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a b s t r a c t

A hybrid system consisting of RO (reverse osmosis) and SE (Stirling engine) was proposed to utilize the
moderate temperature heat for the brackish water desalination. The performance of two configurations
was systematically investigated. Config. II employs ERD (energy recovery device) to harvest the residual
pressure energy in outlet feed solution for the pre-pressurization of inlet feed solution while Config. I
does not. Impacts of substance temperature in the SE heater and RO hydraulic pressure difference on the
fresh water recovery ability and energy consumption were investigated. Results indicated that Config. I
presents the highest recovery rate of 17.3% while Config. II gets the largest fresh water production of 34.2
L=h. As to the energy consumption, a lowest specific energy consumption of 2.5 kW$h=m3 and specific
thermal energy consumption of 35.9 MJ=m3 were achieved in Config. II, which exhibits much more
effectively compared to those obtained in Config. I. Furthermore, the performance comparison under the
ideal and non-ideal SE models was also conducted.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

As a fundamental necessity of human life, agricultural and in-
dustrial production, fresh water plays an important role in human
society down the ages. Owing to the rapid growth of population
and inhomogeneous distribution of fresh water resources all over
the world, fresh water scarcity has been a significant barrier for the
development of human society [1e4]. To solve such problem, re-
searchers all over the world have conducted numerous in-
vestigations for fresh water production [5e10]. One of the most
feasible solutions is the desalination of salt water. Common desa-
lination techniques include ED (electrodialysis) [7], MSF (multi-
stage flash) [8], MD (membrane distillation) [10,11], MEE (multi-
effect evaporation) [6,12] and RO [13,14].

RO is a filtration technique widely utilized for potable and ul-
trapure water production [15]. It starts with the study on the os-
motic properties of cellophane membranes by Hassler in 1948 and
firstly commercialized for seawater desalination at Bermuda in
1974 [16]. With respect to the physical principle, fresh water
extraction in RO relies on the semi-permeability of membrane and
_liu@hust.edu.cn (W. Liu).
hydraulic pressure difference exceeding the osmotic pressure dif-
ference. Namely, energy consumption is essential in RO process for
the hydraulic pressure elevation. However, as the world energy
situation becomes increasingly tense, rational use of energy ap-
pears to be more concerned in the recent decades [17e19]. Re-
searches on the energy consumption of RO mainly include the
recovery of residual pressure energy in feed solution, development
of high performance membrane and exploration of novel energy
source.

In regard to RO energy consumption, A.J. Karabelas et al. [20]
investigated the SEC (specific energy consumption) contributions
in RO process for brackish water and seawater desalination
respectively. Their research indicates SEC originated from mem-
brane filtration dominates in brackish water desalinationwhile SEC
originated from osmotic pressure dominates in seawater desali-
nation. Furthermore, with the exception of essential energy con-
sumption for overcoming osmotic pressure difference, energy
consumed in membrane and ERD should be placed prior in the
research of SEC reduction. Khaled Touati et al. [21] utilized PRO
(pressure retarded osmosis) to harvest the residual pressure energy
for a two stage SWRO (sea water reverse osmosis). They proposed
and investigated two configurations (one-stage and two-stage PRO)
numerically. Their results revealed that the performance of two-
stage PRO has better performance. Meanwhile, the concentration
and flow rate of feed solution influence the performance of energy
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recovery strongly. Bilal Ahmed Qureshi et al. [17] compared the
performance of various ERDs including TV (throttling valve), hydro
turbine, PX (pressure exchanger), turbocharger and several PRO
(pressure retarded osmosis) based ERDs with exergy analysis
method. Their research indicates while desalinating brackish water,
PX behaves with the highest exergetic efficiency and lowest SEC. In
addition, hydro turbine has better performance than any of the PRO
based ERDs. Moreover, familiar method was utilized to investigate
the energy recovery performance of different ERDs for SWRO plant
in their another research [22]. PX achieves the best performance
again and PRO based ERDs are found not suitable for energy re-
covery in SWRO.

Besides the reduction of energy consumption, researches of
novel energy source applied to RO such as renewable energy (wind,
solar energy et al.) and waste heat attracted considerable attention
as well. Ali Mostafaeipour et al. [23] conducted a case study of a PV-
RO (photovoltaic reverse osmosis) hybrid desalination system in
Iran. Their investigation about technical and economical feasibil-
ities indicates the maximum fresh water production of 228 m3=h
and minimum cost of production of 1.96 $=m3 can be achieved in
this hybrid system. Baltasar Pe~nate et al. [24] assessed an off-grid
wind powered SWRO plant in two operation regimes (fixed ca-
pacity and gradual capacity) and revealed that fixed capacity plant
achieves greater annual fresh water production, while gradual ca-
pacity has higher annual operation rate and is more suitable to
solve the intermittency of wind power.

