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ARTICLE INFO ABSTRACT

In this study, an electricity and cooling power cogeneration system is investigated to harvest low-grade heat
below 80 °C, which consists of a two-bed adsorption-based desalination (AD) system for thermally separating the
salt solution into diluted and concentrated solutions while offering cooling power and a reverse electrodialysis
(RED) system for converting the Gibbs free energy of mixing of the generated solutions into electricity. The
dynamic response of the cogeneration system is presented first, and the asymmetric operation period is analyzed.
Then the effects of adsorption/desorption time, switching time, working concentration, working fluid mass, and
adsorbents on the electric efficiency, coefficient of performance (COP) and exergy efficiency of the cogeneration
system are systematically evaluated. Results reveal that longer adsorption/desorption time leads to degraded
electrical efficiency and exergy efficiency, and upgraded COP. Extended switching time contributes to COP and
exergy efficiency, however, decreases the electric efficiency. Larger salt concentration improves the electric
efficiency, however degrades the exergy efficiency and COP. Increasing working solution mass can augment the
electrical efficiency, exergy efficiency and COP. Furthermore, refrigeration performance conflicts with power
generation performance for different adsorbents. With CAU-10 as the adsorbent, an exergy efficiency of 30.04%
is achieved, meanwhile the electric efficiency and COP is 0.39% and 0.84, respectively at adsorption/desorption
time of 900 s, switching time of 10 s and working concentration of 8 mol/kg.
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1. Introduction

Excessive dependence on fossil fuel combustion renders sever en-
vironmental problems, which can be alleviated by improving the en-
ergy utilization efficiency and developing new renewable and sustain-
able energy resources [1-3]. In the energy utilization process, 72% of
the primary energy is converted into waste heat [4], and the utilization
of such waste heat attracts increasing attentions [5,6]. Organic Rankine
cycle (ORC) and Kalina cycle systems have been widely exploited for
converting the low-grade heat into electricity [7,8]. Cataldo et al. [9]
revealed an exergy efficiency of 28% when operating at the heat source
temperature of 150 °C with Novec649 as the working fluid. Long et al.
[10] obtained an exergy efficiency 34.41% of the Kalina cycle system
11 at the heat source temperature of 190 °C. Commercially, above
thermodynamic systems are extensively employed to harvest low grade
waste heat above 80 °C [8,11]. However, for temperature below 80 °C,
their performance is far from satisfactory.

Recently, osmotic heat engines (OHEs) have been proposed to
convert low-grade heat below 80 °C into electricity, which consist of a
thermal separation module that utilizes waste heat to separate salt
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solutions into concentrated and diluted solutions via membrane dis-
tillation (MD) or adsorption-based desalination (AD), and a power
generation module that converts the Gibbs free energy of mixing of the
produced concentrated and diluted solutions into electricity by pressure
retarded osmosis (PRO) or reverse electrodialysis (RED) [12-15]. In the
MD process, the hydrophobic membrane allows water vapor to
permeate through and prevent salt ions [16-18]. When the feed solu-
tion is heated by a low-temperature heat source, a temperature differ-
ence is established across the hydrophobic membrane, resulting in
different vapor pressures on the membrane-liquid interface [19].
Driven by the transmembrane vapor pressure difference, water vapor
molecules pass through the membrane and condense on the permeate
stream side, generating diluted and concentrated salt solutions [20,21].
AD is considered as a promising technology that can use low tem-
perature waste heat for fresh water and cooling cogeneration. In the AD
cycle, the solvent first evaporates in the evaporator and then adsorbed
by the adsorbent so that the remaining solution in the evaporator is
concentrated. The solvent is then desorbed driven by an external low-
grade heat source and condensed in the condenser to produce the di-
luted solution [22-24]. In the PRO module, driven by the
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Nomenclature

A Area m?

C Uptake of the adsorbent kg kg™*

Co Maximum uptake of the adsorbent kg kg ™!

cp Specific heat capacity J kg~ ' K~!

Dso A kinetic constant for the silica gel water system m?* s~ !
E Characteristic energy kJ mol !

