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a b s t r a c t

Osmotic heat engine (OHE) is a promising technology to harvest low-grade heat from renewable energy
source. In previous studies of OHEs, the features of actual heat source and application scenarios are
usually ignored. Here we present an advanced adsorption-based osmotic heat engine to harvest solar
energy and a dynamic model for such energy utilization system is established. Firstly, the dynamic
characteristics of the OHE from transient to cyclic-steady state is investigated. There exist an optimal
adsorption/desorption time to maximize the electric power and efficiency simultaneously. Higher
working concentration elevates the electric power and efficiency. Larger direct solar irradiation intensity
upgrades the electric power while hinders the efficiency. Then a practical simulation of a small sized OHE
harvesting solar energy to generate electricity during a day is carried out and the effects of some
important parameters on the system under transient state are analyzed. The results indicate that there is
a best number of cycles the system performs during a day to maximize the average electric power and
efficiency. Among the ten selected adsorbents, MIL-101 leads to the largest average electric power of
41.8 W and Zeolite 13X leads to the highest electric efficiency of 1.04% when the number of cycles is set as
60 and 7 mol/kg NaCl is employed as working solution.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

The combustion of over-exploited fossil fuels has led to massive
greenhouse gas emissions and global warming [1,2], developing
efficient thermal system which can utilize clean and renewable
energy is a feasible way to solve the dilemma of environment
protection and maintaining rapid development [3,4]. Recently, the
environment-friendly closed-loop osmotic heat engines (OHEs),
which have no environment risk even if operating with hazardous
substances as working fluid, attract increasing attentions [5e7].

The OHEs consist of two main components, one is the thermal
separation system, where the salt solution is thermally separated
into a concentrated solution and a diluted solution to form a
salinity gradient, and the other is the power generation system,
which extracts electricity from the mixture of the two solutions
on; AEM, Anion exchange
Membrane distillation; OHE,

osmosis; RED, Reverse
with different concentrations produced in the thermal separation
system. The most common and well established commercial ther-
mal separation technique is membrane distillation (MD), in which
the hydrophobic microporous membrane allows water vapor to
pass through under the vapor pressure difference between the two
sides of the membrane established by a low-grade heat source,
while liquid molecules are prevented by the surface tension of the
membrane [8,9]. Guill�en-Burrieza et al. [10] reported a solar-
powered airgap membrane distillation with total membrane area
of 9 m2 for desalination developed by Singaporean enterprise
Keppel Seghers, and a highest specific distillation production of
5.09 L h�1 m�2 and a lowest heat consumption of 294 kWh m�3

were obtained. As an emerging desalination technology,
adsorption-based desalination (AD) has become a competitive
choice for thermal separation components of osmotic heat engine
with the advantages of low operating temperature, low energy
consumption and process simplicity [11,12]. In AD process, the
working saline solution is fed into evaporator where water vapor is
evaporated under the force of highly hydrophilic adsorbent, thus
the solution remaining in the evaporator is concentrated. The
evaporated vapor is adsorbed in the pores of adsorbent then des-
orbed by heating in the desorption process and finally condensed in
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Nomenclature

A Area m2

Aap Area of aperture m2

Ar Area of receiver m2

Colr Number of modules in series
Cols number of the collector rows
cp Specific heat capacity J kg�1 K�1

Dso A kinetic constant for the silica gel water system m2

s�1

E Characteristic energy kJ mol�1

Ea Activation energy of surface diffusion kJ mol�1

Ecell Electromotive force of one cell V
F Faraday constant C mol�1

F 0 Collector efficiency factor
FR Heat removal factor
Gb direct solar irradiation intensity kW/m2

f Spacer shadow factor
hf Sensible heat kJ kg�1

hfg Latent heat kJ kg�1

I Ion strength of a solution mol L�1

J Salt or water flux mol s�1m�2

j Current density A m2

Kg Incidence angle modifier
L Length of the membrane m
M Mass kg
_m Mass flow rate kg s�1

N number of cycles per day
n Surface heterogeneity factor of the adsorption

materials
P Pressure of adsorption/desorption Pa
Ps Saturation pressure Pa
PRED Power W
Q Heat J
_Q Power W
_Q r Energy rate gained from a single collector W
Qst Isosteric heat of adsorption kJ kg�1

