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HIGHLIGHTS

e Three configurations for heat pump operation with V-AGMD are proposed.

e A configuration with constant membrane and condenser temperature shows great flux improvement.
o Slight changes to an existing model are made, making the results applicable for a real setup.
o Specific electrical energy consumption similar to mechanical vapour compression is possible.
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Three configurations for heat pumps for simultaneously heating and cooling of vacuum assisted air gap mem-
brane distillation (V-AGMD) are proposed and theoretically analysed. The benefit of using heat pumps is that
local heating is not needed. The first configuration is the current state of the art a heat pump is used for the
heating and cooling of V-AGMD. In the second configuration, a heat pump is connected to a V-AGMD module
where the membrane and condenser channel have a constant temperature. The second configuration has a total
distillate production of 3825 1/m?/h, but has a specific electrical energy consumption (SEEC) ranging between 16
and 107 kWhe/m®. The SEEC of the first configuration ranges between 9 and 22 kWhe/m®, which is higher than
the thermodynamic limit. In the third configuration, a zero liquid discharge setup was proposed based on the first
configuration. Results indicate that 26.7 kWh,,/m® is needed to raise the 35 g/1 feed water to 250 g/1, which is
only slightly higher than the 25 kWh ¢/m® of mechanical vapour compression. Ammonia was used as a
refrigerant in the calculations, making results applicable to real setups. In conclusion, heat pumps can provide
heating and cooling, making them a promising solution.

1. Introduction

Membrane distillation (MD) is an upcoming desalination method
where a vapour pressure difference across a semipermeable hydropho-
bic membrane is used to produce potable water [1]. In MD, the treated
water does not have to reach the boiling point, which means that low
grade heat can be used. For example, a marine engine's waste heat can be
used for the production of fresh water [2,3]. Waste heat from power
plants are another potential source of heat [4]. However, in some cases,
waste heat might not be available, is limited in quantity (kw), low or
variable in temperature, or the delivery of waste heat is intermittent [5].
Therefore, other heating methods are needed. Several heating methods
have been proposed in literature. Solar membrane distillation has been
researched in the past [6-12], but has geographical limitations. District
heating can be used as a heat source, and was researched for the
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treatment of flue gas condensate in cogeneration plants [13,14], and for
the treatment of wastewater in the pharmaceutical industry [15].
Several new alternative methods have been researched, which are
photothermal, electrothermal, microwave, and induction heating [16].
A less researched source of heating for membrane distillation are heat
pumps (HP). A HP can be an option for MD, as they can provide heated
water up to the temperatures needed for MD [17]. In a heat pump, a
refrigerant undergoes two phase changes during the thermodynamic
cycle, which is shown in Fig. 1. The refrigerant condenses in the
condenser which provides the heating for MD. The refrigerant evapo-
rates in the evaporator, which provides a cooling source. As MD needs
both heating and cooling, the HP can also be used as cooling. Therefore,
the HP provides simultaneous heating and cooling.

Normally, waste heat is used in membrane distillation. However, in
some cases waste heat might not be available. For example, in solar
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Fig. 1. Schematic view of thermodynamic cycle of a heat pump with a R717
(NH3) refrigerant.

membrane distillation solar collectors are used to provide heating for the
process. However, solar heating has climate limitations. Therefore, the
electricity grid can be used to provide heating via resistive heating. The
problem with this is the high operational cost related to the electricity
price. A heat pump can reduce the operating cost as less work is needed
to provide the same amount of heating. Furthermore, the evaporator of
the heat pump can be used as a cooling source, which reduces the size of
the cooling tower if no cooling water is available. The increase in
complexity of manufacturing and operation of a heat pump powered
membrane system can therefore be justified by the reduction in energy
use and application of MD in new locations.

To the authors' knowledge, only three articles [18-20] and one
patent [21] was found which addresses the combination of a heat pump
with membrane distillation. Tidiane Diaby et al. [19] proposed to use
the condenser of an air conditioner for the heating of air gap membrane
distillation (AGMD). The evaporator of the air conditioner was used for
the cooling of the building. Please note that an air conditioner (AC) uses
the same principles and components as a heat pump. The results from
their study indicate that for a 24-storey building, more than 14 m® could
be made. Shaulsky et al. [18], proposed to combine direct contact
membrane distillation with a heat pump and a heat exchanger. This
study has several limitations. In the analysis Fluorochloroform (also
known as R11 or CFC-11) was used in the calculations. However, R11 is
being phased out under the Montreal protocol [22], and therefore the
results are not applicable in practice. The simulations were based on a
direct contact membrane distillation (DCMD) setup with heat recovery.
In [20] a theoretical analysis was performed on integrated direct contact
membrane distillation module and heat pump (DCMD-HP). They found
that the production cost was 0.5 to 2 USD/m?>.