E, Activation energy of surface diffusion kJ mol ~*

Ecen Electromotive force of one cell V

Faraday constant C mol !

Spacer shadow factor -

Sensible heat kJ kg ™!

Latent heat kJ kg ™!

Ion strength of a solution mol L™ !
Salt or water flux mol s~ 'm ™2
Current density A m?

Length of the membrane m

Mass kg

Mass flow rate kg s~
Surface heterogeneity factor of the adsorption materials-
Pressure of adsorption/desorption Pa

Saturation pressure Pa

Power W

Heat J

Power W

Isosteric heat of adsorption kJ kg™
Universal gas constant J mol ™! K™!
Area specific resistance Q m?

Average radius of the adsorbent grains m
Temperature K

Time s

Heat transfer coefficient W m~2 K™!
Volume flow rate m® s~ !

Specific volume m? kg~
Width of the membrane m
Concentration mol kg ™!
Valency of an ion -

1

1

1
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Greek Symbols

Permselectivity of the ion-selective membrane in RED -
y Activity coefficient-
é Thickness m

/] Efficiency-

A Molar conductivity S m?® mol ~!
e Density kg m ™3

Subscripts

abe Adsorbate

ads Adsorption

Brine Concentrated brine

bed Adsorption/desorption process
Cond Condenser

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

out Outlet

s Salt

sb Adsorbent

switch  Switching process

w Cold water

Abbreviations

AD Adsorption-based desalination
AEM Anion exchange membrane
CEM Cation exchange membrane
COP Coefficient of performance
MD Membrane distillation

OHE Osmotic heat engines

ORC Organic Rankine cycle

PRO Pressure retarded osmosis
RED Reverse electrodialysis

transmembrane osmotic pressure difference, water permeates from low
concentration solution to pressurized high concentration one to offer
electricity via a hydro-turbine [25]. In the RED process, ions pass
through the ion exchange membranes at a salinity gradient, directly
converting the Gibbs free energy of mixing into electricity via an ex-
ternal load [26-30].

Various kinds of OHE configurations have been developed. Olkis
et al. [31] proposed a novel osmotic heat engine composed of RED and
AD. 227 kinds of salts and 10 kinds of adsorption materials were in-
vestigated and an exergy efficiency up to 30% was achieved. Lin et al.
[32] presented an OHE system which combines MD and PRO for heat to
electricity conversion, and a theoretical energy efficiency of 9.8% was
obtained with 60 and 20°C as the heat source and heat sink temperature
and 1.0 M NaCl as the working solution. Long et al. [26] achieved an
electrical efficiency of 1.15% with a MD-RED system when operating at
5.0 M NaCl solution. The selected salt solutions could also impact the
power generation of the OHEs for different ion diffusivity and mem-
brane selectivity. Gong et al. [33] found that MgCl, and NaCl could
increase the power density, while MgSO4 hinders the power extracted.

Shaulsky et al. [34] evaluated the performance of the MD-PRO OHE
system with LiCl-methanol as working solution and a maximum power
density of 72.1 W/m? was achieved at a concentration of 3 M. Tam-
burini et al. [35] revealed that lithium ion salts show overwhelming
advantages over NaCl and an exergy efficiency of 85% was achieved.
Hu et al. [36] investigated an OHE composed of RED and multi-effect
distillation. The energy conversion efficiency was promoted to 0.85%
with the inlet hot water temperature of 95 °C and working fluid con-
centration of 3.5 mol/kg. Lee et al. [37] introduced an OHE which
consists of PRO and multi-stage vacuum MD for converting low-grade
heat into electricity and a power density of 9.7 W/m? was obtained.
Long et al. [38] proposed an alternative kind of thermal regenerative
osmotic heat engine (TROHE), which employs power-driven separation
processes that run at a lower temperature, and the salinity gradient
power technologies for power extraction after heating. For a TROHE
that employs the reverse osmosis in the solution separation process, and
pressure retarded osmosis in the energy extraction process, when op-
erating between 60 °C and 20 °C, a maximum energy efficiency of 1.4%
was achieved at 7 M LiCl-Methanol solution with a regenerative
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efficiency 90%. Zhao et al. [39] proposed an alternative adsorption-
based power and cooling cogeneration system, which consists of an
adsorption-based desalination module and a pressure retarded osmosis
module, and a maximum exergy efficiency of 33.9% was achieve at a
desorption temperature of 50 °C.

