc ( ) |

| where hy is the heat transfer coefficient in the feed, h. is the heat |
transfer coefficient in the cold channel and heg i is the effective heat

| transfer coefficient of the membrane. With this term, the e-NTU |
framework can be used to directly relate MD performance gains with

| thermal enhancements, including flow rates, material choices, and |
channel dimensions.

| Figure 8.6 shows the GOR of MD at various salinity levels as |

| a function of system NTU. Beyond a certain system size, the GOR |
decreases. There exists a value of (NTU*) beyond which the GOR

| starts declining. At larger system sizes, the flux is also lower since the |
overall driving temperature difference is lower. This means operating

|
|
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Fig. 8.6. GOR as a function of the heat exchanger dimensionless area parameter

| NTU (number of transfer units), for (a) AGMD and (b) CGMD at varied salinity. |
Shaded regions show realistic performance, with the darker bottom indicating

| the highest GOR (peak performance). These peak values represent dimensionless |
areas (NTU™) for best performance for each technology, with values to the left

| of the peak (lighter shading) saving on area cost, and values to the right of |
each peak are no-go design areas. Shorter module lengths (smaller NTU) have
to be used when treating high salinity water with MD.'® The parameters used

| for the computations were set to a membrane permeability coefficient is set to |
B=2x10"1 kg/mPas, Tc; = 25°C, Tr; = 85°C, 0m = 0.2 mm and dgap = 1 mm.

20 |

| beyond (NTU*) leads to both a lower GOR and lower flux and hence |
should be avoided.

| The dotted lines show that the simplified HX model is valid for |
high salinity as well. The existence of (NTU*) is indicated by the

| results from the simplified HX model as well. As a result, we attempt |

| to use this model to determine the (NTU¥) to choose safe operating |
conditions and system design.

| For both MD and classic heat exchanger analysis, e-NTU pro- |
vides a fast and elegant system-level performance metric. Values of

| € in MD modules approaching 1 indicates excellent heat recovery. |
However, in practice, high € may mean a low AT across the mem-

| brane, and thus a small driving force (AP,p,) and smaller flux (J). |

| Therefore, in optimizing design, comparing ¢ to a performance metric |
that considers system size (A, NTU, and J) is useful. In practice,

| computing NTU values can allow researchers to analyze how given |
material designs and channel geometries (which result in a given heat

| transfer effectiveness U) would perform in larger or smaller systems. |

L —
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| 8.2.5. Second law efficiency |

| The second law of thermodynamics allows for the most fundamental |
and universal analysis of energy efficiency. In such analysis, it is often

| convenient to compare exergy rather than energy. |

| The concept of exergy, often called available work, is defined |
as the possible work we can extract from an energy source (in

| this case, heat) that interacts with the environment’s end state. |
For desalination processes where this exergy difference is an energy

| barrier to overcome, it is often called the work of separation, Wleast‘ |

| The actual work used by the process is denoted by Wsep, and the two |
together define the second law efficiency for a separation process;

| —_ I/Vleast _ Exel"gy (10) |
| Wsep Wsep |

Exergy analysis in recent years is a term called second-law

| efficiency. Second law efficiency, in contrast to the metrics such as |
first law efficiency (e.g. GOR), is a universal tool to describe the

| thermodynamic efficiency in any desalination processes, capable of |

| comparing different desalination technologies with different energy |
sources and heat temperatures.

| In the second law efficiency analysis, the heat source (Fig. 8.7) |
can be described as a function of the enthalpies h¢, of the permeate;

| this describes the first law of thermodynamics. |

To, Mp

Sea Water | 7, 1,

Fig. 8.7. A black box desalination system and control volume is useful for second

| law efficiency (n11) analysis.®® ni1 is agnostic to the process itself and can be |
calculated with just the input and output streams. For desalination, the minimum

| least work between the streams is a function of the salinity and recovery ratio of |
pure water from seawater.