As Aquastill uses vacuum assisted membrane distillation (V-AGMD),
which is more performant than AGMD [23], it is unclear what the per-
formance will be. As a result, more work is needed to understand the
impact of the combination of heat pumps with membrane distillation.

In this work, three configurations are proposed where heat pumps
and vacuum assisted air gap membrane are combined. The first
configuration consists of the current state of the art in membrane
distillation where heating and cooling is provided by a heat pump. The
MD module and heat pump are connected using heat exchangers. The
second proposed configuration uses an MD module with a constant
membrane and condenser temperature. The second configuration is not
yet producible due to the high pressures of the refrigerant. The first
configuration is possible but can be expensive due to the high cost of
high temperature heat pump. Therefore, it must be studied first to un-
derstand the impacts of the use of a heat pump in membrane distillation.
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Due to the aforementioned limitations, only theoretical analyses are
done. For this, an already validated model is slightly changed to the new
boundary conditions. The third configuration is to study the perfor-
mance of a heat pump driven MD system (HPMD) applied to zero liquid
discharge.

2. Theoretical backgrounds

A vapour compression cycle of a heat pump (HP) is shown in Fig. 1.
Between point one and two the condenser is located where heat is
transferred to the environment under a constant temperature. Between
points two and three the expansion valve is located where the refrigerant
evaporates due to the pressure difference between the condenser and
evaporator. Heat is taken from the environment between point three and
four in the evaporator. Between four and one the compressor compresses
the refrigerant. Afterwards, the refrigerant condenses between one and
two which completes the refrigerant cycle.

2.1. Membrane distillation setups

Before showing the proposed configurations, some information is
given about the types of setups that can be used when heating or cooling
is provided by a heat pump. All the possible setups are shown in Fig. 2.

Setup A is the current state of the art of MD. The distillate output can
be increased when the vapour pressure difference across the semi-
permeable hydrophobic membrane is increased. Therefore, Block B, C,
and D try to achieve a higher temperature difference to improve the
distillate production. In B, a constant condenser temperature is ach-
ieved. This is done by replacing the condenser channel by the evaporator
of the heat pump. In C, the membrane channel temperature is constant
over the module length. This is done by placing the condenser of the heat
pump adjacent to the membrane channel. As a result, the heat from the
HP can be transferred to the membrane channel. In D, both the tem-
perature of the membrane and condenser channel of the MD module is
constant. This can be achieved by placing the condenser of the HP
adjacent to the membrane channel, and replacing the condenser channel
of the MD module with the evaporator of the HP. It was found that setup
B and C are not better than setup D. Due to the constant temperature at
one side, the other temperature drops quickly to the constant tempera-
ture. This results in a small temperature difference between the mem-
brane and the condenser channel, which in turn leads to a small or even
negative flux. Therefore, they are not discussed in this work for brevity.

The temperatures of the channels are constant as the condensation
and evaporation of the refrigerant are assumed to happen at a constant
pressure. When the phase change of the refrigerant happens at a con-
stant pressure, the refrigerant temperature is constant.

2.2. Heat pump cycle calculations

The amount of heating (Q'heat>, cooling <Qmol> and needed power

input (P) can be obtained by equation one to three.

Opear = 1it(hy — h2) (€]
Q.o = rit(hs — h3) 2)
P = Qpear — oo = 1l — hy) 3)

where h is the enthalpy, and m is the mass flow of the refrigerant. MD
requires as much heating as cooling. As can be seen in Fig. 1, the amount
of heating provided by the heat pump is larger than the amount of
cooling. Therefore, the extra energy can be used for other purposes,
which can be determined by Eq. (4).

Opuira = (g — hyy) )
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Fig. 2. Different possible setups when heating and/or cooling is provided by a heat pump. Red: hot brine, Blue: cold brine, and green: refrigerant. The dotted line is

the membrane, the grey area next to the cold brine flow is the condenser foil.

If the distillate is removed from the system, a salinity increase will
occur in the tank. As a result, fresh brine must be added to the system to
keep the salinity constant. Heat pumps have a better COP when the
temperature difference between the condenser and the evaporator are
smaller. As MD shows the best performance at a membrane temperature
of 80 °C, the condenser channel should be at an elevated temperature.
Therefore, the fresh brine should be heated from its environmental
temperature to the condenser channel temperature. This can be done
with the extra energy of section 1-1'. As the evaporator of the heat pump
needs to extract heat from its surrounding, the temperature of the sur-

roundings must be warmer than the temperature of the evaporator.
Therefore, the evaporator of the heat pump cannot be used for heating
purposes even if its temperature is higher than the environment.