As the AD process can generate concentrated and diluted salt so-
lutions as well as providing cooling, here we investigate an advanced
osmosis heat engine that can utilize low-grade heat below 80 °C for
electricity and cooling cogeneration, which consists of a two-bed ad-
sorption-based desalination (AD) system for thermally separating the
salt solution into diluted and concentrated solutions while offering
cooling power and a reverse electrodialysis (RED) system for converting
the Gibbs free energy of mixing of the generated solutions into elec-
tricity. The dynamic response of the cogeneration system is presented
first, and the asymmetric operation period is analyzed. Then the effects
of key parameters such as adsorption/desorption time, switching time,
concentration and working fluid mass on the performance of the system
are numerically evaluated in terms of some indicators such as electric
efficiency, coefficient of performance (COP), and exergy efficiency.
Finally, some conclusions are drawn.

2. System description and modelling

As shown in Fig. 1, the investigated electricity and cooling power
cogeneration system consists of a two-bed adsorption-based desalina-
tion (AD) system for thermally separating the working salt solution into
diluted and concentrated ones while offering cooling power, and a re-
verse electrodialysis (RED) system for converting the salinity gradient
of the generated solutions into electricity. The AD system consists of an
evaporator, a condenser, and a adsorption/desorption bed. Firstly, the
working salt solution is fed into the evaporator. With valve 1 open and
valve 2 closed, the water vapor evaporates in the evaporator and travels
into the left chamber, and is absorbed by the adsorption bed while
cooled by the external cooling water circuit. Meanwhile, the chilled
water is cooled as the solution evaporates, offering the cooling power to
the outside. At the end of the adsorption process, valve 1 and valve 2
are both closed. The cooling water circuit switches to hot water circuit
to preheat the adsorbent bed, while discharging the concentrated salt

Valve 2 —|-— Valve 4
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solution in the evaporator. Then valve 2 is opened. The water vapor is
desorbed from the bed, and is condensed in the condenser. Therefore,
the diluted solution is produced. Then valve 1 and valve 2 are both
closed, and the adsorbent bed is precooled for adsorption. The left and
right beds operate alternately, enabling semi-continuous operation: one
bed is absorbing while the other one is desorbing. In the RED module,
the concentrated and diluted solutions generated from AD system are
charged into RED system. Driven by salinity gradient, cation and anion
diffuse from concentrated solution to diluted one through alternatively
installed cation exchange membranes (CEMs) and anion exchange
membranes (AEMs), forming the ionic current that is finally converted
into electronic current through redox reaction on the electrodes. The
power is extracted via an external load. The effluents of the RED system
are mixed and recharged into the evaporator for the next cycle.

2.1. Modelling the AD system

In the AD process, kinetics and isotherm properties of the adsorbent
are required to estimate the adsorbent uptake at different pressure ra-
tios under equilibrium conditions. The adsorption isotherms can be
descripted by the Dubinin-Astakhov equation [40]

RT . (R\]"
C = Coexp{—[Fln(F)] } D

where C is the estimated uptake. C is the maximum uptake. E is the
characteristic energy. R is the universal gas constant. P is the pressure of
adsorption/desorption and P defines the saturation pressure under the
sorbent temperature T. n is a surface heterogeneity factor of the ad-
sorption materials. The adsorption/desorption rate is given by LDF
equation [41]

Ea
dC  15Dg,e Rt
i = LZ(C - Cy)
¢ R} (2)
The mass balance of the system is given by

dMs, Evap

= ms,'n - md,Cond - mBrine
dt ! 3)

here, M;gy,p is the amount of the working solution in the evaporator.
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Fig. 1. Schematic diagram of the investigated electricity and cooling power cogeneration system, which consists of a two-bed adsorption-based desalination (AD)
system for thermally separating the salt solution into diluted and concentrated solutions while outputting cooling power, and a reverse electrodialysis (RED) system
for converting the generated salinity gradient into electricity. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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The three items in the right hand of Eq. (3) represent mass flow rate of
feed solution, diluted solution extracted from condenser and con-
centrated solution rejected from evaporator.