Solar and moderate temperature driven power cycles like ORC
(organic Rankine cycle) and SE (Stirling engine) are also capable to
serve as the direct mechanical energy supplier for RO. The perfor-
mance of RO driven by solar ORC is investigated by Lourdes García-
Rodríguez et al. [25]. Compared with solar distillation and PV-RO
systems, the ability of hybridizing with heat storage unit and
backup thermal energy source relieves the intermittency of solar
energy drastically. Furthermore, lower specific solar energy con-
sumption is achieved as well. P.A. Davies et al. [26] conducted an
experiment to improve the efficiency of ORC and reduce the SEC of
RO by using R245fa as substance. In their research, SEC of 0.34 kW$

h=m3 for brackish ground water desalination is achieved, which is
half of the traditional ORC-RO desalination system. And for further
utilizing the thermal energy with lower temperature to drive RO,
Chennan Li et al. [27] investigated the performance of RO system
driven by low temperature SORC (supercritical organic Rankine
cycle). This system is capable to utilize solar heat, waste heat and
geothermal energy as the heat source with the temperature under
150 C�. The results indicate that as the waste heat and geothermal
heat serve as the heat source, SORC-RO achieves better operation
range and efficiency compared with traditional ORC-RO system.

As aforementioned, SE is another capable choice to utilize solar
and moderate temperature waste heat to generate shaft power as
well [28,29]. SE is an external heating, closed cycle engine [30],
patented by Robert Stirling in 1816 [31]. It has the advantages of
high theoretical thermal efficiency, minimal pollution, reliability
and applicability for different heat sources [32]. As the SE can be
heated by various heat sources, the hybrid SE-RO system can be
utilized in the countryside abundant with biomass fuels, regions
illuminated by high solar flux and factories with large quantity of
middle temperature heat emission to solve the fresh water scarcity
problem more flexibly. Athanasios J. Kolios et al. [33] analyzed the
thermodynamic performance of a gamma-type SE recoveringwaste
heat from a micro combustor. Mechanical power of 27 Wh=h is
generated as the heater temperature is 390 C�. Fatih Aksoy et al.
[34] tested a concentrated solar powered beta-type SE experi-
mentally. Maximum shaft power of 64.4 W and corresponding
thermal efficiency of 5.64% were observed. Compared with ORC, SE
has the advantages of better compactness and system simplicity
which makes this system potential for the residential application.
However, though Willard D. Childs et al. [35] proposed the nascent
idea of solar SE driven RO, the researches about RO driven by SE is
scanty to the best of author's knowledge. Some scattered treatises
about irrigation pumping driven by SE can be found in
Refs. [36e38]. In present study, we conducted a research on the SE-
RO desalination system. Two system configurations (with and
without ERD) were proposed and investigated systematically with
the ideal and non-ideal models of SE. We simulated the perfor-
mance of fresh water recovery and energy consumption under
different substance temperature in the SE heater and RO hydraulic
pressure difference, for the desalination of brackish water with
different salt concentrations. The performance comparison (Config.
I and II, ideal and non-ideal SE models) were systematically con-
ducted. Finally, some conclusions were drawn.

2. System description and mathematical model

2.1. System description

This system employs SE utilizing moderate temperature heat to
drive pump for pressure elevation of the feed solution. Then the
pressurized feed solution and non-pressurized permeate solution
flow into RO. Driven by the hydraulic pressure difference aside the
semipermeable membrane, transmembrane water flux occurs. As
depicted in Fig. 1, two configurations were investigated. In Config. I,
SE provides the entire energy requirement for the RO hydraulic
pressure elevation. However, the residual pressure in the outlet
feed solution is quite considerable, which could be utilized for pre-
pressurizing the inlet feed solution with the installment of energy
recovery device (ERD), as shown in Config. II.

2.2. Mathematical model

2.2.1. SE
Since the invention of SE in 1816, numerous investigations about

the mathematical modeling for SE were conducted. The mathe-
matical methods for describing SE are mainly classified into four
categories (first, second, third and fourth order methods) [39]. In
this work, the diabatic analysis method developed by Urieli and
Berchowitz [40] is employed to simulate the operation of an alpha-
type SE, for it states the complete thermodynamic description than
first order model and requires less computing resource than the
third and fourth order methods [39,41e44]. As illustrated in Fig. 2,
SE is divided into five cells (compression space, cooler, regenerator,
heater and expansion space) physically. The SE modeling is pre-
sented in the Appendix.

2.2.2. RO
After pressure elevation, feed solution flows into RO section. As

depicted in Fig. 3, pressurized feed solution and non-pressurized
permeate solution flow separately in an infinitesimal element
along the length of membrane. When hydraulic pressure difference
DPðxÞ overcomes osmotic pressure difference DpmðxÞ aside the
semipermeable membrane, transmembrane water flux Jw has:

JwðxÞ ¼ AðDPðxÞ � DpmðxÞÞ (1)

where A is the water permeability coefficient. For the realistic
semipermeable membrane, though water flux occupies the over-
whelming majority of transmembrane substance, small quantity of
salt flux Js also occurs driven by the salt concentration difference in
the form of Eq. (2). B is the salt permeability coefficient. CF;mðxÞ
represents the concentration of feed solution at the membrane
surface. CPðxÞ is the concentration of permeate solution and defined



Fig. 1. System configurations.