R Universal gas constant J mol�1 K�1

Ra Area specific resistance U m2

Rp Average radius of the adsorbent grains m
S effective heat absorbed by the receiver W m�2

T Temperature K
t Time s
U Heat transfer coefficient W m�2 K�1

V Volume flow rate m3 s�1

v Specific volume m3 kg�1

W Uptake of the adsorbent kg�1

W0 Maximum uptake of the adsorbent kg�1

w Width of the membrane m
X Concentration mol kg�1

z Valency of an ion

Greek Symbols
a Absorbance of the receiver or permselectivity of the

ion-selective membrane in RED
g Intercept factor and Activity coefficient
d Thickness m
h Efficiency %
L Molar conductivity S m2 mol�1

n Viscosity m2 s�1

r Density kg m�3

rc Reflectance of the mirror
t Transmittance of the glass cover

Subscripts
abe Adsorbate
ads Adsorption
Brine Concentrated brine
bed Adsorption/desorption process
Cond Condenser
CE Condenser and evaporator
ch Chilled water
cw Cooling water
d distillate
des desorption
diff diffusion
Evap, Evaporator
eva Evaporation
env Environment
g Gas phase
HX Heat exchanger
HC High concentration
hw Hot water
in Inlet
LC Low concentration
m Membrane
mig Migration
oil Thermal oil
out Outlet
s Salt
sb Adsorbent
switch Switching process
w Cold water
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the condenser producing diluted solution [13e15]. Some re-
searches of AD focused on the numerical simulation and operation
strategies are conducted. Wang et al. [16] introduced an experi-
mental investigation of a four-bed AD plant, the results revealed
that the optimal switching time is 40s and a maximum specific
daily water production of 4.7 kg/kg silica gal was achieved. To
improve the performance of the traditional multi-bed AD cycle, Thu
et al. [17,18] proposed a re-circulating circuit across evaporator and
condenser configuration for internal heat recovery, and twice
specific daily water production of conventional AD cycle is ob-
tained. Later, they presented another heat recovery schemewith an
evaporator build in the condenser, resulting in triple water pro-
duction rates. Pressure retarded osmosis (PRO) is commonly
639
employed as a power generation module of OHE, which transport
water from diluted solution to concentrated solution driven by
salinity gradient with a semipermeable membrane. Then the
pressurized concentrated solution is depressurized by a turbine to
generate electricity [19,20]. Alternatively, reverse electrodialysis
(RED) can also be used to convert salinity gradient energy into
electricity. In RED process, a selective permeation of cation/anion
through cation exchange membranes (CEMs)/anion exchange
membranes (AEMs) alongwith the electrochemical equilibria at the
interface of membranes and solutions leads to the electromotive
force in the membrane stack, thus electricity can be obtained by an
external load [21e23].

Another attractive advantage of OHE is that it can operate under



Fig. 1. Schematic diagram of the advanced solar-powered OHE, which consists of a two-bed adsorption-based desalination component with heat recovery scheme for thermal
separation (a), a CPC system for harvesting solar energy (b) and a reverse electrodialysis component for electricity generation (c).
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heat source below 80 �C [24], which expands the potential appli-
cation range and fill the gap of utilizing energy from low-grade heat
such as industrial waste heat, geothermal energy, solar energy.
Solar energy has been wildly investigated due to the advantage of
clean, no restriction by geography and large quantity [25,26]. Many
different types of OHE configurations for converting low-grade heat
into electricity have been proposed. Shaulsky et al. [27] presented a
hybrid OHE composed of MD and PRO with methanol as working
solvent, and a maximum power density of 72.1 W m�2 was ach-
ieved when operating under 3 M LiCl-methanol solution. Kwon
et al. [28] focused on an OHE system combining RED with ammo-
nium bicarbonate (NH4HCO3) solution which is easily decomposed
at around 60 �C and an excellent power density of 0.77 W m�2 was
obtained compared with previous studies. Hickenbottom et al. [29]
evaluated different working salt solutions to optimize the perfor-
mance of the MD-PRO OHE, results indicated that CaCl2 performed
well for each performance criteria. Long et al. [30] introduced an
MD-RED alternative hybrid OHE, and an electrical efficiency of
1.15% was obtained with 5 mol/kg NaCl as working solution when
working at the heat source temperature of 60 �C. Olkis et al. [12]
proposed a novel OHE combining RED with AD to harvest low-
grade heat, achieving an exergy efficiency of up to 30%. Zhao
et al. [31,32] took refrigeration into consideration for the first time
and proposed an AD-PRO power and cooling cogeneration system,
a maximum exergy efficiency of 33.9% was reported. Long et al. [33]
screened MOFs for the AD-PRO heat engines with via molecular
simulation and machine learning. A dynamic model of RED-AD
cogeneration OHE was further proposed. Hu et al. [34] carried out
a theoretical exergy analysis of a MED-RED osmotic heat engine and
discussed the effect of structure and operation parameters.

