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a b s t r a c t

In order to harvest low-grade waste heat below 80 �C, we present an alternative adsorption-based power
and cooling cogeneration system, which consists of an adsorption-based desalination system for
generating concentrated and diluted salt solutions as well as providing cooling power, and a pressure
retarded osmosis system for converting the produced salinity gradient energy into electricity. Effects of
operation conditions, adsorbents, salt types and solvents are systematically investigated to evaluate the
coefficient of performance (COP), electric efficiency, and exergy efficiency of the hybrid system. Results
reveal that there exists an optimal desorption temperature leading to the maximum COP and electric
efficiency. Larger salt concentration results in upgraded electrical efficiency and exergy efficiency, and
degraded COP. Adsorbents with larger relative pressure where the adsorbent achieves half of the
maximum absorption uptake and moderate adsorption enthalpy are more appealing. Solvents with high
vaporization latent heat and specific heat capacity contribute to COP, however, decrease electrical effi-
ciency and exergy efficiency. Salts rendering a larger osmotic coefficient improve electric and exergy
efficiencies, however degrade the COP. When operating at a desorption temperature of 50 �C, the
maximum exergy efficiency can reach 33.9%, meanwhile the electric efficiency and COP are 1.63% and
0.87, respectively.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Over-exploitation and consumption of fossil energy have
induced severe environmental problems. Recognized approaches
to meet the shortfall between supply and demand of energy are
improving energy efficiency of existing thermodynamic systems
and utilizing new and renewable energy resources [1,2]. Mean-
while, with the urbanization of dwellings and the pursuit of ther-
mal comfort in modern economic lifestyles, the demand for cooling
is also increasing [3e6]. It is estimated that 72% of primary global
energy is discharged into the environment in the form of waste
heat [7]. Extracting energy fromwaste heat paves a promising way
to alleviate energy shortages [8e12]. In the world energy back-
ground, utilization of low-grade waste heat, a low-cost and widely
available alternative energy supply, attracts increasing attention to
improve overall energy utilization efficiency [13,14]. However, only
a few current “heat-to-power” technologies can be used to harvest
the low-grade heat below 80 �C, and the performance is far from
satisfactory [15].

Recently, close-looped osmotic heat engines (OHEs) combining
membrane distillation (MD) and pressure retarded osmosis (PRO)
or reverse electrodialysis (RED) are utilized to recover low-grade
heat below 80 �C, which exhibit much higher energy efficiency
than most existing traditional “heat to power” technologies
[8,16,17]. In the membrane distillation process, driven by the low
temperature heat, partial vapor pressure difference at the
membrane-liquid interface forces solvent to permeate through the
hydrophobic membrane, thus to produce concentrated and diluted
salt solutions [18,19]. In the PRO process, originating from the
transmembrane osmotic pressure difference, solvent transports
from the low concentration side to the pressurized concentrated
side, and is then depressurized via a hydro-turbine to generate
electricity [20e22]. RED is an electrochemical process that converts
the Gibbs free energy of mixing directly into electricity [23e29].
When two streams are fed into the system, the salinity gradient
between them drives the ions to transport through the ion
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exchange membranes. And the directed ion movements are con-
verted to electrical current by a redox reaction on the electrode
[21,30,31]. Long et al. [32] analyzed the potential application of an
OHE that combines with direct contact membrane distillation
(DCMD) and RED, and an electrical efficiency of 1.15% was obtained
when operating between 20 and 60 �C with 5 M NaCl solution. Tufa
et al. [33] experimentally investigated a RED-DCMD system, and a
total power density of 0.9e2.4W=m2was obtained. However, DCMD
presents extremely high heat transfer loss, which hinders the
overall energy efficiency of the DCMD-based OHEs [34]. In order to
mitigate heat transfer loss, more advanced MD configurations were
developed. Tamburini et al. [14] proposed a reverse electrodialysis
heat engine based on RED and multiple effect distillation (MED),
and an energy density of 18.3W=m2 and energy efficiency of 15.4%
were achieved. Lee et al. [35] introduced a hybrids system con-
sisting of amulti-stage vacuummembrane distillation (MVMD) and
PRO to convert waste heat into electricity with a maximum power
density of 9.7 W/m2.

