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HIGHLIGHTS
•
•
•
•
•
•

Waste heat as low as 40 °C converted into electricity
System provides cooling to the steam cycle process
Experiments proving that silica gel can be regenerated at 40 °C
Experimentally validated model for each component
Improving the performance ratio of adsorption desalination PR > 1
Exergy efficiency up to 15 % for waste heat at 40 °C

ABSTRACT
Steam power plants release more than half of the primary energy input as ultra low temperature
heat below 40 °C into the environment causing thermal pollution. The emitted heat has a very
low exergy content making it challenging to use as heat input by another process. Adsorption
desalination combined with reverse electrodialysis can be powered by this heat and convert it
into electricity. Thus, the system can mitigate thermal pollution and generate electricity at
the same time. This study combines a validated reverse electrodialysis model with a dynamic
adsorption desalination model that is validated with experimental data within this work. The
experiments were conducted using a small-scale adsorption desalinator and silica gel proving the
feasibility of the regeneration at heat source temperatures as low as 40 °C. The simulations of
the integrated system analyse different heat integration scenarios showing exergy efficiencies up
to 15 % and energy efficiencies up to 0.55 %. Hence, the system could generate 65 kW electricity
1

from a 20 MW heat source considering pumping losses.
Keywords:
Adsorption desalination, Reverse electrodialysis, Low grade heat recovery, Heat-to-Power, Steam
power plant, Rankine cycle
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Introduction

Power generation relies heavily on the availability of water as thermoelectric power plants are
responsible for 40 % of all freshwater withdrawals in the United States [1]. Thermoelectric power
plants can be cooled by open-loop systems, which withdraw water from a river source, the water
runs once through the system and is returned to the river leading to thermal pollution [1]. An
alternative are closed-loop systems recirculating water in cooling towers [2] with heights of up
to 200 m and ground diameters of more than 120 m [3]. Closed-loop systems are economically a
less attractive option compared to open-loop systems, but it is unclear if enough water will still
be available for open-loop systems in the future, because of increased river temperatures due
to climate change [4] and water scarcity [5]. Currently, the capacity of power plants is reduced
by up to 19 % in Europe and 16 % in the United States during summers [6]. In the future,
this issue will get worse since the average river water temperature will increase by up to 2.3 °C
during summer in Europe as well as the United States [6]. In Europe heat emission to the surface
water is regulated in various ways, depending on the ecological conditions and factors such as:
the sensitivity of the receiving surface water, the local climatic conditions and the capacity of
the receiver to accommodate thermal loads. From 1971-2000, the discharge limits were already
exceeded for 23 days/year on average in southern Europe. The number of days are projected to
increase to 44-48 days/year by 2040 and 59-82 days by 2080 [6]. Thus, there is a strong need to
find economically viable alternatives to open-loop cooling, improve closed-loop cooling and in
the best case to recover the waste heat flow.
The low pressure steam from the turbine of a coal fired power plant is condensed around 40 °C
[7]. This heat is available at such a low regeneration temperature that it is very challenging
to use it. The second largest quantities of waste heat are available below 50 °C and are solely
emitted by power plants [8]. Venkatesan et al. proposed a flash cooling desalination system using
the condensing heat to produce fresh water with a recovery ratio of 0.49 % [9]. The condensing
heat of the power plant could also be converted into electricity, but the low temperature of 40
°C represents a challenge. Organic Rankine Cycles [10] usually utilise waste heat 100-300 °C
[11, 12], although regeneration temperatures as low as 80 °C [13] and 85 °C [14] have been
reported. Stirling engines [15] operate by cyclic expansion and compression of a working fluid
(e.g. helium) and are driven by a temperature gradient. Commonly, Stirling engines require heat
sources 120-900 °C and can achieve energy efficiencies up to 25 % [16, 17]. Studies have reported
small-scale ultra-low temperature Stirling engines driven by only a few degrees [18], but energy
efficiencies remain below 0.1 % [19]. McGinnis et al. proposed an osmotic heat engine using
Pressure Retarded Osmosis (PRO), which converts a salt gradient into pressure first and then
into electricity [20]. The osmotic heat engine combined a PRO membrane with a distillation
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column in a simulation. They showed that exergy efficiencies of up to 16 % are possible with
a waste heat temperature of 50 °C and ambient temperature of 25 °C. They reported that the
system could be driven by heat sources 40-100 °C. However, a temperature difference between
ambient and heat source of at least 20 °C is required [20], but the model is not experimentally
validated. In another configuration, the osmotic heat engine features a membrane distillation
unit in-stead of a distillation column [21].
A similar concept is the combination of a Reverse Electrodialysis membrane (RED) [22] with
thermal desalination [23]. RED has an advantage over PRO as it can directly convert the salt
gradient into electricity without converting it into pressure first. The combination of RED
with several regeneration methods has been proposed: multi-effect distillation MED [24, 25],
thermolytic salts [26], membrane distillation MD [27] and adsorption desalination AD [28].
Micari et al. presented a modelling analysis combining validated models of RED and MD
[29]. The study reports the maximum exergy efficiency of the processes at 2 % using current
technology and a waste heat source of 80 °C [29]. Future improvements of the system are
projected to enhance the exergy efficiency to 16.5 % at 80 °C as future membrane distillation
units are reported to have a Specific Thermal Consumption STC < 100 kWh/m3 [29]. Dow et
al. tested a pilot membrane distillation plant powered by low grade heat ≤ 40 °C [30]. Their
analysis showed that MD can operate at low temperatures, but the permeate flux is reduced
by 75 % compared to operation at 60 °C [30]. In addition, Dow et al. reported experimental
STC ≈ 1500 kWh/m3 for all experiments and temperatures [30].
Adsorption desalinators evolved from adsorption chillers [31, 32] and achieve performance ratios
up to 0.75 at 50 °C [33, 34], which can be converted to STC ≥ 850 kWh/m3 . In addition,
adsorption reverse electrodialysis can achieve exergy efficiencies of up to 45 % with an optimal
adsorption material and salt combination at a waste heat temperature of 60 °C as shown in
a thermodynamic analysis [28]. However, Thu et al. have proven the feasibility of adsorption
desalination at waste heat sources as low as 50 °C [34] and they have shown that the lower
regeneration temperature reduces the water production of system, while the energy efficiency
remains unchanged [34]. However, no other experimental study has regenerated the adsorbent
below 50 °C yet as shown in table 1.
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Table 1: Low temperatures used during adsorption and desorption in water adsorption experimental studies on desalination and cooling applications.
Authors

Material

Tads [°C]

Tdes [°C]

Ref.