Fig. 2. Control volume of five cells in SE.

Fig. 3. RO process in an infinitesimal element.
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as Eq. (3).

JsðxÞ ¼ B
�
CF;mðxÞ � CPðxÞ

�
(2)

CPðxÞ ¼
JsðxÞ
JwðxÞ (3)

CF;mðxÞ indicates the concentration polarization phenomenon is
considered in this model. It has the relationship as follows:

CF;mðxÞ � CPðxÞ
CF;bðxÞ � CPðxÞ

¼ exp
�
JwðxÞ
k

�
(4)

CF;bðxÞ is the concentration of bulk flow of feed solution. k is the
mass transfer coefficient, has the relationship below:
Sh ¼ kDh
D

¼ 1:85
�
ReSc

Dh
L

�1
3

(5)

where Sh, Re and Sc represent Sherwood number, Reynolds num-
ber and Schmidt number respectively. D is the diffusion coefficient.
L and Dh are the length and hydraulic diameter of flow channel.

With the calculation of Eqs. (1)e(5), transmembrane water and
salt flux can be obtained. Hence, the differential equations of vol-
ume flow rate and concentration are established as Eqs. (6)e(8). W
is the width of membrane.

d _VFðxÞ
dx

¼ �JwðxÞW (6)

d _VPðxÞ
dx

¼ JwðxÞW (7)

dCFðxÞ
dx

¼ CFðxÞJwðxÞW � JsðxÞW
_VFðxÞ

(8)

Along the length of flow channel, the hydraulic pressure dif-
ference aside the semi-permeable membrane at any position x
updates as:

DPðxÞ ¼ DPð0Þ � Ploss;FðxÞ þ Ploss;PðxÞ (9)

Ploss ¼ 6:23Re�0:3rv
2x

2Dh
(10)

Ploss is the pressure loss in the flow channel. r is the density of
sodium chloride solution. v is the velocity of bulk flow.
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2.2.3. System performance evaluation
With the initial value of volume flow rate and concentration

specified, integrating the differential equations above obtains the
volume flow rate and concentration at outlet. The total fresh water
production Jw;total can be determined by:

Jw;total ¼ N
�
_VF;in � _VF;out

�
(11)

Fresh water recovery rate x in Eq. (12) is the ratio of total fresh
water production and the volume flow rate of feed solution, indi-
cating the relative ability of fresh water recovery.

x ¼ Jw;total

N _VF;in
(12)

Meanwhile, SEC and STEC (specific thermal energy consump-
tion) were selected for evaluating the energy consumption for the
RO subsystem and the hybrid system, respectively. They represent
the net mechanical and thermal energy consumption for one cubic
fresh water production. (see Table 1).

SEC ¼ hpumpFW
Jw;total

(13)

STEC ¼ FQk
Jw;total

¼ SEC
hSEhpump

(14)

3. Results and analysis

3.1. System performance of config. I

Considering the temperature varies with the difference of heat
sources, the influence of substance temperature in heater Th on the
performance was investigated. As depicted in Fig. 4 (a), when Th
increases from 573.15 K to 723.15 K, shaft power output of SE in-
creases from 87.0W to 153.3W linearly. To state the influence of Th
in detail, V-p diagram in compression and expansion spaces were
illustrated as well. Fig. 4 (b-1) and (b-2) indicate the variance of
pressure via volume under different Th, the area encircled by the
curves represent the cyclic work consumed by the compression
piston and done by the expansion piston respectively. The area
difference is the net cyclic work output of SE. Comparing the V-p
diagrams under 573.15 K and 723.15 K, we observed that higher Th
is more beneficial for the expansion of substance and increases the
range of mean pressure in a cycle. This contributes to increase the
cyclic power output, and satisfies the energy requirement of more
feed solution for specified pressure elevation. Meanwhile, thermal
Table 1
Parameters setting for simulation.

SE

Substance Helium Vclc (cc)
Vk (cc) 25 Vr (cc)
Vcle (cc) 8 Vswe (cc)

F (Hz) 50 Pch (bar)
Th (K) 573.15e723.15 εð%Þ

RO

Feed solution Sodium chloride solution

DPin (MPa) 2.0e3.5 N
CF;in (M) 0.05, 0.1, 0.15 H(mm)
Aðm=ðs$PaÞÞ 2:15� 10�11 Bðm=sÞ
_VP;in ¼ _VF;in hpump
efficiency of SE appears linear change with the increase of Th as
well. It has the theoretical conversion rate (thermal to mechanical
energy) of 30.5%e44.5% when Th is 573.15 K and 723.15 K.