Adsorption-based heat transformation system are also
employed for refrigeration to harvest low-grade heat [36,37]. Jiang
et al. [38] employed adsorption-based cooling system incorporated
in an Organic Rankine cycle (ORC) for cooling and power cogene-
ration, which shows the achievability of simultaneous power gen-
eration and refrigeration. Zhang and Lior [39] proposed an
ammonia-water system combined with absorption cycle to
cogenerate refrigeration and power, which consists of an ammonia-
water Rankine cycle for generating electricity and an ammonia
cycle for providing cooling power. And a thermal and exergy effi-
ciencies of 27.7% and 55.7% were achieved within a maximum
operating temperature of 450 �C. Al-Mousawi et al. [40] investi-
gated the impacts of adsorbent materials on power and refrigera-
tion performance. And an energy efficiency of 82% was obtained
with AQSOA-Z02 zeolite adsorbent under the heat source temper-
ature of 160 �C. Furthermore, for waste heat below 80 �C,
adsorption-based desalination (AD), as a thermal driven desalina-
tion method, can be utilized to offer cooling power and produce
concentrated solutions that could be used to extract energy in the
downstream PRO or RED process. Olkis et al. [41] investigated a
hybrid system combining RED and AD for electricity generation
from low-grade heat, and an exergy efficiency of 30% was obtained.
In their study, the evaporation temperature is set as the same as the
condensing temperature, therefore the cooling power is not
considered.

In previous studies, although there are many researches on
thermally adsorption-based desalination (AD) systems and pres-
sure retarded osmosis (PRO) systems, no literatures have reported
the closed-loop system that combines AD and PRO for combined
power and cooling cogeneration. In present study, we investigate
an adsorption-based cogeneration system that can use low-grade
waste heat below 80 �C to provide electricity and offer cooling
power. The system is composed of two parts, one is adsorption-
based desalination system that generate concentrated solutions
as well as produce cooling power by utilizing low-temperature heat
energy. The other is the pressure retarded osmosis (PRO) system
that converts the Gibbs free energy of mixing of the generated
concentrated and diluted salt solutions into electricity. Effects of
desorption temperature, salt concentrations, adsorbents, salt types
and solvents on the power generation, refrigeration performance
and overall efficiency of the system are systematically studied.
Criteria for selecting appropriate adsorbents, salts and solvents are
analyzed and evaluated. This study could offer an alternativeway to
convert low-grade heat into electricity and cooling power, and can
serve as a guidance for constructing and optimizing such cogene-
ration systems.
2. Material and methods

2.1. System description

As shown in Fig. 1, the hybrid combined power and cooling
cogeneration system consists of an adsorption-based desalination
(AD) system for generating concentrated and diluted salt solutions
aswell as providing cooling power, and a pressure retarded osmosis
(PRO) system for converting the Gibbs free energy of mixing of the
produced concentrated and diluted salt solutions into electricity. In
the adsorption-based desalination system, the solvent is evapo-
rated from the salt solution, absorbing the heat of the refrigerant
which provides cooling power to the outside. The evaporated sol-
vent is then absorbed by the adsorbent so that the remaining so-
lution is concentrated. Driven by the external low temperature
heat, the solvent is desorbed from the adsorbent and is then
condensed in the condenser, generating a diluted solution. In the
adsorption-based desalination system, the adsorbent bed needs to
go through several states. The adsorbent bed is heated when
adsorbate is desorbed, and then is cooled by an external heat sink to
ambient temperature for adsorption, enabling a semi-continuous
operation, that is, when one bed is adsorbing, the other bed is
desorbing. The produced concentrated and diluted solutions enter
into the PRO system. Originating from the transmembrane osmotic
pressure difference, solvent transports from the low concentration
side to the pressurized concentrated side, and is then depressurized
to offer electricity through the turbine. To improve the PRO per-
formance, a pressure exchanger is employed to recover the pres-
sure of the effluent permeate solution, as depicted in Fig. 1. The
effluents of the PRO system are then mixed, restoring its initial
concentration for the next cycle.

2.2. Mathematical modelling and validation

As shown in Fig. 2, the thermodynamic process of the
adsorption-based desalination consists of four steps, two for
adsorption process (isosteric cooling, isobaric adsorption) and two
for desorption process (isosteric heating, isobaric desorption). The
working fluid of the adsorption desalination system can be pre-
pared by dissolving salt into pure solvent (water or methanol in
present study). The dissolvent salt leads to boiling temperature
elevation, and decreased solvent saturated pressure, which can be
calculated as psat;ss ¼ psat;ps expð � nCMwFÞ, where n is the number
of dissociated ions and C is the molarity,Mw is themolemass, andF

is the osmotic coefficient. The subscripts ss and ps denote salt so-
lution and pure solution, respectively. The osmotic coefficientF can
be calculated using the following equation [42].