2.3. Proposed configurations

2.3.1. First configuration: current state of the art
The configuration of Fig. 3 is obtained when the current state of the

art is used. The dotted line indicates the refrigerant stream, which has

been given the same shape as the refrigerant cycle for clarification. As

discussed earlier, the fresh brine should be preheated as the condenser
channel of the MD module is at a higher temperature than the envi-
ronment. Section 1-1’ is used for heating the fresh brine. However, it
might be possible that more heating is needed for brine heating than can
be provided by the heat pump. Therefore, external heating is needed
which can be provided by another heat pump, or by waste heat. Another

Brine preheating

possibility is that enough extra heating is available to heat a secondary
stage of MD, which can be cooled using external cooling water. As
several heating sources are possible, the specific thermal energy con-
sumption for the fresh brine heating is reported in the results.

2.3.2. Second configuration, constant membrane and condenser channel
temperature
In this configuration, which is shown in Fig. 4, the membrane and the
condenser channel of MD are constant. This is done by placing the
condenser of the heat pump adjacent to the membrane channel. The cold
channel of MD is replaced by the evaporator of the heat pump. In most
cases, there is enough heating to provide heating for the fresh brine and
to heat several secondary MD-stages. The secondary stages are con-
ventional membrane distillation with external cooling. This way, the
second stage does not need extra heating for the brine as the cooling can
provide temperatures close to the environmental temperature).

2.3.3. Third configuration: minimal/zero liquid discharge
As stated earlier, the fresh brine should be heated. In the case when

no brine is added, more heating can be used for the secondary stage. This

leads to a minimal or zero liquid discharge system, shown in Fig. 5. The

brine concentration will be done using a semi batch process, which
means that the concentration rises during the process. The main and
secondary stages are used to increase the concentration of the water in
the tank. After the batch has concentrated to 250 g/1, it can be trans-
ported to a crystallizer in order to crystalize the remaining content of the
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Fig. 3. Configurations where the state of the art is used. The dotted line is the refrigerant stream. The numbers correspond to the numbers shown in the refrigerant
cycle. The arrows on the outside of the dotted line show the direction of the refrigerant. Brine is discharged and fresh brine is added to keep the salinity constant. The

fresh water is transported out of the system.
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tank [24].

2.4. Models of the configurations

The heat pump can be modelled by previously shown Egs. (1) to (3).
Currently, R717 or NHs is used to provide heating to 90 °C with heat
pumps [17]. Therefore, R717 was used as a refrigerant in the analyses.
CoolProp [25] was used for obtaining the enthalpies of the refrigerant
cycle. The models explained in the next section are based on an earlier
validated model [26]. However, small changes are made to be able to
simulate the second configuration. Therefore, the model and key equa-
tions from [26] are repeated here. The derivations are shown in the
appendix. The model divides the envelope in 25 sections of equal tem-
perature drop. Then for the length of each section is determined by Eq.
(5). The term above the division is the amount of heat available in the
slice. The term below the division is the heat lost in the slice. The
temperature difference between the hot side of the membrane and the
cold side of the airgap (AT.q) is used to calculate the distillate flux.

m i i i
VHdh-SP Cp,sw (Th.[n - Th.aw)

L= (5)
JIAR AR, (AT;’G, + (T;W +C— A1€p)> )
AT, = (W - (TQW +C— %) +3AT, ) 0.25
O]
1 1 )
= (E ot W) %)

ln(Tdi) is the logarithmic temperature difference between the two
membrane and condenser channel, which will be changed to the another
temperature difference in the second configuration.

2.4.1. Model of configuration one: current state of the art

The model from [26] was used to simulate the MD part of this
configuration. From a given membrane and condenser inlet temperature
the rest of the parameters can be determined. Based on the heat
exchanger effectiveness, the condenser and evaporator temperature of
the heat pump can be determined. To reach a given membrane inlet
temperature, the heat pump condenser must be higher than the given
temperature as a temperature difference is needed for heat transfer. Egs.
(8) and (9) can be used to determine the heat exchanged in the heat
exchanger. Combining Egs. (8) and (9), results in Eq. (10), which can be
used to calculate the temperature of the condenser of the HP. An
effectiveness (¢) of 0.67 was used for all calculations. This value is equal
to the effectiveness of current heat exchangers employed by Aquastill.

OQrrans1 = €ml7rine.lCp(THP,wmdenser - ('{m.uul‘l) (8)

Orranst = Mprine.1Cp (Tmem.in,l - TL’rJn,nm.l) (C)]
(Tmem in,l T Tcun out,1 )

Thp condenser = + Teon,our,1 10$)

€

A similar process is done for the evaporator temperature, which
should be slightly colder than the desired condenser inlet temperature.
This results in Eq. (11).