The mass and salt balance in the evaporator can be expressed as

dMs Evap ( dCads )
2 — g i — Minrine — M,
dt s,in Brine dt sb

4

dXs Evap . . dc, d:
Ms,EvapT = Asin ms,in - Xs,Evap MBrine — XD( di S)Msb

(5)

where X;, and X;g,,, are the working concentration and real-time
solution in the evaporator, Xp is the vapor concentration, My, is the
mass of the adsorbent.

In the evaporator, the solution evaporates and absorbs the heat from
the refrigerant. Therefore, the refrigerant is chilled. The energy balance
can be written as

d TEvap
dt

[Ms,Evap Cp,s (Y]Eivap) Xs,Evap) + MHX,Evap Cp,HX]
dcads
dt
’E:h,oul) - hf (TEvap, Xs,Evap)mBrine (6)

= hf (TEvapa Xs,Evap)ms,in - hfg (EEvap) Msb + mch Cpch

(Téh,in -

where Myix gyap is the mass of the heat exchanger in the evaporator. The
terms in the right hand of Eq. (6) denotes the sensible heat of the feed
solution, latent heat taken away by the adsorbed vapor, heat adsorbed
from the refrigerant and the sensible heat removal through the dis-
charged brine, respectively. h; and c, represent latent heat and specific
heat both as functions of temperature and concentration, hg denotes
the latent heat of gaseous phase as a function of temperature. And the
temperatures of the outlet water from each heat exchangers can be
calculated as

—-UA
Tour = To + (Tin — Tt I
t b+ ( o) eXP( mcp(ﬂ))) o

here, Ty and A is the temperature and area of the heat exchanger.
In the condenser, the adsorbed vapor is condensed by the cold
water. The energy balance is written as

dTg dM
[MCOnd Cp (TCOnd) + MHX,Cond Cp,HX] lcj([md = hf (TCOnd ) Ttd

dCes .
+ hfg(TCcmd) d’j Msb + mwcp,w (Tw,in - w,oul) (8)

where M is the mass of the diluted solution. Mcy,q is the mass of the
condensed solution. Cg4; denotes the desorbed water vapor uptake and
r1y, is the mass flow rate of the cold water in the condenser.

The energy balance in adsorption/desorption bed which consists of
adsorbent, adsorbate and heat exchanger with cooling/hot water ex-
ternal circuit can be given by

dTads/des dCads/des
[Msbcp,sb + MHXCp,HX + Mabecp.a] dt = Qs Msp dt

* mcw/hwcp(Tcw/hw)(Tcw/hw,in - Tcw/hw,out) 9

where M, is the mass of the absorbed vapor. Toy/hw denotes the tem-
perature of the cooling water/hot water and Q, is the isosteric heat of
adsorption which can be calculated as [42]

C 1/n P
Qg =hgy + E —ln(—) } + Ty, (—)
t fe { Cg 8 aT g (10)

where v, represent the volume of gaseous phase.
The heat required for the entire cycle can be calculated by

teycle

Qdes = f mhwcp,hw(Thw,in - Thw,out)dt

0 an
where the cycle time is composed of adsorption/desorption time and
switching time, that is fcye = fheq + fswitch, and the heat consumption
rate can be calculated as Qges = Ques/teycle-
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The outputting cooling power can be calculated by

teycle

ch f chth,cw(Tch,in_ ch,out)dt
tcyclc 0 (12)

2.2. Modelling the RED system

In the RED process, the concentrated and diluted solutions produced
in AD system enter into RED, and NaCl solution is selected as the
working solution in this study. The voltage of RED caused by the Nernst
potential difference between the CEM and the AEM can be calculated as
[43]

RT . ¥he(0)Xac () RT

Ecen(x) = acgm—In AEM —
* F e 0Xe®) F

Yo () X (%)
chcl () Xrc(x) (13)

where a is the permselectivity of the ion-selective membrane, F is the
Faraday constant, X denotes the concentration and the subscripts HC
and LC represent high and low concentration, respectively. y is the
activity coefficient which is given by Debye-Huckel equation [44]

—0.51221 (x)
1 + (A/305)I(x) (14)

where I is the ion strength, A denotes the effective hydrated ion radius
and z is the valency of the ion.