Previous efforts on OHEs mainly highlight the configuration
design and optimization, working fluid selection and operating
conditions, while the features of heat source and application sce-
narios are usually ignored. Tong et al. [35] investigated a thermo-
lytic OHE with NH4HCO3 as working solution. The feasibility of
utilizing the OHE to harvest low-grade heat from industrial waste
heat and solar energy was proved. However, the details of the
operation process and performance of the OHE under a specific
640
heat source was not further explored. In this study, we present an
advanced solar-powered OHE which consists of a two-bed
adsorption-based desalination component with heat recovery
scheme for thermal separation and a reverse electrodialysis
component for electricity generation. The dynamic model is
established first, and dynamic responds of the proposed OHE from
transient to cyclic-steady state is analyzed. Then a practical simu-
lation of a small sized OHE harvesting solar energy to generate
electricity during a day is carried out. The effects of some important
operating parameters on system performance under cyclic-steady
state and transit state are also discussed.
2. System description and modeling

Fig. 1 shows the schematic diagram of the solar-powered os-
motic heat engine, which consists of three subsystems: compound
parabolic collector (CPC) system, adsorption desalination system
and reverse electrodialysis. The CPC system harvests solar energy
and heats the thermal oil to high temperature, then the thermal oil
transfers the collected heat to the hot water circuit of AD system.
The AD system contains three main components of evaporator,
condenser and physical beds. In the AD process, saline solution is
fed into the evaporator where the solvent evaporates and the
remaining solution is consequently concentrated. The water vapor
is then continuously adsorbed by the adsorption bed until the bed
is saturated, while cooling water circulates through the bed to
remove the adsorption heat. Then the cooling water is switched to
hot water which adsorbs heat from CPC, and the vapor is desorbed
and condensed in the condenser, thus diluted solution is produced.
There is always a switching time between adsorption and desorp-
tion for precooling/preheating the adsorption bed and two beds
mode enables a semi-continuous operation. A configuration of
evaporator incorporating a condenser inside it is construct to
recover the latent heat of condensation and the cooling capacity
released in evaporation. In the RED process, the concentrated and
diluted solutions produced in AD system are supplied alternatively
into the cell where IEMs and AEMs are alternatively changed, the
cations and anions move in opposite directions driven by the
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salinity gradient, thus establishing a potential difference between
the electrodes. Finally, the redox reaction on the electrodes con-
verts ionic current into electric current and extracted by an external
load. The effluents are recharged into the evaporator of AD to
restore the initial concentration.

To simplify the mathematical model, the following assumptions
are considered: (1) The pressure, temperature and working ca-
pacity of the entire adsorption beds are uniform. The working ca-
pacity, temperature and pressure distributions can affect the heat
and mass transfer in a real AD system, and a computational fluid
dynamic (CFD) model of AD system considering the temperature
and pressure distributions was established in our previous study
[36,37]. In order to save computing resources, the effects are
neglected in this study. (2) Thermal resistance between the
adsorbent and the metal tube is neglected. The thermal resistance
would weaken the heat transfer between the external hot/cold
water and the adsorption bed. (3) Heat loss and flow resistance of
the AD system are neglected. Thus, all the components are
considered to be adiabatic and pump consumption of the AD sys-
tem can be ignored. (4) The variation of direct solar irradiation
intensity during a day obeys a parabolic relationship, which is a
simplified model of solar radiation intensity.