F�1¼ jZþZ�jf 4 þm½ð2vþv�Þ = v�B4 þm2
h
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where Z is the ion charge, v is the number of ions.m is the molality.
And the other coefficients are listed below [42,43].
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where bð0Þ, bð1Þ, bð2Þ, and C4 are Pitzer’s ion-interaction parameters.
A4 is the Debye-Huckel constant. a1, a2, and b are adjustable



Fig. 1. Schematic diagram of the proposed power and cooling cogeneration system, which consists of an adsorption-based desalination (AD) system for generating concentrated and
diluted salt solutions as well as providing cooling power, and a pressure retarded osmosis (PRO) system for converting the Gibbs free energy of mixing of the concentrated and
diluted solutions into electricity.

Fig. 2. Schematic diagram of the adsorption cycle. Process 1/3 represents the heating
phase (red) and desorption starts from point 2. Process 3/1 represents the cooling
phase (blue) and adsorption starts from point 4. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)

Y. Zhao et al. / Energy 204 (2020) 117993 3
parameters. I is the ionic strength. N is Avogadro’s number. e is the
elementary charge, ε0 is the vacuum permittivity, and k is the
Boltzmann constant. ε the relative dielectric constant.

In the AD process, the evaporation temperature is lower than
the environment one, thus to absorb heat from the refrigerant and
offer cooling power. Therefore, the adsorption pressure is much
lower than that of the desorption pressure. The adsorption iso-
therms are required to characterize the adsorption/desorption
processes, which can be described by the DubinineAstakhovmodel
[44].

W ¼W0 exp
�
�
�
A
E

�n�
(5)

where W is the predicted uptake. W0 is the maximum one. E is the
characteristic energy. n is an empirical constant determined by
adsorbent particle sizes. A is the Polanyi potential, given by [44].
A¼RT ln
�
p0ðTÞ
p

�
(6)

where R is the universal gas constant. P0 is the saturation pressure
at the sorbent temperature T, and p is the adsorption/desorption
pressure.

The enthalpy of adsorption can be calculated from adsorption
isotherms [45].

DadsHW ¼R
�

vln p
vð1=TÞ

�
W

(7)

Before the desorption process, the adsorbent should be pre-
heated. Total heat needed Qreg consists of two parts: heat needed in
the isosteric heating process Q1�2and that in the isobaric desorp-
tion processQ2�3. In the isosteric heating process, heat required can
be calculated as

Q1�2 ¼msb

ðT2

T1

Cpeff ðTÞdT þmsb

ðT2

T1

WmaxCpsolðTÞdT (8)

and the heat required in the isobaric desorption process can be
calculated as

Q2�3 ¼msb

ðT3

T2

Cpeff ðTÞdT þmsb

ðT3

T2

Wmax þWmin
2

CpsolðTÞdT

�msbQsoprtion (9)

wheremsbis themass of adsorbent, Cpeff is the effective specific heat
of the sorbent with heat exchangers considered, which is assumed
as the same as specific heat of the sorbent (1 kJ/(kg,K)) in present
study. Cpsolis the specific heat capacity of adsorbed solvent.W is the
uptake of the adsorbent. Qsoprtion is the extra energy (sorption heat)
needed during the desorption process.

Qsoprtion ¼
1
Mw

ðWmax

Wmin

DadsHðWÞdW (10)



Fig. 3. Comparison of the COP in present calculation and that of Lange et al. [48].
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SEC is a performance parameter that can evaluate the AD sys-
tem, defined as the energy required per kilogram of solvent SEC ¼

Qreg

msbDW
[46], DW is the working capacity of the adsorbent. The

cogenerated cooling power in the adsorption desalination system
can be calculated as Qc ¼msbHevDW , whereHev is the latent heat of
vaporization of the solvent.

In the pressure retarded osmosis, driven by the osmotic pressure
difference between the diluted and concentrated solutions pro-
duced from the AD system, the solvent transports from the low-
concentration solution into the pressurized high-concentration
one, and is then depressurized via a turbine to generate elec-
tricity, as shown in Fig. 1. The concentration of the effluent solution
is given by [16,47].

Cf ¼
C0V0

V0 þ DV
(11)

where V0, C0 are respectively the inlet volume flow rate and con-
centration of the draw solution. DV is the flow rate of the trans-
membrane solvent.