|
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| Here, the first law of thermodynamics is written as |
QH - QO = (mh)p + (mh)b - (mh)sw (11)

where Qy is the input energy at T, Qo is the heat rejected to
| the environment at 7Tj, and the second law of thermodynamics is |
written as:
Qu Qo _ . . . :
| T Ty = (S)p + (MS)y — (M.S)g,, + Seen (12) |

| The relative magnitude of entropy generation Sgen is useful to |

| understand the magnitude of efficiency losses. Using these laws, the |
work for a separation process like desalination can be described in

| a useful form that relates the work of separation, normalized by |
permeate production 1, with the least heat for a process, and the

| flow described by the Gibbs free energy g of the liquid streams; |

| i T Q ! 8 |
Zsep (1 20 wHsep _ _ — ——(Gew — T, 28en
| s (1) e () )+ T |
(13

where RR(=r,/my) is the recovery ratio, and the last term describes
| exergy destroyed by the process. |
To provide further clarity, one can visualize these thermodynamic
| flows through the membrane in an MD system (Fig. 8.8). |
| Figure 8.9 shows the relation of heat, entropy and exergy transfer |
in membrane distillation according to temperature difference between
| cold (7¢) and hot side (7t). The first law of thermodynamics dictates |
that the heat flux ) is the same across both sides. However,
| entropy increases as heat transfers across a temperature gradient- |
this is the primary cause of exergy destruction, also known as the
| loss of available work, in membrane distillation. Every occurrence |
| of heat transfer across temperature gradients causes such losses: |
as MD approaches theoretical ideals, these temperature gradients
| approach zero, and the Q from conduction across the membrane also |
approaches zero.

|
|
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| Mn (%) |
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0.01 |

100 1000
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Fig. 8.8. Conversion plot for seawater desalination between second law efficiency
| nu and first law efficiency (GOR) calculated for the case of an environmental |
temperature at 25°C and at RR = 0; and Wieast/1p = 2.6 kJ/kg and salinity

| 35 g/kg. Results are derived from ni = GOR x % X 171%.1_ |

8.2.6. Relating performance parameters to one another

| The following subsection goes over equations that can be used to |
relate the efficiency metrics to one another. More thorough discussion

| and derivations can be found in previous work by the authors and |

| collaborators.'®

The second law efficiency can be related to the first law metrics

| (GOR etc) by using Eq. 10 (which relates work to heat through the |
temperatures) and the definitions for both efficiencies.

| The first law metrics (GOR etc.) can also be related to the |

| thermal efficiency 7y, and the framework e-NTU. The standard MD |
configurations with internal heat recovery (AGMD, PGMD, CGMD,

| and similar systems) provide straightforward conversions for relating |
GOR in terms of ny, and € as follows:

= 14
| GOR 77th><1_€ (14) |

|
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B L
Hot side Membrane Cold side

| Fig. 8.9. Relation between energy, exergy, and entropy transfer across the |
membrane in MD.

| e can then be evaluated?! assuming a perfect counter-flow heat |
exchanger as:

| NTU |
S 1
| T+ NTU (15) |
| With this, the GOR expression derived earlier becomes: |
GOR =mny x NTU (16)

nen can be evaluated as the fraction of the heat transferred through

| the mass transfer resistance as: |

| - B hngpm |
h =

BhigApy, + tmpln

1

| Lt 5B Ao |

1
14wl

6m hgass |

|
|
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| where h;®% is heat transfer coefficient corresponding to vapor |

| transfer across the membrane. |
Inspired by the e-NTU method, 7, and ¢ are rewritten in terms of

| the transport resistances within the MD system. A single stage mem- |
brane distillation module resembles a counter-flow heat exchanger

| with hot brine and pure product transferring energy into the cooler |
feed, thereby preheating it. Using similarities with heat exchangers,

| simplified effectiveness-MTU (mass transfer units) models for reverse |

25 and pressure retarded osmosis systems?® have also been |

developed. The overall heat transfer coefficient has been introduced
27 |

| 0Smosis

| and used to evaluate DCMD flux several times in the literature.
Other researchers®® have used metrics similar to NTU, such as the
| particular membrane area multiplied by a transfer coefficient. |

| 8.2.7. Efficiency limits |

| With many efficiency metrics, it is critical to convey a clear approach |
for best optimizing MD systems. Simply put, the capital costs

| (CapEx) per MD (membrane area) directly relate to flux J, so flux |

| should be maximized. Meanwhile, the operating costs (OpEx) are |
often readily available in terms of energy input costs, which simply

| relate to first-law metrics such as GOR. Therefore, GOR vs flux |
curves can describe the primary tradeoff in MD systems, while other

| metrics can be used to optimize systems to maximize these curves. |
Notably, if comparisons are needed to other sources of energy, or

| energy inputs of different temperature, 2nd law analysis approaches |

| become far more appropriate, with the downside of a slight increase |
in complexity.