This study
Thu et al.
Zhang et al.
Myat et al.
Saha et al.
Woo et al.
Mitra et al.
Pan et al.
Qian et al.
Freni et al.
Wu et al.
Chen et al.
Tso et al.
Alsaman et al.
Sapienza et al.
Al-Dadah et al.
Youssef et al.

Silica gel
Silica gel
Silica gel
FAM Z01
Silica gel
Silica gel
Silica gel
Silica gel
Zeolite
SWS-8L
Silica gel
Silica gel
13X/CaCl2
Silica gel
Silica gel
MOFs
CPO-27Ni

25
27.6
27
29.5
30
20-30
36
30
28-34
30
20
31.6
31
30
28
30
15

40
50
55
55
55
65
65
70
70
77
80
82
85
90
90
90
95

[34]
[35]
[36]
[37]
[38]
[39]
[40]
[41]
[42]
[43]
[44]
[45]
[46]
[47]
[48]
[49]

There remains a need to show that silica gel can be regenerated below 50 °C where vast quantities of waste heat are available. The possibility of ultra-low temperature regeneration would be
a striking feature of adsorption desalination that enables the utilisation of adsorption for waste
heat recovery from power plant condensers. Few technologies are capable to use the condensation heat efficiently.
This study investigates the combination of an adsorption reverse electrodialysis system for the
generation of electricity from low-grade heat at temperatures as low as 40 °C. The study extends and continues the work presented in a preceding publication [28] where the feasibility of
the process was investigated from a thermodynamic point of view neglecting all system limitations. Here, the system performance was analysed that can be achieved with current technology
considering major limitations by using validated models for reverse electrodialysis and adsorption desalination. The reverse electrodialysis section of the model is adapted from Tamburini et
al. [50]. Experiments were conducted using a small scale adsorption desalinator and silica gel.
The experiments aim to prove for the first time that silica gel can be regenerated using ultra-low
waste heat sources as low as 40 °C. The experimental results are used to validate a dynamic,
lumped-parameter adsorption desalination model within this work. The validation of each of
the model components allows a realistic prediction of the performance of the overall process.
Moreover, a novel heat integration scheme is applied to boost the energy efficiency.
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The adsorption reverse electrodialysis process

Fig. 1 shows the application of adsorption reverse electrodialysis ADRED [28] to a power plant
for conversion of waste heat to power.
The system circulates a high and a low salinity solution between the RED stack and the AD re4

generation. The working principle of an adsorption desalinator is described in detail in [51, 52].
The two solutions Fhigh,in and Flow,in enter the RED unit, where electricity is generated by
exploiting the salt gradient. Afterwards, the salinity gradient needs to be restored in the adsorption desalinator by partially evaporating water from the inlet flow F2 in the AD evaporator.
This water vapour is adsorbed by the silica gel in the adsorber beds. For desorption, the silica
gel needs to be heated releasing water vapour that is condensed producing the distillate flow F4 ,
which dilutes the low salinity solution Flow,out from the RED system in Fig. 1.
A sensible heat storage water tank is connecting ADRED to the power plant’s steam cycle. The
sensible heat storage unit acts as alternative heat sink for the power plant condenser, where it
can reject all or part of the condensation heat instead of using the external heat sink in Fig. 1.
The sensible heat of the storage unit is used for desorption of the adsorber beds. Desorption
is an endothermic process that cools the heat storage unit in return. Additional cooling can
be provided from the evaporator. Hence, evaporator and desorption take up condensation heat
from the steam cycle reducing the load for the external heat sink. The external heat sink is also
connected to the condenser and adsorber during adsorption, where it provides cooling, but at
a lower temperature level than the power plant condenser. The two heat integration schemes
reduce the load to the external heat sink from the ADRED system. Instead of cooling the heat
storage unit, the evaporator can be heat-integrated with the condenser making the condenser
independent of the external cold sink.

5

Figure 1: The ADRED system uses the condensation heat of the steam cycle to regenerate the
adsorption beds. The produced distillate F4 is used to restore the salt gradient between two
saline solutions Fhigh and Flow . A reverse electrodialysis stack generates electricity from this
salt gradient.

2.1

Modelling assumptions

A validated, dynamic model is used to investigate the heat integration scenario that achieves
the best efficiency and the highest power density. The RED section of the model has been
validated for aqueous sodium chloride solutions [50]. Therefore, sodium chloride was the only
salt investigated here. Siogel silica gel (Oker Chemie GmbH, Germany) is a commercial material
that has been fully characterised experimentally in an AD system and was chosen for this study.
The model assumes:
• Homogeneous temperatures in all vessels and adsorption beds;
6