(Temout — Teonint)
€

1D

THPrvap = Tcon.in.l -

Based on the temperatures and the vapour quality of the heat pump
cycle, the enthalpies can be determined. The refrigerant mass flow can
then be determined by Eq. (12). Based on the refrigerant mass flow, the
supplied heating of the heat pump can be calculated. Dy, is the total
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production of the module in kg/s. The needed heating for brine can be
calculated with Eq. (13), and the available heating of the heat pump can
be computed with Eq. (14).

. Qcool
_ 12
e —h (12)
Qbrine = Dlrll,xlage ]Cp (Tmn.[n - Too) (13)
Orearsir = 1y — o) a4

The extra heating needed can now be determined by Eq. (15). As
previously stated, there is an extra heating source needed for fresh brine
heating.

Ohearexiernal = Pnear i — Chearp — Cbrine (15)

2.4.2. Model of configuration two: constant condenser and membrane
temperature

For this configuration, the model must be changed slightly. Instead of
using the logarithmic temperature difference, which would result in a
numerical error, the temperature difference is now the temperature
difference between the cool and the hot side.

Furthermore, the length of the slice is normally calculated based on
the length needed for a certain drop in brine temperature. As the tem-
peratures are assumed to be constant, the length of the module is divided
in to 25 equal sections. hy has been slightly to Eq. (16).

—1
. 1 1

hy, = - 16
r (h‘ch.h * hmn) (16

As was introduced earlier, in some cases heating is available for
another stage of membrane distillation. The heating value of this stage
can be computed by Eq. (17). The MD model can then be used to find the
correspondent mass flow to the thermal energy use. In the case that
external heating is needed, it was calculated with Eq. (15).

Oearstage 2 = Cnearip — Cnearmn — Qbrine 17)

2.5. Thermodynamic limit

The model in this works considers all effects that are relevant to the
operation of membrane distillation. However, the thermodynamic limits
of MD are not considered in the model. Therefore, the minimal specific
electricity consumption is calculated here.

The SEEC is mostly influenced by the maximum COP of the heat
pump (Eq. (18)).

COP = THProndmser _ & (1 8)

THP.mnden.&er - THP,evaporalor Pin

It is clear from Eq. (18), that an increase in COP reduces the needed
power input for the same amount of heating. Therefore, a lower SEEC is
possible if the temperature difference between the hot and cold sink is
minimal. However, the SEEC will hit a thermodynamic limit. For
example, the limit for desalinating seawater with RO is 1.1 kWh/m? at
50% recovery [27].

The limit of MD can be calculated with Eq. (19) [28]. With the
definition of GOR (Eq. (20)) and COP, the minimal SEEC can be calcu-
lated as Eq. (21). The factor of f is to convert from J to kWh. The COP is
calculated by Eq. (22), which is the COP of a Carnot cycle.

iy in = Tf.in
GORyjpirmp = /BT -1 (19)
'f.in
h
GOR =% (20)
On
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hfg-T/ in

SEEC,ip = =5 21
GOR+COP+f @n
Tf in
P, = : 22
co ¢ T/‘in - Tc.in ( )

The latent heat can be calculated at the membrane inlet temperature
as most distillate will evaporate at a higher temperature. Using common
temperatures of 80 °C and 20 °C for the membrane and condenser inlet
results in a minimal SEEC of 4.45 kWh/m?, which is higher than the
prementioned limit of RO. More discussion about the thermodynamic
limits and its implications can be found in the Results and discussion.

3. Methods

All simulations were done with a salinity of 35 g/kg, and an air gap
pressure of 20 kPa. More information about the operation of the vacuum
system in V-AGMD can be found in [23]. All the simulations were done
with a membrane or condensor flow of 2 m/h, or a crossflow velocity of
0.0737 m/s. The heat exchangers in the configurations are calculated
with an effectiveness of 0.667, which corresponds to the heat ex-
changers used at Aquastill. The simulations were run according to the
MD module specifications of an AS26 shown in Tables 1 and 2. The AS26
has 12 envelopes with a length of 2.7 m.

For simulating inefficiencies in the heat pump an isentropic effi-
ciency of 70% was used. This increases the enthalpy of the refrigerant
after it passes the compressor, which can be calculated with Eq. (23).
There are also inefficiencies in the other components of the heat pump.
For example, flow through a duct is accompanied by a pressure drop.
This results in higher pressure at the end of the condenser is lower
pressure at the beginning of the condenser. The expansion valve is
assumed to be an isenthalpic process, which might not be the case in a
real heat pump. However, both effects and other inefficiencies are out of
scope.

h 1isen — h4
Misen

R et = +hy (23)

The simulation of the third configuration were run at a membrane
inlet temperature of 80 °C, a condenser inlet temperature of 20 °C, and a
starting NaCl concentration of 35 g/kg and stopping at 250 g/kg. The
feed flow rate and pressure in the air gap is equal to the previous
simulations.