| The next line of questioning is just how high each metric can |
get, and under what conditions this would occur. The fractional

| metrics (€, ) obviously can’t approach one, but they can get |
quite close in well-designed systems. Second law efficiency gy, is

| capped at 100%, but thermal desalination systems very rarely get |

| above 15%, due to significant exergy destruction, especially from |
heat transfer across temperature gradients. Interestingly, for an ideal

| membrane, GOR = NTU, but for achievable systems, there is usually |
a maximum NTU beyond which GOR will decrease. This means

|
|
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| Fig. 8.10. Theoretical limits of MD system energy efficiency given perfect mem- |
branes (1, = 1), perfectly insulating membrane, infinite thermal conductivity in
| the channels, and optimized design.'®'® |

| that beyond a certain membrane area, more membrane area degrades |
performance, so NTU should never exceed this value, or conversely,

| the other area parameter, flux J, should never be below the value |

| yielding maximum GOR. |

As seen in Fig. 8.10, GORupaxMp is bounded by

| GORmax,thermodynamic- One reason for lower GORpyax,Mp is that the |
boiling point elevation varies along the module length. As a result,

| vapor flux is driven by a non-zero driving force, generating entropy |
elsewhere. Both 7, and ¢ are lower for real MD systems since the

| membrane is not a perfect insulator and the area of the system is |

| finite. As a result, real GOR values are at least an order of magnitude |
lower than the maximum possible GOR, leading to a second law

| efficiency of less than 10% as observed by Mistry et al.?? A relevant |
take-away is that current MD systems have significant room for

| improvement to attain excellent efficiencies, given optimal systems |
design and further membrane innovations.

| For practical systems that can be achieved with real materials, |

| the maximum GOR possible can be modeled, and compared with |
flux (Fig. 8.11).13

| As seen in Fig. 8.11, the maximum achievable GOR can be |
plotted versus flux, and is obtained with optimized membrane

| thickness. Notably, these efficiencies while achievable, are a significant |

|
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| 50 g/kg Salinity |
25 100 g/kg Salinity
| — 20| === 150 g/kg Salinity |
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s
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| 0 4 8 12 |

Flux [L/m2h]

Fig. 8.11. Maximum achievable GOR by using the ideal membrane thickness at
| each salinity and flux for CGMD.*® |

| improvement upon those seen in existing applications, as current |
products do not optimize membrane thickness for given salinities.

8.2.8. Performance metric summary

| As a summary, these six parameters provide a comprehensive analysis |

| of MD performance and are all distinctly useful for system design. |
While flux (J) and overall efficiency (GOR) describe the overall

| system-level size and energy needs respectively, thermal efficiency |
e allows for module-level design especially for the air gap and

| membrane. On the other hand, and effectiveness (£) gives insight on |
the degree of energy recovery and associated temperature differences

| (AT). Through a variety of equations, these parameters can be |

| related to one another, and are detailed in the Section 8.2.6.1° |

| 8.3. Designing MD Configuration with MD Metrics |

| The cost of MD is a function of both system capital expenditure |
(CapEx) and operating expenditure (OpEx), which can be studied

| from a tradeoff of two metrics for MD performance. First, CapEx |
is proportional to the system size, and hence inversely related to

| system productivity, measured by pure water flux. For designing |
MD systems, the metrics can be summarized and rated for the