When the applied hydraulic pressure equals to the osmotic
pressure (PPRO ¼ nRFTCf ), solvent stops transferring through the
membrane. Therefore, the power can be extracted in the PRO
process is [16,47].

P¼ PPRODV ¼ nRFT
C0V0

V0 þ DV
DV (12)

According to Eq. (12), the power extracted in the PRO system
increases with increasing transmembrane flow rate. As a close-
looped system, when the maximum transmembrane flow rate in
PRO is equal to the solvent flow rate generated in the adsorption-
based desalination system (DV ¼ DWmsb), the power extracted in
the PRO system achieves its maximum value. And the outlet solu-
tion concentration of the PRO system is equal to the initial con-
centration in the adsorption-based desalination system (Cf ¼ C1 ).
At this point, the corresponding applied pressure in the PRO system
is PPRO ¼ nRFTC1. The maximum work extractable is WPRO ¼
nRFT1C1DWmsb.

Overall, the proposed hybrid cogeneration system for low
temperature heat harvesting can offer electricity and cooling power
simultaneously. For electricity supply, the electric efficiency is
employed to evaluate the power generation performance, which is
calculated as

he ¼
WPRO

Qreg
¼ nRFT1C1DW

Q1�2 þ Q2�3
(13)

As a refrigerator, the coefficient of performance (COP) is adopted
to measure the refrigeration performance of the hybrid system,
which is defined as

COP¼ Qc

Qreg
¼ msbHevDW

Q1�2 þ Q2�3
(14)

The total energy recovery rate can be defined as

hQ ¼WPRO þ Qc

Qreg
¼ nRFT1C1DW þmsbHevDW

Q1�2 þ Q2�3
(15)

Eq. (15) assumes energy quality of the electricity and cooling
power are the same. However, the energy quality of the electricity
is much larger than that of the cooling power. Therefore, the total
energy recovery rate could not present the real energy utilization
degree. Here we employ the exergy efficiency to evaluate the per-
formance of the hybrid cogeneration system. The total useful en-
ergy is the sum of the produced electricity and the cryogenic exergy
that is calculated as QcðTeva =Tev � 1Þ, where Tev and Teva are the
environmental temperature and evaporation temperature respec-
tively. The exergy efficiency of the hybrid co-generation system is

hex ¼
Qc

�
Teva
Tev

� 1
�
þWPRO

Qreg

�
1� Tev

Tdes

� (16)

where Tdes is the desorption temperature.
The validation of the present model on the cooling performance

is conducted. Fig. 3 shows the comparison of the COP in present
calculation and that of Lange et al. [48]. Here pure methanol is
employed as the working fluid and ZIF-8 as the adsorbent. The
evaporation temperature and condensation temperature are 278 K
and 303 K, respectively. The adsorption temperature is the same
with the condensation one. The prediction from the present model
is in very good agreement with the COP based on measured
adsorption isotherms [48], which validates the model in present
study.
2.3. Adsorbents selection

Activated carbons (ACs) and Metal-organic frameworks (MOFs)
are widely used for methanol and water adsorption. 20 kinds of AC
and MOF adsorbents commercially available and extensively
investigated in previous studies are selected in present study. The
adsorption uptakes for the selected adsorbents are listed in
Table A1 in the Appendix.
2.4. Salt solution selection

Different salt solutions have different the osmotic coefficients,
which impacts the evaporation pressure in the evaporator that
determines the desalination characteristics and the cooling power,
and the osmotic pressure difference in the pressure retarded
osmosis that impacts the power extracted. Here, five extensively
investigated salts in previous studies are chosen to prepare the
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working salt solution, i.e. NaI, LiBr, LiCl, NaSCN and LiNO3. In
addition, the impacts of different solvents such as water and
methanol are also discussed. To calculate the osmotic coefficient F,
Pitzer parameters for methanol and water solutions used in present
study are listed in Table 1.

2.5. Physical properties of solvents

The densities of MeOH and water and relative dielectric con-
stants can be calculated as [52e55].

rMeOH ¼ exp
�
AþBT þCT2

�
(17)

rwater ¼Aþ BT þ CT2 þ DT3 (18)

ε¼ aþ bT þ cT2 þ dT3 (19)

And the relevant parameters in Eq. (17)- (19) are listed in Table 2
and Table 3.