4. Results and discussion

In this section the simulation results for each configuration are pre-
sented. The gained output ratio (GOR) is normally used for operation
with a low exergy source, like waste heat. As electricity is a high-exergy
energy carrier, and can be used for more versatile purposes, it holds
more economic value. Therefore, the use of GOR is omitted here and
only the specific electrical energy consumption (SEEC) is shown.

4.1. Thermodynamic limits

As discussed in the theoretical background, the lowest SEEC possible
is defined by the thermodynamics of the process. The thermodynamic
limit is defined by using a perfect configuration, with a thermal effi-
ciency of 7 = 1, and a heat pump with a COP equal to the Carnot cycle.

Table 1

Channel specifications.
Parameter Value
Channel spacer channel thickness (mm) 2.01
Channel spacer porosity 0.7814
Air gap spacer channel thickness (mm) 0.81

Air gap channel spacer porosity 0.9045
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Table 2
Membrane and module specifications.
Parameter Value
Membrane pore radius (pm) 0.16
Membrane porosity 0.85
Envelope length (m) 2.7
Number of envelopes 12
80
4.7KWh/m?— 4.7
gy -
s, 5.6 5.6
&./E BT 67
E 50 E2 -
= 8= _
40 Infeasible 1
region
30t /
20 40 60
T... (°C)

c,in

Fig. 6. Specific electrical energy consumption (SEEC) of a perfect MD system
driven by heat pumps. The values shown in the figure are in kWh/m?®. On the y-
axis the membrane inlet temperature ranges from 25 to 80 °C, on the x-axes the
condenser inlet temperature ranges from 20 to 75 °C. The bottom right of the
graph is infeasible as the membrane inlet temperature cannot be higher than
the condenser inlet temperature. All parameters were calculated at a salinity of
35 g/kg.

The results of such a system can be found in Fig. 6. As can be seen, the
location with the lowest possible SEEC is at a membrane and condenser
inlet temperature of 80 °C and 20 °C, respectively. The minimal value
was found to be 4.45 kWh/m>, which is higher than the reported
practical minimum of RO [27]. Other reported values for RO are around
the practical minimum [29,30]. Therefore, it can be stated that a HPMD
system cannot beat seawater reverse osmosis (SWRO) based on elec-
tricity consumption. It should be noted that the choice for a certain
desalinisation technology is not purely based on the SEEC alone. The
COW of a HPMD system is based on the capital cost and the operational
cost. When looking at the minimal kWh needed and using an electricity
price of 0.15 USD/m® (which can even be higher when taxations are
considered), the operating cost will be 0.70 USD/m?>. For comparison,
seawater reverse osmosis (SWRO) has reported unit cost between 0.5
USD/m? and 1.5 USD/m® [31].

In zero liquid discharge, the salinity of the treated brine increases
during the process. The thermodynamic limit of the HPMD system can
be seen. Also in the figure, the SEEC of mechanical vapour compression
(MVC) and emerging RO-based processes for brine concentration are
shown. These technologies are competitors of MD for ZLD. As the HPMD
system also uses electricity, the comparison is valid.

4.2. Configuration one: current state of the art

The total distillate production of the whole configuration and flux of
the main stage is shown in Fig. 7. The y-axis and x-axis are the mem-
brane and condenser inlet temperature, respectively. The temperatures
shown in the figures are typical for a MD unit. As can be expected, the
distillate flux of the main stage is highest at the highest membrane inlet
temperature and lowest condenser inlet temperature. The MD system
itself is not changed, which means that the flux of the main stage is
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Fig. 7. Simulation results of the first configuration. Distillate production on the left and distillate flux of the main stage on the right. On the y-axis the membrane inlet
temperature is shown, and on the x-axes the condenser inlet temperature of the main stage is shown.
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Fig. 8. Flux of the secondary stage. Please note that the condenser inlet shown
on x-axis is the condenser inlet temperature of the main stage. The secondary
stage has a condenser inlet temperature of 20 °C, so that brine heating is not
needed for that stage. On the y-axis the membrane inlet temperature is shown,
and on the x-axes the condenser inlet temperature of the main stage is shown.

comparable to what can be reached when MD is heated by low grade
heat. In Fig. 8 the flux of the secondary stage is shown, which increases
the total distillate production. As can be seen, the secondary stage only
contributes for a small amount in the total distillate production. When
the condenser inlet temperature is higher than 35 °C, all extra energy is
needed for fresh brine preheating. The maximum distillate production
reached with this configuration is 193 1/h.