Considering the RED resistance, the area specific resistance of the
cell can be calculated as [43-45]

y(x) = exp|[

Racel = Rrc(x) + Ruc(x) + Raem + Reem (15)

where Ric = fALca;fc(X) and Ryc = f AHCiI::C(X)’
conductivity, §;c and Syc are the thicknesses of LC and HC compart-
ment, f is an spacer shadow factor. Rapv and Rcgy are the area re-
sistance of cation exchange membrane and anion exchange membrane.

According to the Ohm’s law, the space-dependent current density

can be developed as

Ecell (x)
Ra,cell (X) + Ra,ext (X) (1 6)

A refers to is the molar

jx) =

where R, ¢y (x) is the resistance of the external load.

The salt flux through the membrane contains two parts, one is mi-
gration term, which is responsible for generating current, and the other
is diffusion term, which is detrimental [44,46]

o () = g ) s () = L0 o 225 2 — 0]

Sm a7
where D is the salt permeability coefficient.

In addition, there is also a water flux from the LC to the HC solution
cell due to the osmosis [47]

2Dwa er M
— S e (X) — Xie ()] 2
Sm PH,0 (18)

Jwater (X) =

The mass balance equations are finally developed as [44]

dXHC (x) W ”]water (x)
—_— = ——] — X _

I Vic total (x) HC (x) Vie (19)
dXLC (X) _ ”]water (x)

w
= —Jiotal (%) + Xpc(x
dx Vie total( ) LC( ) Vie (20)

where V is the volume flow rate and W is the width of the membrane.

When the external load is equal to the internal resistance, the
maximum of power can be obtained Py, (x) = %j ()R, cen (), so that
the total power can be calculated as

L
Prep = W-/O‘ PCLmax(x)dx @21

where L is the length of the membrane.
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2.3. Overall performance of the cogeneration system

To characterizing the overall performance of the cogeneration
system, some indicators are employed. For electricity supply, the elec-
tric efficiency is calculated as 7, = Wign/Qqes- As a refrigerator, the
refrigeration performance of the system is evaluated by the coefficient
of performance COP = Q./Qques. Considering the difference between
cooling power and electricity in energy quality, exergy efficiency is
employed to evaluate the overall performance of the hybrid cogenera-
tion system

Q (= -

Teva
TCnV
Qd"—s(l B F) (22)

where T, is the environmental temperature, Wigp is the work extract
in a cycle.

1) + Waep

nex =

3. Results and discussion
3.1. Model validation

Alsaman et al. [48] proposed a adsorption desalination-cooling
system to harvest solar energy. The effects of cycle time and hot water/
cold water inlet temperature on the performance of the system in terms
of specific daily water production (SDWP), specific cooling power (SCP)
and COP were studied experimentally. Validation of the AD model we
investigated is based on the comparison of SDWP and the specific
cooling power SCP between the present calculation and the experiment
data of Alsaman et al. [48] with hot water inlet temperature ranging
from 76.2 to 92.5 °C. As shown in Fig. 2, a good accordance exists
between the calculated data and the experimental one, which validates
the dynamic model employed in present study. The AD model in Al-
saman's research is for sea water desalination. In present cogeneration
system, which consists of a two-bed AD system for thermally separating
the salt solution into diluted and concentrated solutions while offering
cooling power and a RED system for power generation, NaCl aqueous
solution is employed as the working solution. We have revised the so-
lution-depended parameters in the model for our study, such as the
concentration depended evaporation pressure via coupling the osmotic
coefficient of the salt solution.