2.6. Operation conditions

The adsorption isotherms of the adsorbents are significantly
impacted by the desorption and adsorption temperatures, and the
evaporation and condensing temperatures. To function as a
refrigerator, the performance of the hybrid cogeneration system is
also impacted by the evaporation temperature in the AD process. In
the calculation, the evaporation temperature is fixed at 288.15 K,
the condensing temperature is the same as the environmental
temperature (293.15 K). The desorption temperature varies from
313.15 K to 363.15 K to evaluate of the impacts of desorption
temperature on the performance of the hybrid system.

3. Results and discussion

3.1. The effect of operation conditions

We first investegate the effect of desorption temperature on the
hybrid adsorption-based cogeneration system. Here LiBr-methanol
is employed as the working fluid and AC-LSZ30 as the absorbent.
The evaporation and condensation temperatures are maintained at
288.15 K and 293.15 K, respectively. As shown in Fig. 4a, the
adsorption working capacity increases with increasing desorption
temperatures for the decrease of the minimum absorption uptake
at higher temperatures (Fig. 4e). Therefore, the cooling power and
work extracted increase with increasing desorption temperatures
(Fig. 4bec). Both increased adsorption working capacity and
Table 1
Pitzer parameters for solutions studied in this work.

Salt Solvent bð0Þ bð1Þ bð2Þ C4 Ref

LiCl Methanol �0.11458 �3.95303 3.421 0.06478 [49]
LiBr Methanol 0.00275 �2.6665 2.238 0.05542 [49]
NaSCN Methanol 0.19224 1.39440 �1.202 �0.01017 [50]
NaI Methanol 0.40830 1.04430 �0.875 �0.02224 [50]
LiNO3 Methanol 0.003768 0.465495 �26.295126 0.045220 [51]
LiCl Water 0.1494 0.3047 0.00359 [42]
LiBr Water 0.1748 0.2547 0.0053 [42]
NaSCN Water 0.1005 0.3582 �0.00303 [42]
NaI Water 0.1195 0.3439 0.0018 [42]
LiNO3 Water 0.1420 0.2780 �0.00551 [42]
elevated temperature are responsible for much obvious augmen-
tation of the regeneration heat (Fig. 4d). It can also be seen from
Fig. 4a that the working capacity of the adsorbent decreases with
the increasing concentration of the working solution. Higher
working concentration lowers the evaporation pressure and further
reduces the maximum adsorption uptake, thus the adsorption
working capacity (Fig. 4f), resulting in decreased cooling power.
Although the working capacity of the adsorbent decreases with
increasing concentration, the work of extraction is increased
(Fig. 4c). The increase of the working concentration augments the
transmembrane osmotic pressure difference, which overrides the
impacts of the decreases working capacity, leading to increased
work extracted.

Fig. 5 shows the COP, electric efficiency, energy recovery rate,
and exergy efficiency of the hybrid adsorption-based cogeneration
system. As shown in Fig. 5a and b, the COP and he first increasewith
increasing desorption temperature, reaches their maximum values,
and then decreases. At lower desorption temperatures, the cooling
power and electric power increases with increasing desorption
temperatures. As the increasement of the working capacity is much
larger than that of the regeneration heat, the electric efficiency and
the COP increase with increasing desorption temperatures, as
shown in Fig. 4a and d. At higher desorption temperatures, the
regeneration heat acts dominantly, therefore, the electric efficiency
and the COP decreases with increasing desorption temperatures.
According to Eq. (15), the energy recovery rate exhibits the same
behavior with the COP or electric efficiency as the desorption
temperature increases. Larger working concentration increases the
electric efficiency. However, it decreases the COP and energy re-
covery rate for increased work extracted and reduced cooling po-
wer at larger salt concentrations (Fig. 4bec). As the cooling power is
much larger than the work extracted, larger working concentration
significantly reduces the cooling power, thereby the energy re-
covery rate, as depicted in Fig. 5c.

To step further, the quality of cold energy is lower than that of
work, while the heat recovery rate only considers the quantity of
energy and ignores the quality. A more reasonable useful energy of
the hybrid cogeneration system should be the electricity and
cryogenic exergy. Exergy efficiency should be more appropriate to
evaluate the overall performance of the hybrid cogeneration sys-
tem, which is defined as the total exergy output divided by the
input heat exergy (Eq. (16)). As shown in Fig. 5d, the exergy effi-
ciency decreases with increasing desorption temperatures due to
much obviously augmented heat exergy consumption at higher
desorption temperatures. Although the cooling power decreases
with increasing working concentrations, its cryogenic exergy in-
creases. The exergy efficiency of the hybrid cogeneration system
increases with increasing working concentrations.