2.1. The CPC system model

The useful energy rate gained from a single solar collector is

_Q r ¼ _moilcp;oilðT2 � T1Þ (1)

where cp is the specific heat and _moil is the mass flow rate of the
thermal oil. T1 and T2 are the temperature at the inlet and outlet of
the receiver. The collected energy rate can also be given by Ref. [38].

_Q r ¼ FRAap

�
S� Ar

Aap
ULðT2 � T0Þ

�
(2)

where FR is the heat removal factor, Aap and Ar is the area of
aperture and receiver, UL is the collector overall heat loss coefficient
and S is the effective heat absorbed by the receiver, which can be
defined as

S¼GbtrcagKg (3)

where Gb is the direct solar irradiation intensity, which obeys the
parabolic relationship of Gb ¼ � 3þ 0:66667t�
0:02778t2ð8� t� 16o’clockÞ, rc, g, t, a and Kg are the reflectance of
the mirror, intercept factor, transmittance of the glass cover,
absorbance of the receiver, and incidence angle modifier, respec-
tively. The heat removal factor is given by

FR ¼
_moilcp;oil
ArUL

2
41� exp

0
@�F 0ULAr

_moilcp;oil

1
A
3
5 (4)

where F 0 is the collector efficiency factor.
�
Ms;Evapcp;s

	
TEvap;Xs;Evap


þMHX;Evapcp;HX
� dTEvap

dt
¼hf

	
TEvap;Xs;Evap



�hfg

	
TEvap


 dWads
dt

MsbþUCEACE
	
TCond � TEvap


�hf
	
TEvap;Xs;Evap



_mB
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The amount of solar energy irradiated on the collector is
considered as the heat entering into the system, which can be
expressed as

_Q solar ¼AapFRSColrCols (5)

where Colr and Cols are the number of modules in series and the
number of the collector rows.
2.2. The AD system model

The estimated vapor uptake by the adsorbent at a specific
pressure and temperature is given by DubinineAstakhov equation
[39].

W ¼W0 exp
�
�
�
RT
E

ln
�
Ps
P

��n�
(6)

where, W0 is the maximum uptake, Ps and P are the equilibrium
pressure and adsorption pressure, respectively.

The instantaneous uptake of the adsorption is expressed via the
linear driving force equation as [40].

dW
dt

¼15Dsoe�
Ea
RT

R2p
ðW �W0Þ (7)

where Dso is the kinetic constant and Rp is the particle radius.
The overall mass balance of the entire AD system is described as

dMs;Evap

dt
¼ _ms;in � _md;Cond � _mBrine (8)

where, Ms;Evapis the amount of the working solution in the evap-
orator, _ms;in denotes the mass flow rate of the solution fed into the
evaporator, _md;Condis the mass flow rate of the diluted solution
discharged from the condenser and _mBrineis the mass flow rate of
the concentrated solution discharged from the evaporator.

The mass and salt balance in evaporator with working solution
feed and solvent evaporation in it is given by

dMs;Evap

dt
¼ _ms;in� _mBrine �

�
dWads
dt

�
Msb (9)

Ms;Evap
dXs;Evap

dt
¼Xs;in _ms;in�Xs;Evap _mBrine � XD

�
dWads
dt

�
Msb

(10)

where Xs;Evap , Xs;in and XD are denote the concentration of solution
remaining in evaporator, working concentration and the concen-
tration of vapor, respectively.

The energy balance for evaporator which is coupled inside the
condenser is written as
_ms;in

rine

(11)
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The first and last term on the right side represents the sensible
heat of the fed solution and discharged solution, the second term
stands for the heat taken away by the vapor evaporated whilst the
third represents the heat recovery from the condenser.