3.2. Dynamic response of hybrid cogeneration system

We first analyze the dynamic characteristics of the cogeneration
system. The inlet temperatures of hot and cooled water for the deso-
rption/adsorption bed are 343.15 K and 293.15 K, respectively. The
inlet temperatures of the chilled water and cold water in the evaporator
and condenser are both fixed at 293.15 K. The environmental tem-
perature is set at 293.15 K. Silica gel is employed as the adsorbent, and
the mass of adsorbent is 6.75 kg. The number of RED cells is 1000. The
adsorption/desorption time of the physical bed fyq is 900 s and the
switching time fgy;.cp, is 10 s. The mathematical model of the adsorption-
based cogeneration system is solved via the MATLAB platform and it
reaches the steady-state cycle condition in 4-5 cycles after the begin-
ning of the computation. Fig. 3 shows the temperature-time histories of
the bed 1, bed 2, evaporator and condenser of the AD system. The
system consists of two physical beds for semi-continuous operation
where one bed is adsorbing while the other is desorbing, resulting in a
periodical temperature variation of the adsorption bed. Each bed goes
through four processes asynchronously: Firstly, pre-heat the bed to
prepare for the desorption; Then heat up the adsorption bed while
desorbing; After the desorption process, pre-cool the bed for the ad-
sorption; Finally cool the bed until the end of adsorption process. The
temperature in the evaporator is lower than the ambient temperature in
the evaporation process. The chilled refrigerant provides cooling power
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to the outside.

As shown in Fig. 4a, the water production displays periodic varia-
tion. In a cycle, there is always a bed in desorption state. The water
production increases during t,.q, and at the end of the desorption pro-
cess, the water production reaches the peak value. During the switch
time, the water production becomes zero, which is caused by closing
valves connecting to evaporator and condenser during switching time.
Due to water evaporation, the mass of solvent in the evaporator de-
creases, resulting in concentrated solution in the evaporator, as shown
in Fig. 4b. The variation of the salt concentration in the evaporator Cey,
and water production exhibit the same behavior. The concentrated and
diluted solution are discharged during the switch time, which are feed
into RED system for generating electricity.

To guarantee a stable operation, the produced concentrated and
diluted solutions are stored and then fed into the RED system with time
averaged volume flow rate. The operation period of RED should not be
larger than that of AD cycle, and different trgp corresponds to varying
flow rate of working fluid that determines the electric power. Here, the
performance of the system under different frpp/tap is investigated.
Fig. 5a shows the electric power of RED under different tygp/tap, the
area surrounded by the power curve and horizontal ordinate represents
the work extracted in a cycle. The reduction of tzpp leads to increased
volume flow rates of the working solution feed into RED system, re-
sulting in augmented real-time power Pypp. We can obtain a larger
intermittent output power by adjusting the operating time of RED to
meet some special application. As seen in Fig. 5b, the electric efficiency
increases with increasing frp/tap. Since the cooling performance of the
AD process is independent of fzgp, the exergy efficiency increases for
augmented electrical efficiency. When tgp is equal to tap, the maximum
work can be extracted for decreased pump loss and electric resistance
dissipation. Therefore, in the following discussions we only focus on the
situation where tggp = fap.

3.3. The effect of adsorption/desorption time

Adsorption/desorption time t,,q refers to the duration when the
physical bed is in the process of adsorption or desorption and is con-
nected to either the evaporator or the condenser, thus to generate
concentrated and diluted solutions. Here the effect of f,q on the per-
formance of the system are investigated. The switching time is set at
20 s and the working concentration is 8 mol/kg. As shown in Fig. 6a,
with the increasing t,.q, the desorption heat power and cooling power
both decrease. It could be attributed to that at the beginning of fy.q, due
to the larger heat transfer temperature difference, the heat transfer rate

6 200
'jg N
8 1150 ¢
= —{] @
»4r O = 9
s | T - _o—o—ov—0| o
E 6 © {1100 £
E =
o 2} = SDWP calculated E
; O SDWP of Alsaman et al. 50 O
o — SCP calculated 9]
2 O SCP of Alsaman et al.
0 L 1 1 1 1 O

76 80 84 88 92
Hot water inlet temperature (°C)