• Only pure water evaporates, while all salt remains in the evaporator [28];
• The salt concentration in the solution supplied from the evaporator to the membrane
varies, because of the changing evaporation rate [52]. The adsorption desalination model
takes the change of concentration into account, but the membrane model is steady-state
and to save computation time the average salt concentration is used in each cycle;
• All components of the system are adiabatic;
• Ambient temperature Tcond,in is 25 °C, unless otherwise specified;
• Average conditions for solutions and cell pair variables between inlet and outlet of the
RED membrane as the model is independent of x-y-z-dimensions;
• Solvent flow and polarisation phenomena in the RED membrane are neglected [50]. However, the model of Tamburini et al. is experimentally validated and the modelling results
match the experimental results, which they obtained with commercial RED membranes
using NaCl solutions up to 5 mol/kg [50].;
• Ideal current distribution in RED membrane [50];
• The adsorbent mass of the adsorption desalinator is kept constant, while the membrane
area is variable. This allows RED to cope with different distillate flow rates achieved under
different conditions.
• The entire system operates under vacuum, which is provided from the steam cycle condenser ejector. This allows continuous operation of RED stack and adsorption desalination
as opposed to the batch desalination process presented by Micari et al. which represents
an alternative in the process design [29]
The Pitzer model and Reverse electrodialysis model are adapted from Pitzer and Mayorga [53]
and Tamburini et al. [50] respectively and are reported in the appendix along with the mass
balances.

2.2

Mathematical model for high performance adsorption desalination

El-Dessouky and Ettouney presented a fully heat integrated adsorption vapour compression
ADV C system in a simplified mathematical model [54] achieving high desalination performances
due to heat integration between the adsorbers. Other studies have investigated the circular heat
recovery scheme of El-Dessouky and Ettouney for adsorption chillers [55, 56] finding it not
beneficial. Fig. 2 highlights the differences between circular heat integration in adsorption
chillers and desalinators. During circular heat integration, cooling water is cooled by the first
bed and the endothermic heat of desorption 1→3, while it is heated by the second bed and the
exothermic heat of adsorption 4→6, which is at a higher temperature at this point.
Circular heat integration can be applied until the temperature of both beds equilibrated in points
3 and 6 in Fig. 2. At this point, in desalination half the water up-take is desorbed, whereas
in cooling only a fraction of water is desorbed due to preliminary isosteric heating and cooling
phases. However, the heat of desorption is the main contributor to the energy requirement, while
isosteric heating and cooling only changes the sensible heat of the system. Therefore, circular
heat integration appears more promising for desalination than chilling as it can be seen in Fig
7

2b. As indicated in Fig. 2b, ADRED can provide an alternative to a large cooling tower as it
can reduce the external cooling load by about 50 % using circular heat integration, while it still
requires a heat sink. In addition, the temperature level of the released heat is reduced from 40
°C to ambient temperature during adsorption.

(a)

(b)

Figure 2: Circular heat integration: (a) in chillers only a fraction of water is desorbed; (b) in
desalination it halves the external energy input during desorption
A lumped parameter, dynamic model [57, 58] was adapted for the interpretation of the experimental adsorption desalinator and updated with the heat integration scheme of El-Dessouky.
Table 2 shows the two additional phases II and IV required for internal circulation, which are
added to the established sequence [59]. Table 3 shows sequence parameters used to adjust the
modelling equations according to the phases in table 2. All parameters used in the model are
given in table 4.
Table 2: The six phases of the adsorption desalination cycle
Phase
I
II
III
IV
V
VI

Cycle

Bed 1

→
→
→
→
→
→

Isosteric Heating
Desorption
Desorption
Isosteric Cooling
Adsorption
Adsorption

1
2
3
4
5
6

2
3
4
5
6
1

Phase Bed 2

Bed 2

Energy source

→
→
→
→
→
→

Isosteric Cooling
Adsorption
Adsorption
Isosteric Heating
Desorption
Desorption

Internal circulation
Internal circulation
External source
Internal circulation
Internal circulation
External source

4
5
6
1
2
3

5
6
1
2
3
4

8

Table 3: Values for a subset of modelling parameters for each phase of the adsorption cycle as
shown in table 2
Phase

I

II

III

IV

V

VI

τ1
τ2
ω
ξ

0
0
0
0

1
0
1
0

1
0
1
1

0
0
0
0

0
1
1
0

0
1
1
1

The water uptake of the Siogel silica gel is assessed by Dubinin Astakhov (DA) isotherms [60, 61]:
q ∗ = q0 exp (− [

RT
psat n
ln (
)] )
E
p

(1)

The adsorption kinetics are analysed by the linear driving force (LDF) equation:
dq1/2
dt

= ω1/2

a
15Ds0 exp( −E
RT )
(q ∗ − q)
Rp2

(2)

The mass balances of the condenser and evaporator are shown below:
dMevap
dq1
dq2
= −Msg (τ1
+ τ2
) + F2 − Fhigh,in
dt
dt
dt

(3)

dMcond
dq1
dq2
= Msg (τ2
+ τ1
) − F4
dt
dt
dt

(4)

The salt mass fraction wevap in the evaporator changes according to:
wevap −wevap dMevap
=
+ F2 w2 − Fhigh,in whigh,in
dt
Mevap
dt

(5)

The energy balance for the evaporator is:
(Mhxev cp,hx +Mevap cp,sol,evap )

dTevap
dq1
dq2
= (τ1
+ τ2
) Msg Lw + ṁevap cp (Tevap,in −Tevap,out ) (6)
dt
dt
dt

Where Mhxev is the mass of the heat exchanger [kg], the latent heat L [kJ/kg], cp,hx is the
specific heat of the aluminium heat exchanger [kJ/(kgK)] and cp,w is the specific heat of the
cooling water [kJ/(kgK)]. Cp,sol,w is the specific heat of the solution inside the evaporator, which
is about 3.3 kJ/(kgK) for concentrated NaCl solutions at ambient temperature [62].
The energy balance of the condenser is:
(Mhxco cp,hx +Mcond cp,w,cond )

dq1
dq2
dTcond
= (τ2
+ τ1
) Msg Lw +ṁcond cp,w (Tcond,in −Tcond,out ) (7)
dt
dt
dt
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The energy balance for the adsorbers are:
dq1
dTads1
= ∆hads Msg
+
dt
dt
+ṁads cp,w [ξ (Tads2,out − Tads1,out ) + (1 − ξ)(Tads,in − Tads1,out )]