The energy balance in condenser is calculated as

�
MCondcpðTCondÞþMHX;Condcp;HX

�dTCond
dt

¼ hf ðTCondÞ
dMd
dt

þhfgðTCondÞ
dWdes
dt

Msb �UCEA
	
TCond � TEvap


 (12)

The outlet temperature from each heat exchanger is calculated
via the log mean temperature difference as

Tout ¼ T0 þ ðTin � T0Þexp
� �UA

_mcp
	
T0


� (13)

The energy balance for adsorption/desorption bed with cooling/
hot water flowing through is given by

h
Msbcp;sb þMHXcp;HX þMabecp;a

idTads=des
dt

¼ ±QstMsb
dWads=des

dt
± _mcw=hwcp

�
Tcw=hw

�
Tcw=hw;in � Tcw=hw;out


(14)

where Qst denoting the isosteric heat is given by

Qst ¼hfg þ E

(
� ln

�
W
W0

�1=n
)

þ Tvg

�
vP
vT

�
g

(15)

The total regeneration heat consumption which is equal to the
collected energy in CPC system can be calculated as

Qreg ¼
ðtcycle
0

_mhwcp;hw
	
Thw;in � Thw;out



dt (16)

where cycle time tcycle ¼ tbed þ tswitch is composed of a switching
time tswitch and an adsorption/desorption time tbed.

2.3. The reverse electrodialysis system model

The reverse electrodialysis system model is developed based on
a well validated RED model [41], and NaCl is employed as working
salt. The electric voltage of a cell pair is written as [23].

EcellðxÞ¼aCEM
RT
F

ln
gNaHCðxÞXHCðxÞ
gNaLC ðxÞXLCðxÞ

þ aAEM
RT
F

ln
gClHCðxÞXHCðxÞ
gClLCðxÞXLCðxÞ

(17)

where a denotes the membranes permselectivity, the subscripts LC
and HC represents low concentration and high concentration, g is
the activity of the solution which can be calculate as [42].

gðxÞ¼ exp

"
�0:51z2

ffiffiffiffiffiffiffiffi
IðxÞp

1þ ðA=305Þ ffiffiffiffiffiffiffiffi
IðxÞp

#
(18)

The area specific cell pair resistance containing four resistances
of two solutions, AEM and CEM is given by Refs. [23,42,43].

Ra;cell ¼RLCðxÞ þ RHCðxÞ þ RAEM þ RCEM (19)

where RLC ¼ f dLC
LLCXLCðxÞ and RHC ¼ f dHC

LHCXHCðxÞ, L is the molar con-

ductivity,d is the thicknesses of the channel and f stands for the
spacer shadow factor.
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The current density is calculated according to the Ohm's law as

jðxÞ¼ EcellðxÞ
Ra;cellðxÞ þ Ra;extðxÞ (20)

where Ra;extðxÞ represent the external load.
The total flux across the membrane composed of the migration

term which contributes to ionic current and diffusion term which
has hindrance effect [42,44].

JtotalðxÞ¼ JmigðxÞ þ Jdiff ðxÞ ¼
jðxÞ
F

þ 2Dsalt
dm

½XHCðxÞ�XLCðxÞ� (21)

where D denotes the permeability coefficient.
The water flux is across the membrane is also considered and

given by Ref. [45].

JwaterðxÞ¼ � 2Dwater

dm
½XHCðxÞ�XLCðxÞ�

MH2O

rH2O
(22)

The mass balance is finally described as [42].

dXHCðxÞ
dx

¼ � w
VHC

JtotalðxÞ � XHCðxÞ
wJwaterðxÞ

VHC
(23)

dXLCðxÞ
dx

¼ w
VLC

JtotalðxÞ þ XLCðxÞ
wJwaterðxÞ

VLC
(24)

where w refers to the width of the membrane and V is the volume
flow rate of the solution.