Fig. 2. Comparison of the specific daily water production (SDWP) and the
specific cooling power (SCP) between present calculation and that of Alsaman
et al. with hot water inlet temperature ranging from 76.2 to 92.5 °C and silica
gel as the adsorbent.
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Fig. 3. Temperature-time histories of the adsorption bed, desorption bed,
evaporator and condenser of the absorption-based desalination system.

is higher than that at the end, which leads to a reduced desorption heat
power with the extension of adsorption/desorption time. Larger ad-
sorption/desorption time indicates the adsorbent contacts with the
water vapor in a longer time, which is benefit for adsorption/deso-
rption, leading to increased working capacity, as shown in Fig. 6b.
Work capacity represents the mass of water vaper adsorbed per kilo-
gram of adsorbent, so it shows the same trend as the water production
for specified adsorbent. With the increase of t,.4, the water production
and the concentration of the concentrated solution increase accord-
ingly, contributing to the work extracted in RED. As the increase of the
work extracted is less than that of the cycle period, resulting in the
reduced power output. With the increase of adsorption/desorption
time, the reduction of the Qg is much obvious than that of cooling
power but less than that of Prgp. Therefore, as depicted in Fig. 7, the
COP increase with increasing t,.q while the electric efficiency and the
exergy efficiency decrease with increasing fyeq.

3.4. The effect of switching time

Switching time tg,, refers to the time when the physical bed is in
the process of preheating/precooling and is not connected to neither
the condenser nor the evaporator. During the switching time, the des-
orption bed is preheated to raise the bed pressure until the pressure is
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equal to the pressure in the condenser and the adsorption bed is pre-
cooled to reduce the temperature and pressure of the bed until the
pressure matches up the pressure in the evaporator. For unmatched
longer switching time, the water production of each cycle increases
with the increase of the switching time. However increasing switching
time increases the cycle period, which decreases the power output. For
unmatched shorter switching time, the adsorption bed is first subjected
to pressure swing desorption. The vapor may condense in the eva-
porator before starting the actual adsorption process. In the condensing
process, the desorption bed may adsorb vapor from the condenser. Here
a switch time of 10 ~ 40 s is selected by referencing previous researches
on adsorption desalination [49,50]. As shown in Fig. 8, without the
enough switching time to precool the adsorption bed, the water pro-
duction is deteriorated due to the poor work capacity. And the cooling
power will be reduced simultaneously. Qq.; decreases with the exten-
sion of the switching time since the adsorption bed is in the preheated
process with low heat consumption. During switching time, the eva-
poration is stopped so that cooling power and Pggp are both reduced. As
shown in Fig. 8a, the reduction of Qus with switch time is less than that
of Pggp, resulting in decreased 7,. As the cooling power is obviously
lager than Prgp and longer fgyi.cn significantly elevates COP. The exergy
efficiency increases with increasing switching time, as depicted in
Fig. 9.

3.5. The effect of working concentration

Fig. 10 shows the effect of working concentration on the perfor-
mance of the system. Higher working concentration lowers the eva-
poration pressure and thus the working capacity of the physical bed. As
the concentration increases, the adsorption process is weakened, re-
sulting in poorer cooling performance and decreased water production.
Therefore, the cooling power and Qs decreases as depicted in Fig. 10a.
Although higher working concentration reduces the water production
and the volume flow rate of generated concentrated and diluted solu-
tions fed into the RED system, the impact of the improved transmem-
brane salinity gradient in RED is more dominant, leading to an aug-
mented Pggp. As shown in Fig. 11, Ques and cooling power both decrease
with the increase of working concentration. As the decrease of Ques
overrides the impact of cooling power, COP decrease. 7, increases with
increasing working concentration for upgraded Prgp. The impact of
cooling reduction exceeds the power increase, resulting in the degraded
exergy efficiency.
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Fig. 4. Temporal history of the water production (a) and the concentration of the solution in the evaporator (b). In this case, the cycle time of AD is equal to that of

RED.
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Fig. 7. Electric efficiency, COP and exergy efficiency of the investigated ad-
sorption-based power and cooling cogeneration system under different ad-
sorption/desorption time.