(8)

dTads2
dq2
= ∆hads Msg
+
dt
dt
+ṁads cp,w [ξ (Tads1,out − Tads2,out ) + (1 − ξ)(Tads,in − Tads2,out )]

(9)

(Msg cp,sg + Mhx,ads cp,hx,ads + Mw,ads cp,w,ads )

(Msg cp,sg + Mhx,ads cp,hx,ads + Mw,ads cp,w,ads )

All outlet temperatures Ti,out [K] are determined by the logarithmic mean temperature difference:
Tout = T + (Tin − T ) exp (

−U A
)
ṁhx cp,w

(10)

Where U is the overall heat transfer coefficient [W/(m2 K)], T is the temperature inside the
vessel [K], A is the surface area of the heat exchanger [m2 ] and ṁhx is the flow rate of water
supplied to the heat exchanger [kg/s]. The heat of adsorption Δhads [kJ/kg] is derived from
Clausius-Clapeyron and the DA isotherm [63], where Θ = q1 /q0 :
1 1/n EαT 1 −(n−1)/n
∆hads = Lw + E ln ( ) +
( )
Θ
n
Θ

(11)

Table 4: Simulation parameters for the small-scale adsorption desalinator [64] and Siogel silica
gel.
Property

Unit

Value

Reference

ṁevap
ṁcond
ṁads/des
Mhxev cp,hx
Mhxco cp,hx
Mhxads cp,hx,ads
U Aads
U Acond
U Aevap
tcycle
Rp
Msg
cp,sg
DsO
Ea
q0
E
n
R

L/min
L/min
L/min
kJ/K
kJ/K
kJ/K
W/K
W/K
W/K
s
m
kg
kJ/(kgK)
m2 /s
J/mol
kg/kg
kJ/kg
J/(molK)

0.4
0.8
0.4
0.137
0.378
0.546
14
7
40
1200-4000
0.002
0.21
0.65
2.5⋅10-4
4.2⋅10-4
0.38
220
1.1
8.314

this work (exp)
this work (exp)
this work (exp)
[64]
[65]
[52]
[52]
[66]
[66]
[66]
[67]

The two main performance indicators in adsorption desalination are the Specific Daily Water
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Production SDW P [kgw /(kgsg d)] and Performance Ratio P R [-]:
SDW P = Nc ∫

PR = ∫

tcycle
0

tcycle

0

Q̇cond
dt
Lw ⋅ Msg

ṁdist ⋅ Lw
dt
Q̇des

(12)

(13)

where Q̇des and Q̇cond [kJ/s] are assessed through energy balances around the heat exchangers
for both, simulation and experimental data:
Q̇des = ṁhot cp,hot (Tdes,in − Tdes,out )

(14)

Q̇cond = ṁcond cp,ambient (Tcond,in − Tcond,out )

(15)

where ṁhot/cond [kg/s] are the flow rates supplied to the heat exchangers, cp is the specific heat
capacity [kJ/(kg K)] and Tdes/cond,in/out [K] represents the temperature differences between inlet
and outlet of the desorber and condenser heat exchangers respectively.

3
3.1

Model analysis
Adsorption model validation for low temperature regeneration

The lumped parameter, dynamic model was validated with experimental data obtained from
the small scale adsorption shown in Fig. 3a. The system features four main vessels: evaporator,
condenser and two adsorbers filled with 210 g of silica gel each. Each vessel is equipped with
a pressure transducer (WIKA Alexander Wiegand SE & Co. KG, Germany 0.25 %), T-Type
thermocouples (Omega UK, 0.4 % accuracy) and a heat exchanger (RC Racing Radiators, Italy).
The inlet and outlet temperature of the water supplied to the heat exchangers are measured
with additional T-Type thermocouples and the flow rate to the heat exchangers is assessed with
rotameters (Nixon Flowmeters, UK, 1.6% accuracy). The experimental system is described in
detail in [64].
The sequence in table 2 was adapted to represent the physical system by skipping the internal
circulation phases. Three low temperature experiments were performed to fit the model on the
parameter U A [W/K] of each vessel. The experiments were conducted by slightly heating the
evaporator to achieve Pevap ≈ Pcond [68] with Tcond,in = 25 °C, while Tevap,in > Tcond,in , 1200 s
half cycle time and 90 s heat recovery/switching time. Fig. 3 shows the temperature curves
and distillate production of the experiment at Thot,in = 40 °C highlighting that silica gel can be
regenerated at 40 °C.
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(a)

(b)

(c)

Figure 3: ((a) The small scale experimental system used for model validation.
b) Experimental temperature curves for Tevap,in = 29 °C, Tcond,in = 25 °C and Thot,in = 40 °C,
half cycle time 1200 s and heat recovery time 90 s.
(c) Distillate production curves derived from temperature measurements of the same experiment
at Thot,in = 40 °C.
The best fitting parameters representing the experiments are U Aads = 14 W /K, U Acond = 7 W /K
and U Aevap = 40 W /K. The parameters correspond to the actual, small-scale system. The model
was fitted on the system performance in terms of PR and SDWP as shown in Fig. 4. In Fig. 4a
the PR for the lowest regeneration temperature is in very good agreement with the model, while
for the two higher temperatures it slightly over-predicting them within the experimental error.
The SDWP in Fig. 4b is over-predicted for the lowest regeneration temperature, while the
two higher temperatures are in line with the experimental results. However, fitting the model
on all experimentally obtained temperatures, pressures and time combinations with a single
set of UA leads to considerable mismatches and deviations in some of the results. One of the
main limitations of the lumped parameter, dynamic model lies in the assumption homogeneous
temperatures throughout the units, whereas real systems are characterised by temperature distributions (e.g. up to 10 °C measured in the evaporator). By contrast, several authors have
reported excellent agreement between the model and the experimental results [52, 46], which
cannot be confirmed by this study. Based on this study, it can be concluded that the model
is appropriate for system design, but only satisfactory to represent an experimental system in
detail.
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Figure 4: Experimental validation of the dynamic adsorption model for the PR (a) and the
SDWP (b).