In Fig. 9 the specific electrical energy consumption (SEEC) and
specific thermal energy consumption (STEC) are shown. The lowest
SEEC is 9 kWh/m® for this configuration, which is higher than the
thermodynamic limit. Secondly, the SEEC required for this configura-
tion is higher than the reported values of reverse osmosis [29,30]. As
earlier mentioned, when the condenser inlet temperature is increased,
all energy is needed for fresh brine heating. Even more, a small amount
of thermal energy must be added to the system to preheat the fresh
brine. However, the amount of extra heat required is still lower than
what MD normally requires [32].

4.3. Configuration two: constant membrane and condenser temperature

In this configuration both the membrane and condenser temperature
of the main stage are constant. The results of this configuration are
shown in Fig. 10. The total distillate production is high, mostly coming
from the MD stage with a constant membrane and condenser tempera-
ture. The mean temperature difference from this configuration is higher
than of the previous configuration, leading to an increase in distillate
production. However, this leads to a higher energy use which results in a
higher SEEC. The SEEC ranges from 16.3 to 107.2 kWh/m®. The
maximum total distillate production is 3825 1/h.

The distillate production is high due to the number of secondary
stages needed to satisfy the energy balance. The number of secondary
stages and its distillate production are shown in Fig. 11. An increasing
amount of stages results in a higher complexity of the system. As more
stages are needed when the condenser inlet temperatures are lower,
condenser temperatures below 40 °C are omitted Furthermore, the SEEC
decreases when the condenser inlet temperature increases.

The SEEC for this case are shown in Fig. 12, which is higher than the
current state of the art. Due to the higher temperature difference be-
tween both sides of the membrane more heat is lost due to conduction. In
the current state of the art the membrane module acts as a heat
exchanger where the heat lost in the membrane channel is used for the
heating of the condenser channel. In the second configuration, this is not
possible resulting in a high thermal energy consumption, which in turn
leads to a high SEEC. However, the total distillate production is higher.
Therefore, this is a trade-off between capital cost and operational cost,
which is out of scope of this work. There is only a small section of
temperatures where extra heat should be applied to preheat the fresh
brine.

As can be seen in Fig. 13, the distillate flux slowly reduces over the
envelope length. This is due to reduction in membrane flow as distillate
evaporates from the membrane channel. The reduction in flow reduces
the heat transfer coefficient of the membrane channel, which reduces
the temperature of the membrane-brine interface. Moreover, the salinity
of the membrane channel increases, which reduces the water activity
and distillate flux.

This configuration is not yet applicable due to the added complexity.
With the current state of the art, five inlets or outlets are needed. For this
configuration a total of seven inlets or outlets are needed. Furthermore,
due to the high pressures of the refrigerant cycle, spiral wound modules
are not possible. Hollow fibres can be used where the refrigerant is
circulated in metal piping. However, using hollow fibre modules in-
creases the complexity even more.
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Fig. 9. Simulation results of the first configuration. SEEC on the left and STEC on the right. On the y-axis the membrane inlet temperature is shown, and on the x-axes

the condenser inlet temperature of the main stage is shown.
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Fig. 10. Simulation results of the second configuration. Total distillate production on the left and flux of the main stage (constant membrane and condenser
temperature) on the right. On the y-axis the membrane inlet temperature is shown, and on the x-axes the condenser inlet temperature of the main stage is shown. No

results exist for the bottom right corners as this region is infeasible.
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Fig. 11. Simulation results of the second configuration. Distillate production of the secondary stages on the left and number of secondary stages on the right. On the
y-axis the membrane inlet temperature is shown, and on the x-axes the condenser inlet temperature of the main stage is shown. No results exist for the bottom right

corners as this region is infeasible.
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Fig. 12. Results of the second configuration. SEEC on the left and STEC on the right. On the y-axis the membrane inlet temperature is shown, and on the x-axes the
condenser inlet temperature of the main stage is shown. No results exist for the bottom right corners as this region is infeasible.
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Fig. 13. Distillate flux for a module where both the membrane and condenser
temperature are constant.
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4.4. Effect of heat exchanger effectiveness

To study the effect of the heat exchanger effectiveness another
simulation was done where the heat exchangers have an effectiveness of
1, which is a heat exchanger with infinite length. In Fig. 14 the change in
SEEC and STEC are shown. A negative ASEEC indicates that the SEEC is
lower for a system with an effectiveness of 1 than for a system with an
effectiveness of 0.67. As can be seen, the SEEC is lower while the STEC is
higher. In an infinite length heat exchanger, the condenser temperature
of the heat pump is lower. Furthermore, the evaporator temperature of
the heat pump can be increased when perfect heat exchangers are used.
Both effects results in a smaller temperature difference between the
condenser and evaporator of the heat pump, which increase the COP.
The increase in COP reduces the amount of extra heating, which in-
creases the STEC as more external heating is needed to heat up the fresh
brine. The change in distillate flux of the main stage was the same, while
the flux of the secondary stage only changes by —0.1 1/m?/h and is
therefore not shown in a graph.