3.6. The effect of working fluid mass

The adsorption-based cogeneration system is a closed-loop system.
The working fluid is first fed in the evaporator and is thermally sepa-
rated into a diluted solution and a concentrated solution for power
generation in the RED module. Therefore, the effect of working fluid
mass on the system performance is assignable. As depicted in Fig. 12,
with the increase of the working fluid mass, the work capacity increases

due to deduced evaporation pressure variation, indicating that the
evaporation and adsorption processes are enhanced. Therefore, the
solvent evaporated in the evaporator increases, absorbing more heat
from the chilled water. Thereby the cooling power is increased. The
volume flow rate of diluted and concentrated solutions into RED are
also increased, leading to upgraded Pggp. As shown in Fig. 13, COP, 7,
and exergy efficiency all increase with the increasing working fluid
mass, dqe to much significant increase of cooling power and Prgp than
that of Qges.

3.7. Performance under different adsorbents

The performance of the investigated adsorption-based power and
cooling cogeneration system under different adsorbents is depicted in
Fig. 14. The adsorption/desorption time is set at 1000 s and the
switching time is set at 10 s for 8 mol/kg NaCl solution. Since the
thermal separation of salt solutions occurs in the adsorption-based de-
salination system, the properties of adsorbents determine the work
capacity, which significantly impacts the performance of the cogen-
eration system. As shown in Fig. 14, the refrigeration performance
conflicts with the power generation performance for various ad-
sorbents. CAU-10 leads to the largest COP, however induces the least
electric efficiency. MIL-101 results in the lowest COP while the highest
electric efficiency. The exergy efficiency under different adsorbents
presents the same trend with the COP as the cooling power is much
larger than the electric power. CAU-10 shows an overall advantage over
the other three adsorbents with an exergy efficiency of 30.04%, while
MIL-101rendes the lowest exergy efficiency of 11.84%.
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4. Conclusions

In this study, we investigate an advanced osmosis heat engine that
can utilize low-grade heat below 80 °C for power and cooling cogen-
eration, which consists of a two-bed adsorption-based desalination (AD)
system for thermally separating the salt solution into diluted and con-
centrated solutions while offering cooling power and a reverse elec-
trodialysis (RED) system for converting the Gibbs free energy of mixing
of the generated solutions into electricity. The dynamic response of the
cogeneration system is presented first, and the asymmetric operation
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Fig. 11. Electric efficiency, COP and exergy efficiency of the investigated ad-
sorption-based power and cooling cogeneration system under different con-
centration of solution.

period is analyzed. When the operation period of RED is equal to that of
AD cycle, the hybrid system achieves its maximum exergy efficiency.
Then the effects of adsorption/desorption time, switching time,
working concentration, working fluid mass, and adsorbents on the
electric efficiency, coefficient of performance (COP) and exergy effi-
ciency of the cogeneration system are evaluated. Results reveal that to
improve the cooling performance, we can extend the adsorption time
and switching time, reduce the concentration and increase the mass of
the working solution. If the power generation should be addressed, we
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Fig. 10. Desorption heat power, cooling power and electric power (a), Work capacity of the adsorbent and water production (b) in a cycle under different con-

centration of solution at fpeq of 900 s and fgyien Of 10 s.
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can shorten the adsorption time, shorten the switching time, increase
the concentration and mass of the working solution. If we focus on the
overall energy utilization degree, to improve the exergy efficiency, we
can shorten the adsorption time, extend the switching time, reduce the
concentration and increase the mass of the working solution. By com-
paring the effects of different adsorbents on the system performance,
we can intuitively observe the trade-off between refrigeration and

power generation in the system, and CAU-10 presents advantages in
exergy efficiency among the four selected adsorbents. With CAU-10 as
the adsorbent, an exergy efficiency of 30.04% is achieved, meanwhile
the electric efficiency and COP is 0.39% and 0.84, respectively at ad-
sorption/desorption time of 900 s, switching time of 10 s and working
concentration of 8 mol/kg.
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