The maximum power can be calculated asPd;maxðxÞ ¼
1
2 jðxÞ2Ra;cellðxÞ, thus the total maximum power can be given by

Pmax ¼w
ðL
0

Pd;maxðxÞdx (25)

The pump loss is also taken into consideration, which is calcu-
lated as

Ppump ¼
6nHCV2

HC

2wd3HC
þ 6nLCV2

LC

2wd3LC
(26)

Consequently, the power can be obtained from the OHE is
PRED ¼ Pmax � Ppump, and the electric efficiency is he ¼ PRED=Qreg.
3. Results and discussion

3.1. Dynamic response from transient to cyclic-steady state

To illustrate the operation process of the osmotic heat engine,
the dynamic characteristics with 7 mol/kg NaCl solution and SG
Aþþ as adsorbent under a specific working condition is investi-
gated for the first time, where the temperature of the cooling water
is set at 293.15 K, which is equal to the ambient temperature, and
the adsorption time and switching time are respectively 460 s and
20 s. The direct solar irradiation intensity at 12 o'clock is employed.
Fig. 2a shows the temperature-time history of the physical beds,
evaporator and condenser, and it is noted that the system reaches
cyclic-steady state in 14e15 cycles after the commence of the
computation. Each bed undergoes four processes of precooling,
adsorption, preheating and desorption in one cycle, and the two-
bed operation mode of the adsorption desalination module in the
OHE system enables semi-continuous operation, which leads to a
periodic variation in temperature. Due to the temperature



Fig. 2. Temperature profiles of the physical beds, evaporator, condenser (a), and the water production (b) from transient to cyclic-steady state.
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difference between evaporator and condenser, the latent heat can
be recovered from condenser into the evaporator with the
“condenser coupled in evaporator” scheme to facilitate evaporation
and condensation. The time variation of water production is given
in Fig. 2b, there is always one bed in adsorption process and the
other bed in desorption process in a cycle, leading to a periodical
water production variation. The water production increases until
the end of desorption process and reaches its peak value, then re-
mains constant during switching time. At the end of the cycle, the
diluted water produced and the concentrated solution in the
evaporator are discharged into the RED module, and the water
production returns to zero.
3.2. The effect of operation conditions under cyclic-steady state

As mentioned in previous section, when the system is under
Fig. 3. Electric power (a), work capacity of the adsorbent (b), electric efficiency (c) and Reg
concentration at the direct solar irradiation intensity of 12 o'clock.
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cyclic-steady state after 14e15 cycles, state parameters present
regular and periodic variation in each cycle. The performance of the
solar-powered osmotic heat engine under various operation con-
ditions at cyclic-steady state is investigated. Fig. 3 shows the effects
of adsorption/desorption time and working concentration on the
performance of the system under the direct solar irradiation in-
tensity of 12 o'clock. The work capacity of the adsorbent denotes
the mass of adsorbate adsorbed by 1 kg adsorbent, as seen in
Fig. 3b, work capacity of the adsorbent increase with the extension
of tbed due to the longer contact time between adsorption bed and
water vapor, and the required regeneration heat is positively
related to the working capacity, thus Qreg increase as tbedgets
longer. Higher concentration lowers the pressure of evaporation,
resulting in a reduced work capacity according to the isotherm
characteristics of adsorption. There is an optimal adsorption time
leading to the maximum electric power as depicted in Fig. 3. At a
eneration heat (d) in a cycle under different adsorption/desorption time and working
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shorter tbed, the small work capacity means less work produced in
RED, however the pump loss is larger, resulting in negative power.
After the electric power reaches its peak value, the increase of work
is less than that of cycle period, leading to a reduced powerwith the
extension of tbed. Although high concentration lowers the work
capacity, the increased salt gradient in RED overrides the effect,
hence the electric power is elevated as concentration increases. At
shorter adsorption time, work extracted increases with the increase
of tbed due to the elevated working capacity, which contributes to
the increase of efficiency. However, the regenerate heat also in-
creases with the increase of tbed, as seen in Fig. 3d, and at longer
adsorption time, the increase in the regenerate heat is more sig-
nificant, which overwhelms the effect of increasing work capacity,
thus the electric efficiency decreases. Therefore, there is a
maximum value of electric efficiency, and the corresponding tbed is
equal to that causes the maximum electric power, as seen in Fig. 3a
and d, which indicates that there exist an optimal adsorption/
desorption time to maximize the electric power and efficiency
simultaneously. A maximum electric efficiency of 0.88% can be
obtained. Olkis et al. [46] proposed the application of an AD-RED
osmotic heat engine with condensation heat of a steam power
plant of 40 �C as energy input, and the maximum energy efficiency
can achieve 0.55%.