4.5. Effect of isentropic efficiency of the compressor

In the previous analyses the isentropic efficiency of the compression
was assumed to be 70%. To study the effect of the isentropic efficiency, a
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Fig. 14. Results of the first configuration with heat exchangers, SEEC is shown on the left and STEC is shown on the right. ASEEC = SEEC._, — SEEC,_¢ 7, ASTEC =

STEC,_, — STEC._o..
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Fig. 15. Results of the first configuration showing the difference between the isentropic case. ASEEC = SEEC,isen—1 — SEEC,isen—0.7, ASTEC = STECjjsen—1

— STECjisen—0.7-

new simulation was run where the compression is assumed to be isen-
tropic. This only influenced the SEEC and STEC, so those two graphs are
only shown here.

In Fig. 15, the difference between the isentropic and non-isentropic
case can be seen. In the isentropic case the SEEC is lower (—2.7 to
—5.87 kWhel/m3) and the STEC is higher (zero to +5.1 kWhth/mB). The
SEEC decreases as less power is needed in the compressor, or in other
words, less losses are present in the compression. However, the losses
result in a higher temperature which could be used for heating the fresh
brine. This can also be seen in the change in the distillate flux of the
secondary stage, shown in Fig. 16, which is lower than in a nonideal
situation.

In this scenario, the lowest SEEC was found to be 6.31 kWhe/m®,
which is only slightly higher than the thermodynamic minimum. It can
be stated that the isentropic efficiency of the heat pump is of more
importance than the heat exchanger effectiveness.

4.6. Configuration three: zero liquid discharge

In Fig. 17 the concentration of the brine and flux of the main and
secondary stage can be seen during the process. The distillate flux of the
main stage decreases due to the salinity increase that not only lowers the
vapour pressure, but also the heat transfer of the channels. The flux of
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Fig. 16. Difference between isentropic compression and non-isentropic
compression on the distillate flux of the secondary stage. A negative value
means that the distillate flux of the secondary stage is lower in an ideal scenario
compared to a nonideal scenario.
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the secondary stage also decreases but with a smaller slope. This is due
to the extra heating available as the main stage needs more electrical
energy, and more heating is available for the secondary stage.

In Fig. 18, the electrical power consumption of the HPMD system is
shown. More energy is needed during the process due to the change in
thermophysical properties. The SEEC of this system is 26.65 kWh,/m?>.
The size of the tank did not influence the SEEC.

Increasing the condenser inlet temperature to 30 °C, will reduce the
energy consumption of the MD process. Before the operation of the HP
can start, the fresh seawater must be heated to 30 °C. The trend of the
graphs at 30 °C condenser inlet temperature is similar to 20 °C and
therefore not shown. The results at 30 °C are compared with 20 °C in
Table 3. There is less electrical energy needed when the condenser
temperature is increased. However, the seawater is originally to be
assumed at 20 °C. Before the HPMD can be started the seawater in the
tank should be heated to 30 °C. This results in a thermal energy demand
that can be accomplished by waste heat or by electrical heating (resistive
heating or another smaller heat pump).

The SEEC of other proposed solutions for zero liquid discharge can be
found in Table 4. In the work of Atia et al. [33] the SEEC was given for
LSRRO, COMRO and OARO. Based on their results, a lower starting
concentration and lower recovery reduces the SEEC. For LSRRO, the
SEEC was 3.4 kWh/m?® at a feed concentration of 20 g/1 and a recovery of
85%. However, the SEEC was 68.3 kWh/m? for a feed concentration of
125 g/1 and a recovery of 50%.

Compared to the SEEC of this work to the SEEC from other tech-
nologies, the RO based technologies are better performing in terms of
energy consumption. Two stage MVC is only 2.7 kWh/m® higher,
therefore, the ZLD HPMD system proposed here can compete with MVC
in terms of electricity consumption.

5. Conclusions

In this work, three configurations of heat pumps with vacuum
assisted air gap membrane distillation (V-AGMD) are presented. As heat
pumps provide more heating than cooling in the same cycle, the extra
heating was used to heat the fresh brine. The fresh brine should be added
as not adding it would result in a concentration increase. The thermo-
dynamic limit of a heat powered membrane distillate system is 4.45
kWh/m? at a membrane and condenser temperature of 80 °C and 20 °C
respectively. All reported specific electrical energy consumption (SEEC)
is higher than this value.