Following with the variance of mechanical power output of
upstream (SE), the performance of downstream (RO) changes as
well. Fig. 5 illustrates the influence of Th on fresh water recovery
ability. In Fig. 5 (a), with the increase of Th, fresh water production
increases under different CF;in (inlet concentration of feed solution).
When Th is 573.15 K and CF;in is 0.15M, fresh water production is
9.3 L/h. As Th increases to 723.15 K and CF;in decreases to 0.05M,
fresh water production increases to 19.9 L/h. However, the corre-
sponding recovery rate presents decreasing trend via Th instead.
The highest recovery rate of 19.6% is achieved when Th is 573.15 K
and CF;in is 0.05M. As Th increases to 723.15 K and CF;in reaches
0.15M, recovery rate decreases to around 7.7%. Low CF;in is more
conducive to achieve better fresh water production and recovery
rate, for it has lower osmotic pressure difference. Moreover, the
influence of Th on the fresh water recovery ability, mainly results
from the variance of feed solution flow rate under different Th as
plotted in Fig. 6.

As aforementioned, higher Th means more feed solution can be
elevated to the specified inlet pressure. Fig. 6 (a) presents the inlet
volume flow rate of feed solution under different Th. When Th in-
creases from 573.15 K to 723.15 K, inlet volume flow rate increases
from 83.5 L=h to 147.2 L=h linearly. Meanwhile, Fig. 6 (b) plots the
hydraulic and osmotic pressure difference distribution along the
flow direction in RO, of three points ((1), (2), (3)) selected in Fig. 6
(a). It indicates that flow rate of feed solution has no influence on
the hydraulic pressure difference distribution. However, higher
flow rate of feed solution weakens the osmotic pressure difference
obviously, then improves the driving force for fresh water extrac-
tion. This exactly explains that more fresh water production ap-
pears under higher Th in Fig. 5 (a). However, the increase of inlet
feed solution flow rate is more significant than fresh water pro-
duction, which leads to the decrease of recovery rate with the in-
crease of Th in Fig. 5 (b).

Apart from fresh water recovery ability, energy consumption is
also an important performance specification of desalination. For RO
process, SEC commonly represents the energy consumed (in the
form of electricity or mechanical energy) for one cubic fresh water
production. Fig. 7 (a) plots the relationship of SEC with respect to Th
under different CF;in. As Th is 573.15 K and CF;in is 0.05M, SEC is 4.24
kW$h=m3. When Th is 723.15 K and CF;in is 0.15M, SEC of 10.8 kW$

h=m3 appears. Higher CF;in requires more energy consumption to
overcome the osmotic pressure difference. Moreover, though the
reduction of osmotic pressure difference under high Th improves
the fresh water production, more energy is supplied as the expense
simultaneously. Hence, SEC presents increasing trend with the in-
crease of Th.
8 Vswc (cc) 50
25 Vh (cc) 25
50 a (rad) p

2
2 Tk (K) 328.15
85

30 L(mm) 146
1.73 W(mm) 95

2:11� 10�8 Dðm2=sÞ 1:51� 10�9

0.80 hERD 0.95



Fig. 4. Performance of SE as a function of substance temperature in heater.

Fig. 5. Fresh water production (a) and recovery rate (b) as a function of substance temperature in heater.
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In addition, for SE-RO system, heat is the ultimate energy
consumed. Thermal energy consumption for one cubic fresh water
production (STEC) via Th is plotted in Fig. 7 (b) as well. It presents
that optimal Th exists for achieving the lowest STEC, but the vari-
ance of STEC with respect to Th is relatively small in general. This is
because with the increase of Th, though SEC increases, thermal ef-
ficiency of SE plotted in Fig. 4 (a) is getting improved as well. With
the relationship of SEC and STEC in Eq. (14), namely, more me-
chanical work can be generated from heat to offset the drastic in-
crease of SEC while Th is increasing. Results in Fig. 7 (b) show that,



Fig. 6. Inlet volume flow rate of feed solution and pressure difference distribution along the flow direction under different Th .

Fig. 7. Energy consumption as a function of substance temperature in heater.
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when CF;in is 0.05M, 0.10M and 0.15M, the corresponding lowest
STEC is 61.7 MJ=m3, 84.6 MJ=m3 and 108.4 MJ=m3 respectively.

As the driving force of transmembranewater flux, inlet pressure
difference DPin has great influence on the performance of RO. In this
part, the shaft power generated from SE is consumed to elevate the
feed solution to different inlet pressure. Fig. 8 (a) and (b) present
the fresh water recovery ability with respect to DPin. It can be seen
when DPin increases from 2.0MPa to 3.5MPa, fresh water pro-
duction increases slowly under different CF;in. While processing the
feed solution of 0.15M under 2.0MPa, fresh water production is
8.2 L/h. As increasing DPin to 3.5MPa to desalinate the feed solution
of 0.05M, fresh water production of 18.8 L/h is achieved. Mean-
while, recovery rate increases significantly asDPin increases in Fig. 8
(b). When DPin is 2.0MPa and CF;in is 0.15M, recovery rate is only
4.6%. As DPin increases to 3.5MPa and CF;in decreases to 0.05M, the
corresponding recovery rate is 18.6%.