3.2

Circular heat integration to boost the performance ratio

The PR of eq. (13) quantifies the energy efficiency of the adsorption desalination system. Large
thermal desalination systems like multi effect distillation can achieve PR ≈ 10 [69], which means
they generate ten times more water per unit of energy than simple distillation. However, these
systems are very large. Adsorption desalinators are more compact, have lower investment costs
[52], but achieve PR < 1, where Ng. et al. have reported up to PR = 0.75 in an experimental
study [52]. The performance ratio of experimental systems was addressed in early studies [70].
Much recent work focused on maximising the SDWP through material design, while the PR
of even the most advanced systems remained constant around 0.6 to 0.75 [52]. However, for
commercial applications it is essential to develop the technology beyond PR > 1, which requires
an optimised process design with favourable heat exchanger to adsorption material weight ratios
[71] as well as a more advanced heat integration within the system.
Fig. 5 highlights the potential of adsorption desalination with internal circulation for different
internal circulation times. The internal circulation times of phase II and V in table 2 were varied
from 0-1400 s, while phases III + VI were kept constant at 600 s each and phases I + IV at 30 s.
Moreover, the inlet temperatures in Fig. 5 are Tevap,in = Tcond,in = 30 °C and Thot,in = 80 °C.
The starting point of the investigation in Fig. 5 is zero internal circulation time, which resembles the experimental system [64] without the proposed internal circulation and only a simple
heat recovery described in [64]. At zero internal circulation time (tads,int = 0 s), the model and
the experimental result are in agreement (Fig. 5). When, tads,int is increased up to 1400 s, the
PR increases from PR = 0.60 up to 1.04, which is an improvement of 75 % compared to the
experimental result. This indicates that adsorption desalinators can exceed the threshold of PR
≥ 1, which is imperative for the commercial success of adsorption desalination. However, the
SDWP decreases with increasing tads,int as the total cycle time increases with tads,int . Therefore,
the optimal performance is a trade-off between the two indicators. An increased PR indicates
13

increased energy efficiency, while a decreased SDWP implies a greater amount of silica gel and
larger system footprint.
The relatively low SDWP of silica gel between 4-8 kgw /(kgsg d) highlights the need for new adsorption materials that can significantly increase the SDWP and decrease the footprint with it.
For example, Askalany et al. presented novel Ionogels, which are ionic liquids impregnated on a
solid support structure, e.g. silica gels [72] or activated carbons [73]. Moreover, improved heat
exchanger designs [71] with larger UA-parameters would reduce the cycle time and increase the
SDWP as well.
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1.2

8
1
6
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Figure 5: The model predicts that increasing internal circulation times can boost the PR above
the threshold of PR=1 (a), while sacrificing the SDWP (b). The experiment is conducted
without internal circulation with Thot,in = 80 °C, Tevap,in = Tcond,in = 30 °C, 600 s half cycle
time and is used to validate the model.
Ng et al. have investigated the impact of the salinity on the performance [52]. They showed that
the performance ratio is unaffected by the presence of salt in the evaporator, while the SDWP
is decreased by less than 10 % [52]. Hence, the experiment in Fig. 5 was conducted with salt
free water in the evaporator to minimise the risk of corrosion, while the salinity in the model
was 35 g/kg (≈ 0.6 mol/kg) for seawater [74].

3.3

Performance of the validated adsorption reverse electrodialysis model

The model assesses the energy efficiency ηen and exergy efficiency ηex of the ADRED process
depending on the heat source temperature for each case. Moreover, it determines the SDWP and
PR for the adsorption side of the system. Pd,ADRED is calculated from eq. (57) and Pel,ADRED
from eq. (58) leading to the mass of silica gel Msg = Pel,ADRED /Pd,ADRED . The results are
compared for 6 different degrees of heat integration shown in table 5 to find the best configuration
for each case.
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Table 5: Different scenarios and input parameters for the ADRED model. “c-e int.” = Heat
integration evaporator-condenser; “circ.” = Circular heat integration. The heat integration
scenarios are indicated in Fig. 1. For all cases tads = 600 s and tisos = 30 s.
Scenario
1x
1y
1z
2x
2y
2z

Description

Tevap,in [°C]

tads,int [s]

30
30
30
-

1
600
1200
1
600
1200

No heat integration
Short circ.
Long circ.
No circ. + c-e int.
Short circ. + c-e int.
Long circ. + c-e int.

The input conditions of the steam power plant (Tads,in = 40 °C) are used by the validated smallscale model to assess the process performance. The first three scenarios in table 5 consider
external evaporator heating, while the last three feature heat integration between evaporator
and condenser. Within each category, the sub-scenarios xyz test the suitability of the internal
circulation for this application.
Fig. 6a shows that the PR of the AD side increases with the degree of heat integration. Overall,
the PR is less than 1 because the working capacity of silica gel is reduced at 40 °C compared to
80 °C in Fig. 6a. However, the fully heat integrated system (scenario 2z) achieves PR = 0.63,
which is 64 % higher than the PR with no heat integration in scenario 1x. The energy efficiency
of scenarios 1xyz is below 2xyz in Fig. 6b, because the evaporator heating in cases 1xyz requires
additional heat input, which is accounted for in the energy efficiency. The silica gel power
density in Fig. 7 is highest for the system with no heat integration 1x, because it achieves the
highest SDWP. Heat integration increases the cycle time, which has a negative impact on the
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Figure 6: Predicted performance of the ADRED system with input conditions from table 5:
(a) PR and SDWP of the adsorption desalination system for different heat integrations.
(b) The energy and exergy efficiency of the overall ADRED system.
The exergy efficiency in Fig. 6b is highest at 15.3 % for scenario 1z, where the evapora15