Fig. 4 demonstrates the effects of the direct solar irradiation
intensity on the performance of solar-powered osmotic heat en-
gine, tbed is fixed at 460 s and the direct irradiation intensity of the
sun at 17 time points from 8 o'clock to 16 o'clock was selected. The
variation of Gb obeys a parabolic relationship with 12 o'clock as axis
of symmetry. Larger Gbimplies more solar energy could be utilized
by the CPC system, hence the AD system could have more heat
supply for better desorption, resulting in increased working ca-
pacity of adsorbent and electric power with increasing Gb, as seen
in Fig. 4a and b. However, the electric efficiency decreases as Gb
Fig. 4. Electric power (a), work capacity of the adsorbent (b), electric efficiency (c) and Rege
tbedof 460s.
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increases, which can be attributed to the more significant increase
in heat consumption, as seen in Fig. 4c and d.

3.3. Practical simulation of the solar-powered osmotic heat engine

In practical application scenarios, since the direct solar radiation
intensity is constantly changing with time variation, the solar-
powered system is always in a transient state. Here, we assume
that the direct solar radiation intensity during the two cycles when
each adsorption bed undergoes a complete adsorption and
desorption process is constant at the average value. NaCl solution
with a concentration of 7 kg/mol is employed as working fluid,
adsorption time and switching time are set at 460 s and 20 s,
respectively. Fig. 5a depicts the temperature variation of the
physical beds, evaporator and condenser during a day. It can be
seen that the temperature in the four main components of AD
system is relatively high at noon due to the highest direct solar
radiation intensity at 12 o'clock. However, the maximum temper-
ature does not appear at exactly 12 o'clock but later, since the high
temperatures in the components of AD system at the end of one
cycle equal to the initial temperature distribution of next cycle,
leading to a higher temperature in the next cycle. Then the tem-
perature gradually drops due to the significant decrease in the
direct solar radiation intensity. The variation of water production
and electric power are both in good agreement with that of tem-
perature, which is due to the better regeneration process at higher
temperature. It can also be seen from the Fig. 5b and d that the
water production and electric power are different in the two cycles
with the same solar radiation intensity due to the different initial
operating environment of the two beds in transient state. Fig. 5c
shows the accumulated hourly water production, which more
intuitively reflects the variation of water production caused by the
change of solar radiation intensity during a day.
neration heat (d) in a cycle under different times of a day and working concentration at



Fig. 5. Temperature profiles of the physical beds, evaporator, condenser (a), the water production (b), the accumulated hourly water production (c) and the electric power (d) during
a day.

Fig. 6. Average electric power (a), water production (b), electric efficiency (c) and Regeneration heat (d) in a day under different number of cycles and working concentration.
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3.4. The effect of operation conditions under transient state

The number of cycles in a day N represents the number of times
each physical bed undergoes a complete switching process and
adsorption/desorption process in a day (From 8 to 16 o'clock). For
645
example, N ¼ 60 indicates the number of cycles the system per-
forms in a day is 60 and the cycle duration is therefore 480 s. Fig. 6
represents the effect of number of cycles in a day on the perfor-
mance of the solar-powered system. Switching time is set at 20 s
and SG Aþþ is employed as adsorbent. N can be adjusted by



Fig. 7. Water production, work extracted and regeneration heat (aec) of each cycle during a day and total water production, work extracted and regeneration heat (d) during a day
under three different number of cycles and working concentration.