Fig. 9 (a) shows the inlet volume flow rate of feed solution under
different DPin. The increase of DPin leads to the decrease of pumped
feed solution flow rate. As aforementioned, lower inlet flow rate
corresponds to higher osmotic pressure difference. Hence, the



Fig. 8. Fresh water production (a) and recovery rate (b) as a function of inlet pressure difference.
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pressure difference distribution aside the membrane under three
selected DPin ((1), (2), (3)) were depicted in Fig. 9 (b). Though the
osmotic pressure difference increases with the elevation of DPin,
the net pressure difference as the driving force still increases slowly
as well. Hence, fresh water production increases as increasing DPin,
though not that significant as depicted in Fig. 8 (a). However, as to
the recovery rate, the increase of DPin not only elevates the fresh
water production, but also decreases the inlet feed flow rate.
Thereby, it has a significant trend with the variance of DPin.
Fig. 9. Variance of inlet volume flow rate of feed solution and pr
Fig. 10 depicts the relationship of energy consumption via DPin.
It indicates that with the increase of DPin, mechanical and thermal
energy consumption drops slowly. When CF;in is 0.15M and DPin is
2.0MPa, SEC is 12.0 kW$h=m3. The corresponding STEC is 139.5
MJ=m3. As CF;in decreases to 0.05M and DPin increases to 3.5MPa,
SEC is 5.2 kW$h=m3, equivalent to the STEC of 60.6 MJ=m3. Under
the specified operating condition of SE, the increase of DPin in-
creases freshwater production as shown in Fig. 8 (a). Namely, lower
SEC can be obtained under high DPin, which is exactly consistent
essure difference distribution along the flow direction in RO.



Fig. 10. Energy consumption as a function of inlet pressure difference.

X. Lai et al. / Energy 165 (2018) 916e930 923
with the trend in Fig. 10 (a). Moreover, with the relationship of SEC
and STEC in Eq. (14), STEC has the same trend with SEC via DPin.

According to aforementioned analysis, the impacts of Th and
DPin present different behaviors on the system performance of
Config. I. Four performance specifications with the feed solution
concentration of 0.1M within the research scope were depicted in
Fig. 11. It can be seen that higher DPin not only achieves high fresh
water recovery ability, but also reduces the SEC and STEC to a low
level. However, optimal Th for different performance specification
Fig. 11. Schematic view of performance w
deviates greatly. Low Th is beneficial for high recovery rate and low
SEC, while high Th achieves high fresh water production. And a
middle temperature is optimal for STEC.

3.2. System performance comparison between config. II and I

In Config. II, ERD is employed to recover the residual pressure
energy in outlet flow of feed solution for pre-pressurizing the inlet
flow of feed solution. The fresh water recovery ability and energy
ithin the research scope in Config. I.



Fig. 12. Schematic view of performance within the research scope in Config. II.
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consumption under different Th and DPin for desalinating the feed
solution of 0.10M were investigated systematically. Fig. 12 sum-
marizes the performance of SE-RO system in Config. II. Compared
Fig. 13. Performance comparison between
with Config. I in Fig. 11, the influence of Th and DPin on the four
performance specifications are roughly the same. While comparing
the performance, except for the drastic reduction of recovery rate,
two configurations under different Th .
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the employment of ERD improves the other three performance
specifications obviously. Within the research scope in Config. II, the
highest fresh water production and recovery rate are 34.2 L=h and
3.1%. The lowest SEC and STEC are 2.5 kW$h=m3 and 35.95 MJ=m3.
For further stating the performance comparison quantitatively, the
line-symbol diagrams were plotted as follows, including perfor-
mance comparison under different Th (DPin ¼ 3MPa) and different
DPin (Th ¼ 653.15 K).

With the pressure elevation in RO specified, the system per-
formance of Config. I and II under different Th were compared in
Fig. 13. Fig. 13 (a-1) and (a-2) state the fresh water production and
recovery rate respectively, the figures tell that Config. II achieves
greater transmembrane water flux but lower recovery rate. Ac-
cording to the equation of energy supplement and requirement in
Eq. (A-29), it indicates that the employment of ERD is capable to
increase the energy supplement for water pumping and then in-
creases the inlet flow rate of salt water. The analysis of Fig. 6 in-
dicates greater inlet flow rate is beneficial for decreasing the
osmotic pressure resistance then enhances the driving force for the
transmembrane water flux. Hence, the fresh water produced in
Config. II appears a drastic increase which is relatively around 110%.
However, for the extent of transmembrane water flux increase is
quite smaller than the inlet flow rate increase, recovery rate in
Config. II drops significantly by around 86%. Meanwhile, as to the
energy consumption in Fig. 13 (b-1) and (b-2), the net power sup-
plement from SE and heat supplement from external heat source is
equal between two configurations under different Th, but the
employment of ERD increases the produced fresh water. Thus, SEC
and STEC both drop drastically which are 53% and 52% respectively.
Fig. 14. Performance comparison between t
Meanwhile, greater fresh water production and less recovery rate,
energy consumption under different DPin in Config. II appear as
well in Fig. 14. Hence, with the performance comparison and
analysis between two configurations above, ERD is more beneficial
for achieving a configuration which has better overall performance
though the recovery rate is reduced.
3.3. System performance under ideal and non-ideal model of SE