tor is heated externally and the internal circulation time is maximised. The Carnot factor
(= 1 − Tcond,in /Tevap/hot,in ) in eq. (56) is used to convert the energy efficiency to the exergy efficiency. The Carnot factor is 2.9 times lower for Tevap,in = 30 °C than it is for Thot,in = 40 °C at
Tcond,in = 25 °C. Thus, heating the evaporator does not impair the exergy efficiency, because of
the lower Carnot factor at 30 °C. Instead, the higher working capacity of the silica gel increases
the exergy efficiency of 1xyz above 2xyz for each respective scenario. The working capacity of the
material increases with evaporator heating, which is represented by the higher SDWP in 1xyz
compared to 2xyz in Fig. 6a. The power density of the silica gel material is predicted between
0.2-0.7 Wel /kgsg as shown in Fig. 7. The power density is strongly linked to the SDWP which
is below 3 kgw /(kgsg d) in all heat integration scenarios due to the low regeneration temperature
of 40 °C.
The power density could be further improved by novel adsorption materials with higher SDWP
and working capacities, future developments in heat integration and the development of improved RED membranes. The thermodynamic analysis in the preceding publication showed
that highly concentrated LiCl solutions (20 mol/kg) could improve the exergy efficiency to more
than 40 % [28], but this is impossible to achieve with current membranes, which are optimised
for sodium chloride solutions. The ADRED system could also provide cooling as useful output
by switching the material from silica gel to AQSOA Z01/Z02 [75], which are commercial zeolites
[76] that maintain a constant SDWP even at low evaporator temperatures [77].

Silica gel power density [Wel/kgsg ]

0.7
0.6
0.5
0.4
0.3
0.2
0.1
0

1x

1y

1z

2x

2y

2z

Heat integration scenario

Figure 7: Predicted electric power output per kg of silica gel for the overall system.

3.4

Limitations and considerations for industrial applications

Rankine cycles can vary in sizes ranging from a few hundred kilowatt in organic Rankine cycles
to gigawatts from nuclear power plants. Here, we assume a 10 MW Rankine cycle turbine is
assumed with an efficiency of 33 % emitting 20 MW of waste heat that can be used to power the
ADRED system. Fig. 8 uses the modelling results to estimate the system size and electricity
output.
The best trade-off between size, electricity output and without external heat sink is scenario
2x, which does not feature the internal circulation. Therefore, the cycle times can be shorter
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leading to an improved distillate production. From Fig. 8, the ADRED system could produce
92 kW of electricity requiring 200 tons of silica gel.
Pumping losses of about 5 kJel /kgw are estimated to be lost in an AD plant in a presented by
Ng et al. [52]. The distillate flow rate from the industrial scale ADRED plant is SDW P ⋅ M sg =
4.4 kgw /s resulting in pumping losses of 22 kW for the AD side of the system. An additional
5 % of the electricity are lost to pumping in the RED plant [50, 78]. Thus, the ADRED system
generates 65.4 kW net electricity leading to an energy efficiency of 0.33 % and exergy efficiency
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of 7.1 %.
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0
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Figure 8: Predicted scale and electric power output for an industrial application
Novel adsorption materials with higher working capacities could reduce the footprint of the system as smaller adsorption beds could produce the same amount of distillate. One challenge in
material selection is the working capacity from the material’s equilibrium curves that can be
achieved at 40 °C. Most novel materials that have been proposed for adsorption desalination
showing high water capacities require regeneration temperatures well above 40 °C, e.g. MOF
materials (90 °C) [79, 80] or zeolites AQSOA Z01 and Z02 (60 °C and 80 °C) [76, 77]. Ionogels
show outstanding performances at regeneration temperatures as low as 25 °C. Hence, ionogels
would be ideal for the ADRED process [72, 81, 82].
The amount of adsorption material could be reduced by a factor of four [81] to about 50 tons
by using ionogels instead of silica gel in scenario 2x or 25 tons in scenario 1x. This would
correspond to 2.5-5 tonsig /MW. However, silica gel is an inexpensive, established commercial
material, while ionogels are still under development. Moreover, silica gel remains the benchmark
material for low grade heat studies despite progresses in material development [34, 83].
Another important aspect is adsorption material stability to ensure low maintenance cost, which
is given for commercial materials [84]. Henninger et al. have tested the cycle stability of adsorption materials commonly used for water adsorption. They found a reduced uptake of silica
gel by 5% after continuous cycling [84]. Dengler and Krückels investigated the water adsorption
properties of silica gel over a period of 500 cycles [85]. They found that the equilibrium concentration and apparent diffusion coefficient are decreasing by 20 % within the first 100 cycles and
plateauing. However, the two properties are not following below this limit until 500 cycles are
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reached. Dengler and Krückels conclude that thermal swings change the pore structure of silica
gel within the first 100 cycles, but afterwards silica gel remains stable [85].
Corrosion is another aspect that needs to be addressed in an industrial design. Demisters between evaporator and adsorber could prevent salt-water droplets to reach the adsorber and
condenser together with the pure water vapour. Hence, corrosion would only be a problem in
the evaporator. Hence, at least the heat exchangers of the evaporator would have to be made
of stainless steel. In addition, corrosion can also occur in the pipework and valves between the
RED stack and the adsorption desalinator, which needs to be addressed in the final design.
RED plant performances using highly concentrated salt solutions will be reduced by permselectivity and concentration polarisation. Concentration polarisation occurs when the concentration
on the membrane-solution interface is different to the bulk concentration [86]. This leads to a
reduced driving force between the low and high salinity solutions, which reduces the energy
generation as well [86]. In a techno-economic analysis, Weiner et al. have identified concentration polarisation as one of the main contributors to overall membrane resistance [87]. Guerri et
al. report that higher Reynolds numbers can reduce limiting effects of concentration polarisation [88]. Permselectivity is another limiting factor of RED membranes, where anion exchange
membranes (AEM) and cation exchange membranes (CEM) are stacked alternatingly. Ideally,
only anions can pass AEMs, while only cations pass CEMs leading to a permselectivity of 100
% [89]. However, the permselectivity is reduced at high concentrations and different salts [90].
Therefore, it is crucial to address both phenomena when designing membranes for large scale
applications as presented within this study.