| utility in calculating OpEx, System Side, and Material optimization |

|
|

9789811226977_bookblock.indd 301 31/5/21 2:49 PM ‘




- - - - - - - - — — /= 1
| 282  Advances in Water Desalination Technologies |
| Table 8.1. MD metrics and qualitative importance of metrics in design of MD. |
Importance in:
| Symbol Average — |
Metric Equation value Limits Short definition i g ] 'E Refs.
| [unit] [ lab scale] & (% ‘B § |
— mP
| ] J J = A 3100 NA Normallized pure water 13,14, |
z 5 or flow rate 30-36
| [L/m’h] ) = BnPrap |
° Qll
| |
= GOR _ tiphg 413 0.1-13 (<860 . 10,13-18
| é G GOR = QH [<1] theoretically) Energy reuse multiplier 23.37-39 |
£ ",
o
| % |
g
8 CQeond| .
& Neh Quap Fraction of heat used for 113-15,23,
| E@ Qvapi M T = Quap + Qcond 0.6:094 <1 desalination 32,3538 |
E :
| - |
| g |
3':;% ] Fraction of maximum
53] AT AT, € = Teo = Tei 0.7-0.93 <1 possible heat transfer 10,12,
& T T T [0-0.1] between feed inlet & 13,18,35
| g I_ k- outlet |
=
B
| ; |
2 A
| E NTU Ua |
s _on 5-50 Dimensionless area and 10,12,13,
£ U . N = e 001 NA heat transfer parameter 18,35
= 2
| : |
z
| oy Qn Ty |
5
2 4 .
| = N e _ Qleast 1-12%  <100% Universal thermodynamic| 17,29, |
E Wieast 5 N = Ou [0%] efficiency 40-42
| |
A
| (Table 8.1). This summary table gives the units, typical values, limits, |
and concise definitions for each metric. Also a pictoral representation
| of each metric is provided, relating them to the key variables and |
| more detailed system diagrams. |
-
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| The second main metric relates to OpEx, which is mainly |

| representing the cost of energy required to drive the process. In MD, |
most of the energy supplied is in the form of heat energy, since

| the pumping power requirement is low in most well-designed MD |
systems. As a result, OpEx is inversely proportional to the energy

| efficiency of the system, measured as GOR, thermal efficiency, and |

| second law efficiency. |
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| Nomenclature |
Symbols

| A Membrane area, m? |
By, Membrane permeability, kg/m?Pa s

| B Membrane coefficient, kg/m Pa s |

| BPE Boiling Point Elevation, °C |
Cp Specific heat capacity at constant

| pressure, J/kg K |
d Depth or thickness, m

| h Heat transfer coefficient, W/m?K |

| heftm heat transfer coefficient corresponding to vapor |

transfer across the membrane, W/m?K

| hig Enthalpy of vaporization, J/kg |
g Specific Gibbs free energy kJ/kg

| HX Heat Exchanger |
J Permeate flux, kg/m? s

| k Thermal conductivity, W/m K |
L Length of module, m |

|
|
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m Mass flow rate, kg/s

| Q Heat transfer rate, W |
q Heat flux, W/m2

| Dvap Vapor Pressure, Pa |
S Entropy J/K

| Sgen Entropy generation rate W/K |

| s Specific entropy J/kg K |
SEC specific energy consumption, kWh/m3

| T Temperature,®C |
To Ambient temperature,®C

| U Overall heat transfer coefficient, W/m? K |

| W Work transfer rate [W] |
Wep Work of separation [W]

| Wosed Actual work used |
w Module width, m

| Greek |
A Change in a variable

| APp Vapor pressure difference, Pa |

| Om Membrane thickness, m |
Nth Thermal efficiency

| I second law efficiency |
€ Effectiveness

| Subscripts |

| 0 Environment, or global dead state |
b Brine

| cond Conduction |
eff Effective

| f Feed |

| ¢ Cold |
gen Generated

| H Heat |
i Inlet

| m Membrane |

| max Maximum |
o outlet

| p Permeate (product) |

| |

| |

|
|

9789811226977_bookblock.indd 304 31/5/21 2:49 PM ‘




| |
r- - - - - - - - -/ - - /1

Energy Efficiency Metrics in Membrane Distillation 285

| S Solar heat source

| sep Separation |
SW Sea water

| th thermal |
v Vapor

| vap vapor |

| W Waste heat source |
Acronyms

| AGMD Air gap membrane distillation |

| CGMD Conductive gap membrane distillation |
DCMD Direct contact membrane distillation

| GOR Gained output ratio |
MD Membrane distillation

| MR Mass flow ratio |
NTU Number of transfer units

| RR Recovery ratio |

| PGMD Permeate gap membrane distillation |
VMD Vacuum membrane distillation

| |
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