Ideal adiabatic model was employed in the former work to state
themost energy efficient condition of SE. By further considering the
irreversible factors (imperfect regeneration and friction loss) based
on the ideal model, the non-ideal model of SE performs much
closer to the real condition. The following work mainly states the
performance comparison between the systems (both installed with
ERD) with current energy conversion ability and the ideal theo-
retical ability of SE.

Performance under the ideal and non-ideal SE models are
compared with different Th and DPin as depicted in Figs. 15 and 16.
Results indicate that non-ideal model behaves with lower fresh
water production and SEC, but higher recovery rate and STEC. With
Eq. (A-23)-(A-27), imperfect heat regeneration and friction loss
considered in non-ideal model will lead to a reduction of power
output and thermal efficiency in SE. A reduced shaft power from SE
will decrease the pumped flow rate of feed solution in RO units.
Then this will reduce the fresh water production and SEC, and in-
crease the recovery rate which can be explained with the same
mechanism as depicted in Fig. 6. Furthermore, though SEC drops in
non-ideal model but the reduction of SE thermal efficiency means
wo configurations under different DPin .



Fig. 15. Performance comparison by utilizing the ideal and non-ideal models of SE under different Th .

Fig. 16. Performance comparison by utilizing the ideal and non-ideal models of SE under different DPin .
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more thermal energy is required to obtain the same power output.
Hence, STEC in non-ideal model increases a lot as compared with
the ideal model within the research scope.

In general, as the performance approaching closer to the ideal
theoretical condition with the technical improvement of SE such as
the development of more efficient regenerator, the fresh water
production ability and thermal energy consumption for one cubic
water can be further improved up to around 8% and 35% theoreti-
cally. Besides, in the real operation of this system, some applied
constraints should be considered as well such as periodical main-
tenance due to the gas leakage in SE, efficient operation strategy to
ensure the water pump work near the designed optimal point as
the thermal energy input varies.

4. Conclusion

A hybrid SE-RO system was proposed for the desalination of
brackish water to utilize the moderate temperature heat. Direct
match of mechanical energy production and consumption improves
the system compactness and reduces the procedure of energy con-
version. The influence of operation parameters (Th and DPin) on the
fresh water recovery ability and energy consumption of the hybrid
system under two mathematical models of SE and two system
configurations were investigated numerically. Results indicate the
influence of Th and DPin on system performance mainly result from
the variance of net driving force for transmembrane water flux.
Variance of Th influences the pumped inlet flow rate in RO, then
changes the osmotic pressure difference distribution. Higher inlet
flow rate of feed solution is beneficial for decreasing the osmotic
pressure difference which improves the driving force. The variance
of DPin influences the distribution of hydraulic pressure difference
and osmotic pressure difference simultaneously under the specified
power input from SE, but net driving force is still positively related to
DPin. Hence, high DPin is found to be beneficial for the system per-
formance. Comparison between two configurations indicates the
installment of ERD improves the fresh water production and reduces
the energy consumption for one cubic water production by around
110% and 52% respectively. And Config. II achieves the highest fresh
water production of 34.2 L=hand the lowest SEC and STEC of 2.5 kW$

h=m3 and 35.95 MJ=m3. Furthermore, by comparing the perfor-
mance under the ideal and non-ideal models of SE, results indicate
the fresh water production and specific thermal energy consump-
tion can be further improved up to 8% and 35% theoretically with the
development of SE technology.
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Appendix

A1. SE modeling

Eq. (A-1) is derived from the ideal gas law in five cells with the
identical pressure p. Meanwhile,mmeans themass of substance, Rg
is the gas constant. V is the volume of the cell, T is temperature. The
subscripts c; k; r;h; e represent the compression space, cooler,
regenerator, heater and expansion space respectively.

p ¼ mRg�
Vc
Tc
þ Vk

Tk
þ Vr

Tr
þ Vh

Th
þ Ve

Te

� (A-1)
The mean effective temperature in the regenerator Tr is deter-
mined by:

Tr ¼ Th � Tk
ln
�
Th
Tk

� (A-2)