4

Conclusions

Steam power plants emit large amounts of waste heat at very low temperatures leading to
thermal pollution of rivers and the environment. This study proposes the application of an
Adsorption Reverse Electrodialysis system that uses the condensation heat of a steam power
plant of 40 °C as waste heat source to convert this energy into electricity. The analysis is the
continuation and further development of a preceding study that presented the concept of Adsorption Reverse Electrodialysis for the first time. The exergy content of heat emitted at 40 °C
is very low and even an ideal process cannot exceed an energy efficiency of 4.8 % according to
the Carnot factor.
The analysis is conducted with a simulation tool, where each component is experimentally validated. Experiments using a small scale adsorption desalinator and silica gel provided novel
experimental data showing that silica gel can be regenerated at 40 °C achieving an SDWP of
2.8 kgw /(kgsg d). The results were applied to validate the model. The experimental performance
ratio was PRexp ≈0.4-0.6, which can be boosted above the threshold of PR=1 at higher temperatures and circular heat integration as indicated by the simulations. The validated reverse
eletrodialysis and adsorption desalination models were combined and analysed for the input
conditions of a steam cycle emitting waste heat at 40 °C. The investigation screened six different heat integration schemes achieving exergy efficiencies 10-15 % and energy efficiency of
0.35-0.55 %. In addition, the results showed that the different heat integration scenarios improve the energy efficiency, but increase the system size at the same time. Consideration for a
18

system scale up showed that 20 MW of waste heat could be converted into 92 kW of electricity
including internal pumping losses. Future work should therefore address the application of novel
materials that can be regenerated below 40 °C to decrease the system size.
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A
A.1

Appendix - Modelling equations
Mass balances

The mass balances for the flow rates Fi [kgsol /s] and the corresponding salt mass fractions wi
[kgsalt /kgsol ] based on the scheme in Fig. 1 are:

A.2

Fhigh,in + Flow,in = Fhigh,out + Flow,out

(16)

Fhigh,in = Flow,in

(17)

Fhigh,in whigh,in + Flow,in wlow,in = Fhigh,out whigh,out + Flow,out wlow,out

(18)

F3 wlow,out = Flow,in wlow,in

(19)

Fhigh,out whigh,out + F1 wlow,out = F2 w2

(20)

Fhigh,out + F1 = F2

(21)

F4 + F3 = Flow,in

(22)

Fhigh,in + F4 = F2

(23)

Pitzer model

The Pitzer model is a tool to assess the salt solution thermodynamics needed for modelling the
membrane as well as the pressure inside the evaporator.
The osmotic coefficient Φ [-] is assessed through [53]:
Φ − 1 = ∣zM zX ∣f Φ + m (

3/2
2vX vM
Φ
2 2(vM vX )
Φ
) BM
+
m
(
) CM
X
X
v
v
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(24)

Where m is the molality [mol/kg], zM and zX are the charges of the ions [-], vM and vX are the
number of ions [-]. The other coefficients in eq. (24) are:
f Φ = −AΦ (

I 1/2
)
1 + bI 1/2

(0)

(1)

Φ
−αx I
BM
X = βM X + βM X e

I=

(25)
1/2

(26)

1
2
∑ mi zi
2

(27)

The coefficients b = 1.2 and αx = 2 are constants for all solutes [53]. The ionic strength is rep(0)

resented by I [mol/kg] in eq. (27). The virial coefficients of sodium chloride are βM X = 0.0765,
(1)

Φ
βM X = 0.2554 and CM
X = 0.00127 [53]. The Debye Hückel coefficient AΦ for water is given in

[91, 53]:
3/2

1 2πN0 ρw 1/2 e2
AΦ = (
) (
)
3
1000
DkT

(28)

where N0 is the Avogadro constant [mol-1 ], k is the Boltzmann constant [m2 kg s-2 K], e is the
electron charge [C] and D the dielectric constant [-] [92]:
D = D1000 + C ln (

B + Psat
)
B + 1000

(29)

where Psat is the saturation pressure of water for a given temperature T [K] and the coefficients
U19 are given in table 6.
D1000 = U1 exp(U2 T + U3 T 2 )
U5
U6 + T

(31)

U8
+ U9 T
T

(32)

C = U4 +
B = U7 +

(30)

Table 6: Parameters to calculate the dielectric constant of water [92]
U1
U2
U3
U4
U5

342.8
−5.09 ⋅ 10−3
9.47 ⋅ 10−7
−2.05
3115.9

U6
U7
U8
U9

−182.9
−8032.5
4.21⋅ 106
2.14

The water activity of the solution as [-] is correlated to Φ [93]:
Φ = −(

(vM

1000
) ln(as )
+ vX )mM̃

as =

Psat,sol
Psat,H2 O
20

(33)

(34)

The boiling point elevation BP E [°C] in the ADRED system is defined as:
BP E = Tevap,vap (Pevap,vap ) − Tsat,H2 O (Pevap,vap )