Y. Zhao, M. Li, R. Long et al. Renewable Energy 175 (2021) 638e649
changing the duration of each cycle, which indicates that larger N
results in shorter tbed. Fig. 6 shows the variation of average power,
average efficiency, total water production and total regenerative
heat in a day under different N, while the details of each cycle
cannot be reflected. In order to better illustrate the effect of the
number of cycles in a day, we further investigated the water pro-
duction, work extracted and regeneration heat of each cycle during
a day in three cases where N is equal to 52, 60, and 68, as seen in
Fig. 7. The average electric power first increase with increasing N,
reaches its maximumvalue and then decrease (Fig. 6a). As shown in
Fig. 7aec, larger N leads to less water production of each cycle due
to the shorter corresponding tbed, thus the total water production
per day is reduced (Fig. 6b). At a larger N, the decrease of water
production and increased pump loss both lead to the reduction in
work extracted, thereby reducing the average electric power. And at
a smaller N, the increase in the number of cycles augments the total
work extracted in a day, which overrides the effect of the
decreasing work extracted of each cycle. As depicted in Fig. 7d, the
total work extracted per day corresponding to N¼ 60 is higher than
that at N ¼ 52 and 68 under the concentration of 7 mol/kg. In
addition, with the increase of N, the regeneration heat in each cycle
decreases (Fig. 7aec), which is due to the decrease of water pro-
duction, however, the total regeneration heat per day increases, as
seen in Fig. 6d.

The performance of the solar-powered osmotic heat engine
under 10 sorts of adsorbents is depicted in Fig. 8. The number of
cycles in a day is set as 60 and 7 mol/kg NaCl is employed as
working solution. It can be seen that, adsorbents with higher water
production leads to higher average electric power as the result of
larger salinity gradient energy generated. The regeneration heat is
positively correlated with water production. The efficiency of the
adsorbent with higher average electric power is relatively low,
646
however, it is not strictly negative correlation between the power
and efficiency due to the different isotherm characteristics of
different types of adsorbents. MIL-101 leads to the highest average
electric power and Zeolite 13X renders the highest electric
efficiency.

We selected the two adsorbents corresponding to the highest
average electric power and electric efficiency to compare and
analyze their electric power and electric efficiency of each cycle
during a day. As seen in Fig. 9, the electric power of each cycle is
higher when MIL-101 is employed as adsorbent, however, the
electric efficiency of each cycle is low, which can be attributed to
the high heat consumption.While the opposite is truewhen Zeolite
13X is employed as adsorbent.
4. Conclusions

In this study, an advanced solar-powered OHE which consists of
a CPC system for harvesting solar energy, a two-bed adsorption-
based desalination component with heat recovery scheme for
thermal separation and a reverse electrodialysis component for
electricity generation is presented and a dynamic model is estab-
lished. The dynamic characteristics of the OHE from transient to
cyclic-steady are discussed. There exist an optimal adsorption/
desorption time to maximize the electric power and efficiency
simultaneously. Higher working concentration elevates the electric
power and efficiency. Larger direct solar irradiation intensity up-
grades the electric power while hinders the efficiency. Then a
practical simulation of the OHE harvesting solar energy to generate
electricity during a day is carried out. Since the system is always at
transient state in practical application scenarios, the effects of some
important parameters under transient state is also analyzed. There
is a best number of cycles the system performs during a day to



Fig. 8. Average electric power (a), water production (b), electric efficiency (c) and Regeneration heat (d) in a day under different various absorbents.

Fig. 9. Electric power (a) and electric efficiency (b) of each cycle during a day with the two adsorbents corresponding to the highest average electric power and efficiency.
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maximize the average electric power and efficiency. Among the ten
types of adsorbent materials, MIL-101 leads to the largest average
electric power of 41.8 W and Zeolite 13X leads to the highest
electric efficiency of 1.04% when the number of cycles is set as 60
and 7 mol/kg NaCl is employed as working solution. This study
investigates the details of the operation process and the perfor-
mance of the OHE under a specific heat source of solar energy
647
which demonstrates the feasibility of the osmotic heat engine
harvesting solar energy for power generation and the potential
practical application.
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Appendix

A.1. Model validation

In order to validate the present model, a comparison of specific
daily water production (SDWP) and specific cooling power (SCP)
with experimental data obtained by Alsaman et al. [47] under
different hot water temperature ranging from 76.2 to 92.5 �C with
silica gal as adsorbent is reported in fig. A1, it can be seen that the
results calculated via the present model fit very well with the
experimental date of Alsaman et al., indicating the reliability of the
present model.

Fig. A1. Comparison of specific daily water production (SDWP) and specific cooling
power (SCP) with experimental data obtained by Alsaman et al. under different hot
water temperature ranging from 76.2 to 92.5 �C with silica gal as adsorbent.
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