The differential equation of pressure with respect to the crank
angle is:

dp
dq

¼
�gp

�
1
Tck

dVc
dq þ 1

The
dVe
dq

�
h
Vc
Tck

þ g
�
Vk
Tk
þ Vr

Tr
þ Vh

Th

�
þ Ve

The

i (A-3)

in which, g is the specific heat ratio. Subscript ck represents the
interface between compression space and cooler, he means the
interface between heater and expansion space. Tck and The are
determined by the following criterion:

if m0
ck >0; then Tck ¼ Tc; else Tck ¼ Tk: (A-4)

if m0
he >0 then The ¼ Th; else The ¼ Te: (A-5)

m0
ck and m0

he represent the mass flow at the interface ck and he
which are:

m0
ck ¼ �dmc (A-6)

m0
he ¼ dme (A-7)

Mass of substance in the five cells can be determined by:

mi ¼
pVi

RgTi
ði ¼ c; k; r; h; eÞ (A-8)

Moreover, the differential equations of mass in the five cells are:

dmc

dq
¼

p dVc
dq þ 1

gVc
dp
dq

RTck
(A-9)

dme

dq
¼

p dVe
dq þ 1

gVe
dp
dq

RThe
(A-10)

dmi

dq
¼ mi

p
dp
dq

$ði ¼ k; r;hÞ (A-11)

As the process in compression and expansion spaces are
considered operating adiabatically, the temperature Tc and Te vary
cyclically with the change of crank angle.

dTi
dq

¼ Ti

�
1
p
dp
dq

þ 1
Vi

dVi

dq
� 1
mi

dmi

dq

�
ði ¼ c; eÞ (A-12)

The heat exchanged in a cycle is:

Qk ¼
ð2p

0

�
Vkcv
Rg

dp
dq

� cp

�
Tck

m0
ck

dq
� Tk

m0
kr

dq

�	
dq (A-13)

Qr ¼
ð2p

0

�
Vrcv
Rg

dp
dq

� cp

�
Tk
m0

kr
dq

� Th
m0

rh
dq

�	
dq (A-14)
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Qh ¼
ð2p

0

�
Vhcv
Rg

dp
dq

� cp

�
Th
m0

rh
dq

� The
m0

he
dq

�	
dq (A-15)

In Eq. (A-16) and (A-17),m0
kr andm0

rh represent the mass flow at
the interface kr and rh.

m0
kr ¼ m0

ck � dmk (A-16)

m0
rh ¼ m0

he þ dmh (A-17)

The work done in a cycle is:

Wc ¼
ð2p

0

�
p
dVc

dq

�
dq (A-18)

We ¼
ð2p

0

�
p
dVe

dq

�
dq (A-19)

W ¼ Wc þWe (A-20)

For an alpha-type SE, the volume of expansion and compression
space with respect to crank angle have the following relationships.
Vcl and Vsw represent the clearance and swept volume. a is the
phase angle.

Vc ¼ Vclc þ
1
2
Vswcð1þ cosqÞ (A-21)

Ve ¼ Vcle þ
1
2
Vsweð1þ cosðqþ aÞÞ (A-22)
Table 2
Results comparison of ideal and non-ideal models with experiment for SE.

Initial value [45e47]

Gas ð�Þ Fr ðHzÞ PmeanðbarÞ Th ðKÞ Tk ðKÞ Vclc ðccÞ Vswc ðccÞ Vcle ðccÞ Vswe ðccÞ Vr ðccÞ a ðradÞ
H2 25 100 1060 330 30 160 40 160 30 p

2

Results comparison

hExp ð%Þ hIdeal ð%Þ Relative error (%) hNon�ideal ð%Þ Relative error (%)

38.73 60.65 56.60 41.47 7.07
Eq. (A-1)-(A-22) are the governing equations of the ideal adia-
batic model for describing an alpha type SE theoretically. For
further approaching the realistic condition, a simple description for
the imperfect regeneration and friction loss were stated in the
following equations (A-23)-(A-27) and the comparison with
experimental data indicates it has an acceptable relative error.

Qr;loss ¼ ð1� εÞQr;max (A-23)

Q 0
h ¼ Qh þ Qr;loss (A-24)

Q 0
k ¼ Qk � Qr;loss (A-25)

By considering the regenerator in SE has an efficiency of ε, the
regeneration heat loss will lead to the increase of heat absorption
and releasing in heater and cooler respectively. Furthermore, the
friction loss occurred in the three heat exchangers will decrease the
pressure when substance moves from the compression space to the
expansion space. Hence, the cyclic work loss and the shaft work can
be expressed as:

Wloss ¼
X�I

DpidVeÞ ¼
X�I �

2frmVGL
md2

�
i
dVe

	
ði ¼ h; r; kÞ

(A-26)

W 0 ¼ W �Wloss (A-27)

The shaft power produced from SE is then transmitted to a
pump for elevating the pressure of feed solution before entering
RO. As the power consumption in pump associates with the inlet
volume flow rate N _VF;in and pressure elevation DPin, we have the
following equations:

hpumpFW ¼ N _VF;inDPin (A-28)

hpumpFW þ hERDN _VF;outDPout ¼ N _VF;inDPin (A-29)