3.2. The effect of adsorbents

As the salt solution separation and cooling power supply lie in
the adsorption-based desalination process, the chemical and
physical characteristics of the adsorbent present a determined role
on the performance of the proposed hybrid cogeneration system.
Here twenty kinds of adsorbent are considered in present study.
The desorption and adsorption temperaures are set at 333.15 K and
288.15 K, respectivily. LiBr-Methanol solution at 3 mol/kg is
employed as the working fluid. Fig. 6 presents the COP, electric
efficiency, exergy efficiency, and the relevant detailed parameters
under various adsorbents. The adsorbent AC MAXSSORB3 leads to
largest COP, electric efficiency, and exergy efficiency simulta-
neously for the largest extracted work and cooling power due to
largest adsorption working capacity (Fig. 6def). Their minimum
values are obtained under the adsorbent ACF KF-1000 for least



Table 2
Coefficients A, B, C and D to calculate the density [54,55].

solvent A B=K�1 C=K�2 D=K�3

water 658.6 3.4537 � 0:99533� 10�2 0:73989� 10�5

MeOH 0.08584 � 9:60� 10�4 � 4:30� 10�7

Table 3
Coefficients a, b, c and d to calculate relative dielectric constant [52,53].

solvent a 102b 104c 107d

water 87.727 �39.81 8.699 �7.948
MeOH 37.909 �22.838 6.659
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working capacity. There is a strict negative correlation between the
SEC and the exergy efficiency. The larger the SEC, the less energy
consumption to guarantee a desired adsorption working capacity,
and thus the smaller the efficiency.

Key parameters of the adsorbents impacting the adsorption
process are relative pressure a, where the adsorbent achieves half
of the maximum absorption uptake and the adsorption enthalpy.
Fig. 7 presents the relationship of the exergy efficiency, adsorption
working capacity, a and the adsorption enthalpy. The exergy effi-
ciency increases with the increase of adsorption working capacity
and remains unchanged when DW is larger than a certain value
(0.3 g/g in present study). There exists a positive correlation be-
tween a and exergy efficiency, and lager a leads to higher exergy
efficiency. However, neither higher nor lower adsorption enthalpy
can guarantee the maximum exergy efficiency. A moderate
adsorption enthalpy between 1.2 MJ/kg and 1.3 MJ/kg results in a
Fig. 4. Work capacity of the absorption-based desalination system (a), cooling power (b)
desorption temperatures and working concentrations.
higher exergy efficiency up to 24%. Therefore, a qualified adsorbent
should have higher a and moderate adsorption enthalpy (1.2 MJ/
kg~1.3 MJ/kg).
3.3. The effect of salts

Different salt solutions have different the osmotic coefficients,
which impacts the evaporation pressure in the evaporator that
determines the desalination characteristics and the cooling power,
and the osmotic pressure difference in the pressure retarded
osmosis that impacts the power extracted. Here solutions with
various salts (NaI, LiBr, LiCl, NaSCN and LiNO3) dissolving in the
methanol are used to prepare the working fluid of the hybrid
cogeneration system. The concentration of the working solution is
set at 3 mol/kg. The desorption and adsorption temperaures are
fixed at 333.15 K and 288.15 K, respectivily. As shown in Fig. 8,
larger osmotic coefficient leads to smaller evaporation pressure,
resulting in decreased maximum absorbing uptake in the adsorp-
tion process and the adsorption working capacity (Fig. 8a). The
osmotic coefficient of the NaIeMeOH solution is the largest, leading
to the least evaporation pressure and adsorption working capacity.
Therefore, the regeneration heat and cooling power with the
NaIeMeOH solution present smallest values. However, the extrac-
tedwork exhibits the largest value based on the fact that the impact
of the osmotic coefficient on the power output overrides the impact
of the decreased adsorption working capacity. Hence the electric
, work extracted (c), heat absorbed (d) and adsorption uptake (e, f) under different



Fig. 5. Coefficient of performance (a), electric efficiency (b), energy recovery rate (c), and exergy efficiency (d) under different desorption temperatures and working concentrations.