The first is the current state of the art where the heat pump provides
heating and cooling via a heat exchanger. The specific electrical energy
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Fig. 17. Salinity of brine and distillate flux during the semi batch process. Begin volume and concentration are 1 m® and 35 g/kg. End concentration is 250 g/kg.

Membrane and condenser inlet temperatures are 20 and 80 °C, respectively.
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Fig. 18. Electrical power required for operation of semi batch HPMD.

Table 3

Energy needed for ZLD at 20 °C and 30 °C. Electrical energy needed for brine
concentration is used by the HPMD system. At 30 °C the seawater should be
heated first as it is originally assumed to be at 20 °C.

Condenser Electrical energy needed (Thermal) energy needed for
temperature for brine concentration heating the seawater tank to the
“QC) (kWhe/m®) condenser temperature
(kWhe/m®)
20 26.65 0
30 21.42 11.11
Table 4

Specific electrical energy consumption (SEEC) of other proposed desalination
technologies for brine concentration.

Technology SEEC (kWh/m?) Reference

Two stages mechanical vapour 24 kWh/m? at 250 g/1 [34]
compression (MVC)

Two stage high pressure 7.3 kWh/m?® at 250 g/1 [34]

reverse osmosis (HPRO)
Four stage low-salt-rejection
reverse osmosis (LSRRO).

5.2 kWh/m? from 0.6 M saline feed [35]
to 4 M brine concentration.

consumption (SEEC) of the first configuration is between 9 and 22
kWhe/m® which is higher than RO. However, due to the fresh brine
heating an extra source of heating of 3 to 10 kWhg,/m? is needed. The
distillate flux of the first configuration is similar to what can be reached
with using low-grade heating.

11

The second configuration shows more potential, as a total distillate
production of more than 2000 1/h can be achieved. However, the SEEC
ranges from 16.3 to 107.2 kWhe)/m®, which is higher than when the heat
pump is applied to the current state of the art. This setup can currently
not yet be developed as added complexity of module production limits
the practical employment of the configurations. Furthermore, the
number of secondary stages needed increases the complexity of the
setup.

In the third configuration a zero liquid discharge setup was proposed
based on the first configuration. The SEEC of such a system is 26.65
kWh/m?, which is slightly higher than the 25 kWh/m? needed for me-
chanical vapour compression. Increasing the condenser inlet tempera-
ture decreases the SEEC. However, 11.11 kWh/m? of thermal energy is
needed as the seawater must be heated from the environmental tem-
perature (20 °C) up to the condenser inlet temperature (30 °C).

The effect of the non-isentropic compression was considered in the
simulations. It was found that an isentropic process delivers lower SEEC
than in the case of a non-isentropic compression. Considering an isen-
tropic efficiency of 70% slightly increases the SEEC by 1 to 3.5 kWh/m®
compared to an isentropic system. The effectiveness of the heat
exchanger is considered in the simulations. An extra simulation was
done to simulate the effect of the heat exchanger effectiveness. The total
distillate SEEC decreases when the heat exchangers have an effective-
ness of one. Therefore, a heat exchanger with a higher effectiveness
improves the performance of the configurations. However, the benefi-
cial effect is small.

To conclude, the use of heat pumps is promising for applications
where local heating or cooling is not available.
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Appendix A

In Fig. 19 the temperature profile of the module is shown.

\
ATh A7mem ATair ATcon ATC

Fig. 19. Temperature profile of the MD unit.

The total temperature drop is equal to:

ATy = ATy + AT, + ATpem + ATuir + AT on + AT (24)

ATy — AT, = ATey + ATy + AT, + AT, (25)
hh h[

AT\, — AT, = AT+ AT ( 1 +h—+h— (26)

ATy, can be calculated with:

Jhi+ k., (AT + AT)
T, =—7 i ) 27)
h

Which can be used for further calculation:

J‘hlf + h[ (ATcal + ATX)

ATy, — AT, = ATy + = = (28)
(4 +3)
where the term under the division is equal to hg. Further rearranging leads to:
(hcfAT,n - th})
ATcal S —— ATX (29)

hcf + hm+a
As the equation changes when the distillate flux changes, extra term are added from the estimation of AT,y which is called ATg. This leads to:
4 i In(T%) — J AR _ B 4
AT = (LY (T 4C————— | +3AT, ]0.25 30
cal < h;rﬁ»a + h!'c av + A—In (P[ ) + est (30)

sw

AT, is to take temperature polarization into account, and assumes that the distillate evaporates in the air gap:

12
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B
P, = - a, 1
w exP( Tave _ C) Ay (3 )
When the distillate evaporates at a temperature of Tgy,, the following equation can be used to approximate the temperature polarization:
B
Tpy= —CH—r—— 32
! YA ey (32)

This leads to:
ATy = Tpor — Tave (33)
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