Eqs. (A-28) and (A-29) correspond to Config. I and Config. II,
respectively. FW is the shaft power output of SE, production of
frequency F and cyclic power W. hpump is the efficiency considering
the loss of drive mechanism and pump simultaneously. The energy
requirement is the production of N (number of RO units), _VF;in (inlet
volume flow rate of feed solution in a RO unit) and DPin (inlet
pressure difference aside the membrane). In Config. II, the energy
recovered by ERD is the production of hEDR (efficiency of ERD), N,
_VF;out (outlet volume flow rate of feed solution in a RO unit) and D
Pout (outlet pressure difference aside the membrane).
A2. Validation for the model of Stirling engine
The operation and geometric parameters of an alpha type SOLO
Stirling 161 kinetic engine which is the SE module of “EuroDish”
dish Stirling system were utilized for the validation. With the
initial values referred from the previous research work list in
Table 2 (Th and Tk were set according to the temperature of heat
source and coolant and empirical temperature difference for heat
transfer), the calculated results of the ideal adiabatic model and
non-ideal adiabatic model were compared with the experimental
data. From the comparison of thermal efficiency between ther-
modynamic models and the experiment, it can be seen by
considering the imperfect regeneration and friction loss based on
the ideal model, the thermal efficiency calculated from the non-
ideal model appears an acceptable relative error compared with
the experimental result.
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A3. Validation for the model of reverse osmosis
Table 3
Results comparison of model with experiment for RO.

Initial value [48]

LðmmÞ WðmmÞ HðmmÞ CHðMÞ TðKÞ
146 95 1.73 0.02 298.15

Results comparison

Re Hydraulic pressure ðkPaÞ Permeate flux ðm=sÞ Relative error (%)

Simulation Experiment

290 690 9.99 9.35 6.84
1030 15.19 15.21 �0.13
1370 19.66 20.26 �2.96

590 690 10.64 9.90 7.47
1030 16.40 16.54 �0.85
1370 21.62 22.81 �5.22
The employed model of reverse osmosis was validated with the
initial value in Table 3, the transmembrane permeate flux under six
operation conditions calculated from the model were compared
with the experimental results. From Table 3, it can be seen this
model has the maximal relative error of 7.47% which is relatively
acceptable. Hence, we consider the simulation conducted by inte-
grating the models of SE and RO is reliable.

Nomenclature

cp Isobaric specific heat J=ðkg$KÞ
cv Isochoric specific heat J=ðkg$KÞ
m Mass of substance kg
m0 Mass flow kg
p Mean pressure of substance Pa
Rg Gas constant J=ðkg$KÞ
T Temperature K
V Volume of the control volume m3

Q Cyclic heat transfer J
W Cyclic work J
F Frequency of SE Hz
N Number of RO units
_V Volume flow rate m3=s
DP Pressure difference aside the membrane Pa
Dpm Osmotic pressure difference Pa
Jw Transmembrane water flux m=s
Js Transmembrane salt flux mol=ðm2$sÞ
A Water permeability coefficient m=ðs$PaÞ
B Salt permeability coefficient m=s
C Salt concentration mol=m3

k Mass transfer coefficient m=s
Sh Sherwood number
Re Reynolds number
Sc Schmidt number
D Diffusion coefficient m2=s
L Length of flow channel in RO m
W Width of membrane m
Dh Hydraulic diameter of flow channel in RO m
v Velocity of bulk flow m=s
fr Friction loss factor
G Mass flow of substance kg=ðs$m2Þ
d Hydraulic diameter m

Greek symbols
a Phase angle advance of expansion space rad
g Specific heat ratio
q Angle rad
h Efficiency %
r Density of sodium chloride solution kg=m3

ε Efficiency of regenerator %
m Dynamic viscosity Pa$s
Subscripts
c Compression space
ck Interface between compression space and cooler
k Cooler
kr Interface between cooler and regenerator
r Regenerator
r;max Maximum cyclic heat absorbing in regenerator
rh Interface regenerator and heater
h Heater
he Interface between heater and expansion space
e Expansion space
clc Clearance volume in compression space
cle Clearance volume in expansion space
swc Swept volume in compression space
swe Swept volume in expansion space
F Feed solution
P Permeate solution
m Membrane surface
b Bulk flow
Abbreviations
ED Electro dialysis
ERD Energy recovery device
MD Membrane distillation
MEE Multi-effect evaporation
MSF Multi-stage flash
ORC Organic Rankine cycle
PRO Pressure retarded osmosis
PV Photovoltaic
PX Pressure exchanger
RO Reverse osmosis
SE Stirling engine
SEC Specific energy consumption kW$h=m3

SORC Supercritical organic Rankine cycle
STEC Specific thermal energy consumption MJ=m3

SWRO Sea water reverse osmosis
TV Throttling valve
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