Fig. 6. COP (a), electric efficiency (b), exergy efficiency (c), work extracted (d), cooling power (e), working capacity (f) and SEC (g) under various absorbents. (deg) are colored by
exergy efficiency.
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Fig. 7. The relation of the exergy efficiency with the working capacity for different adsorbents. (a) colored by a, and (b) is colored by adsorption enthalpy.
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efficiency with NaIeMeOH solution employed as the working fluid
is the largest, and that with LiNO3eMeOH solution is the least, as
shown in Fig. 9. However, the COP presents an opposite trend. The
COP with LiNO3eMeOH solution is the largest for significantly
decreased regeneration heat. Due to significant exergy consump-
tion, solutions with larger osmotic coefficients lead to higher
exergy efficiency, as depicted in Fig. 9b. The exergy efficiency with
NaIeMeOH solution employed as the working fluid is the largest.
Overall, salt solutions with larger osmotic coefficient are preferred
Fig. 8. Working capacity (a), heat adsorbed (b), cooling power (c), work extracted (d) under
to achieve a desirable overall performance of the proposed hybrid
co-generation system.
3.4. The effect of solvents

We furhter investigate the impacts of the solvents on the per-
formance of the hrbrid co-generation system. Here we emloy LiBr-
water solution and LiBr-Methanol solution as the working fluids.
Theworking concentration varies from 2 to 5mol/kg, and CAU-10 is
various salts. (e, f) Osmotic coefficient and evaporation pressure under different salts.



Fig. 9. Electric efficiency (a), exergy efficiency (b) and COP (c) under different salts.

Fig. 10. Working capacity (a), heat adsorbed (b), cooling power (c),
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chosen as the adsorbent. The desorption and adsorption temper-
aures are fixed at 333.15 K and 288.15 K, respectivily. As the
adsorpiton uptake for water is much larger than that for methanol
for the selected adsorbent, the adsorption working capacity with
methanol as the solvent is less than that with water as the solvent,
as shown in Fig. 10. Therefore the work and cooling power present
larger values with water employed as the solvent. Larger heat ca-
pacity and adsorptionworking capacity induces amuch augment of
the rengeration heat. As shown in Fig. 11, the SEC with water as the
solvent is much larger than that with methanol as the solvent,
leading to a lower electric efficiency. As the augment of the cooling
power induced by enhanced adsorption working capacity is much
less than that of the regeneration heat, leading to a lower COPwhen
water is chosen as the solvent. Based on the fact that LiBr-water
working fluid corresponds to larger cryogenic exergy and elec-
tricity, at lower working concentrations, the exergy efficiency with
LiBr-water as the working fluid exhibits a larger value than that
with LiBreMeOH as working fluid. At high concentrations, exergy
consumption with LiBr-water as the working fluid is much larger
than that with LiBr-methanol as the working fluid. The exergy ef-
ficiency with LiBr-methanol as the working fluid exhibits a much
larger value. Therefore, a satisfied solvent is concentration
depended.
and work extracted (d) under various working concentrations.



Fig. 11. SEC (a) of the adsorption-based desalination system, COP (b), electric efficiency (c), and exergy efficiency (d) under various working concentrations.
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4. Conclusions

In this study, a novel adsorption-based power and cooling
cogeneration system is investigated for low-grade heat (<80 �C)
energy harvesting, which consists of an adsorption-based desali-
nation system that provides cooling power and produce concen-
trated and diluted solutions, and a PRO system that generates
electricity from the produced high and low concentration solutions.
Exergy efficiency is introduced to evaluate the overall system per-
formance, considering the difference of electricity and cooling po-
wer in energy quality. Effects of desorption temperature, salt
concentrations, adsorbents, salt types and solvents on the perfor-
mance of the proposed adsorption-based cogeneration system are
investigated. Results reveal that the SEC and exergy efficiency show
a strict negative correlation. Larger salt concentration results in
upgraded electrical efficiency and exergy efficiency, and degraded
COP. Adsorbents with larger relative pressure where the adsorbent
achieves half of the maximum absorption uptake and proper
adsorption enthalpy are more appealing. Solvents with high
vaporization latent heat and specific heat capacity contribute to
COP, however, decrease electrical efficiency and exergy efficiency.
Salts rendering a larger osmotic coefficient improve the electric and
exergy efficiencies, however degrade the COP. When operating at a
desorption temperature of 50 �C, the maximum exergy efficiency
can reach 33.9% with 3 M LiBr-methanol as the working solution
and AC MAXSORB3 as the adsorbent, meanwhile the electric
efficiency and COP are 1.63% and 0.87, respectively.
Unlike traditional close-looped osmotic heat engines such as