(35)

where Pevap,vap is the evaporator pressure [bar], Tevap,vap is the evaporator temperature [K] and
Tsat,H2 O is the saturation temperature [K] of pure water at a given pressure. The BPE is needed
to assess the pressure in the evaporator, which is reduced compared to pure water due to the
presence of NaCl.
The mean activity coefficient of the electrolyte solution γ [-] is required to assess the electricity
output from the membrane and can be calculated through the Pitzer correlations [53]:
ln(γ) = ∣zM zX ∣f γ + m (

3/2
2vX vM
γ
γ
2 2(vM vX )
+
m
(
) BM
) CM
X
X
v
v

f γ = −AΦ [
(0)

(37)

(0)

γ
BM
X = 2βM X +

A.3

I 1/2
2
+ ln(1 + bI 1/2 )]
1/2
b
1 + bI

(36)

2βM X
1/2
[1 − e−αI (1 + αI 1/2 − (1/2)α2 I)]
2
α I
3 Φ
γ
CM
X = CM X
2

(38)
(39)

RED model

Tamburini et al. presented the following, validated RED model including all the membrane
specific parameters [50]. Moreover, they optimised the membrane operational variables and this
study used the result achieving the highest efficiency.
The volumetric flow rate V̇ through the RED membrane [m3 ] is defined as:
V̇ = εsp Ncell δlow l v

(40)

where εsp = 0.6 is the spacer porosity (-), δlow/high = 270 ⋅ 10−6 m is the high and low compartment
thicknesses, Ncell = 50 number of cell pairs, v = 0.01 m/s is the fluid velocity in the membrane
and l = 0.01 m is the length of the membrane [50].
The Nernst equation is required to determine the cell voltage Ecell [V]:
Ecell = (αCEM + αAEM )

γhigh mhigh
RT
ln (
)
F
γlow mlow

(41)

where F = 96485.3 C/mol is the Faraday constant, αCEM /AEM is the permselectivity of the
cation and anion exchange membranes (CEM and AEM ) respectively, mhigh/low is the molality
[mol/kg] of the solutions and the equivalent conductivity Λ [S m2 /mol] is obtained through the
Jones and Dole equation [94]:
Λ = Λ0 −

AΛ C 1/2
− CΛ C
1 + BΛ C 1/2
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(42)

where C is the molarity [mol/L], Λ0 = 0.01265 Sm2 /mol [95] and the other parameters were fitted

on the experimental results of Chambers et al. [96] by this study: AΛ = −9.3 ⋅ 10−3 , BΛ = 1.756,
CΛ = 6.965.
The electrical resistances Rlow/high [Ωm2 ] of the low and high salinity solutions are given by:
Rlow = sf
Rhigh = sf

δlow
Λlow Clow

(43)

δhigh
Λhigh Chigh

(44)

where sf is the spacer shadow factor [-]. The concentrations Clow = 2 mol/L and Chigh = 5 mol/L
lead to the highest membrane efficiency [50]. The cell resistance Rcell is composed of the resis-

tances of the solutions and the AEM and CEM membrane resistances RAEM = 2.96 ⋅ 10−4 Ωm2
and RAEM = 1.55 ⋅ 10−4 Ωm2 [50].

Rcell = Rlow + Rhigh + RAEM + RCEM

(45)

Rstack = N Rcell + Rblank

(46)

OCV = N Ecell

(47)

The stack resistance Rstack :

The Open Circuit Voltage OCV

The electrical current density j [A/m2 ], where the stack resistance is approximately equal to the
load resistance Rstack = Rext [50].
j=

Estack
OCV
=
Rext
2 Rstack

(48)

The power per cell pair area Pd [W/m2 ] is defined as:
Pd =

j 2 Rext
N

(49)

The salt flux through the membrane [mol/(m2 s)]:
Jsalt =

j 2 Dsalt (Chigh − Clow )
+
F
δm

(50)

The outlet concentrations [mol/L] from the membrane can be calculated by the following equation:

Jsalt Acell
V̇
Jsalt Acell
Chigh,out = Clow,in +
V̇

Chigh,out = Chigh,in −

(51)
(52)

The density of sodium chloride solutions [kg/m3 ] was measured by Kiepe et al. [97] and fitted

22

to the following equation by this study:
ρsol = 1133.12 − 0.44 T + 41.30 m − 0.024 m T

(53)

The flow rate specific power output Pd,s [W s/kg] is required to assess the overall efficiency of
the system and defined by:
Pd,s =

A.4

Pd Acell N
V̇ ρsol

(54)

Combining the model components

The adsorption model and the reverse electrodialysis model are the two main building blocks of
the model linked by the mass balances as third block. First, the adsorption desalination block
runs for 10 cycles to achieve cyclic steady state. Then, the model is connected to the other two
system blocks. The average evaporator mass fraction whigh,in is passed on to the RED model,
which calculates the power production of the membrane and outlet concentrations. These are
passed on to the mass balances, which require the distillate production F4 and the concentrations
to calculate the return feed from the membranes to the evaporator.
The output values of the model are SDWP and PR as the two performance indicators of the
regeneration side. In addition, the energy efficiency ηen , exergy efficiency ηex and power density
of silica gel Pd,ADRED [W/kgsg ] are assessed for the overall system and defined by:
ηen =

ηex =

Pd,s Hhigh,in tsim
Qevap + Qdes
Pd,s Hhigh,in tsim

Qevap (1 −

Tcond,in
Tcond,in
Tevap,in ) + Qdes (1 − Tads,in )

Pd,ADRED =

Pd,s Fhigh,in
Msg

(55)

(56)

(57)

The electric power output Pel,ADRED [MW] is a function of ηen and the waste heat from the
Rankine cycle Q̇wh [MW]:
Pel,ADRED = ηen Q̇wh

(58)
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