RED-DCMD and PRO-DCMD only for electricity generation, present
hybrid power and cooling cogeneration system exhibits a much
higher overall performance, offering a new way to efficiently har-
vest low temperature waste heat. Furthermore, theoretically, the
heat that cools the adsorbent bed and the latent heat released by
the solvent in the condenser could be used to compensate part of
the heat needed to heat the adsorbent, which could significantly
augment the system performance. Further efforts on developing
new configurations that involve heat recovery are appealing.
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Appendix
Table A1
Adsorption uptakes for Methanol and water studied in this work

Adsorbent þ Solvent Uptake equation Ref

AC LSZ30þMeOH
w ¼ 0:405 exp

�
� 3:1972 � 10�4

�
T ln

�
ps
p

��1:16� [56]

AC MAXSORB3þMeOH
w ¼ 1:24 exp

�
� 4:022 � 10�6

�
T ln

�
ps
p

��2� [57]

AC MD5060þMeOH
w ¼ 0:535 exp

�
� 4:5895 � 10�5

�
T ln

�
ps
p

��1:5� [56]

AC WS480þMeOH
w ¼ 0:49 exp

�
� 2:8 � 10�5

�
T ln

�
ps
p

��1:65� [58]

AC-207E4þMeOH
w ¼ 0:365 exp

�
� 1:4962 � 10�4

�
T ln

�
ps
p

��1:34� [56]

AC-35þMeOH
w ¼ 0:425� 10�3rr exp

�
� 5:02 � 10�7

�
T ln

�
ps
p

��2:15� [59]

AC-A351þMeOH
w ¼ 0:786� 10�3rr exp

�
�

�
RT

4810
ln
�
ps
p

��1:76� [60]

AC-C401þMeOH
w ¼ 0:633� 10�3rr exp

�
�

�
RT

5118
ln
�
ps
p

��1:85� [60]

ACF KF-1000þMeOH

w ¼ 0:307
36:98

p
ps

1þ 36:98
p
ps

[61]

AC-LH þ MeOH
w ¼ 0:860� 10�3rr exp

�
� 2:574 � 10�4

�
T ln

�
ps
p

��1:321� [59]

AL-FUMARATE þ MeOH
w ¼ rr

1000

�
0:3381

1þ expð0:0006354ðF � 8270ÞÞ þ 0:09542 expð� 0:0009661F � 1:046 � 10�6F þ 0:03327Þ
�

[62]

CAU-1þMeOH
w ¼ rr

1000

�
0:3758

1þ expð0:001419ðF � 7052ÞÞ þ 0:1012 expð� 0:0006468F � 3:378 � 10�6F þ 0:08771Þ
�

[62]

CAU-10þMeOH
w ¼ rr

1000

�
0:4148

1þ expð0:0004027ðF � 5344ÞÞ
�

[62]

CAU-3þMeOH
w ¼ rr

1000

�
0:4319

1þ expð0:007538ðF � 4779ÞÞ þ 0:3095 expð� 0:0002375FÞ
�

[62]

MIL-100þMeOH
w ¼ rr

1000

�
0:1338

1þ expð0:003354ðF � 5342ÞÞ þ
0:1015

1þ expð0:0005431ðF � 13;800ÞÞ þ 0:1105 expð � 0:0004114FÞ
�

[62]

MIL-101þMeOH
w ¼ rr

1000

�
0:3764

1þ expð0:00167ðF � 3545ÞÞ þ 0:4565 expð� 0:0001052FÞ
�

[62]

MIL-140A þ MeOH
w ¼ rr

1000

�
0:742

1þ expð0:002408ðF � 3089ÞÞ þ 0:8161 expð� 0:0001144FÞ
�

[62]

UIO-66þMeOH
w ¼ rr

1000

�
0:1401

1þ expð0:00246ðF � 6803ÞÞ þ 0:122 expð� 0:00017FÞ
�

[62]

UIO-67þMeOH
w ¼ rr

1000

�
0:1648

1þ expð0:001395ðF � 6602ÞÞ þ 0:2602 expð� 0:0001055FÞ
�

[62]

ZIF-8þMeOH
w ¼ rr

1000

�
0:4295

1þ expð0:0157ðF � 4895ÞÞ þ 0:2852 expð� 0:0001874FÞ
�

[62]

CAU-10þwater
w ¼

�
0:27

1þ expð0:02276ðF � 4535ÞÞ þ 0:0088 expð � 0:0003765FÞ
�

rr
1000

[63]
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