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An ocean thermocline desalination system using the direct spray method 

Qian Chen, PhD a,*, Muhammad Burhan, PhD a, Kum Ja M., PhD a, Yong Li, PhD b, 
Kim Choon Ng, PhD a,* 

a Water Desalination and Reuse Center, King Abdullah University of Science and Technology, Thuwal 23955, Saudi Arabia 
b College of Environmental Science and Engineering, Donghua University, Shanghai 201620, China   

H I G H L I G H T S  

• A sustainable desalination system driven by natural thermocline energy is evaluated. 
• Thermo-economic analyses and optimization are conducted. 
• Specific energy consumption ranges 2–5 kWhe/m3. 
• Life-cycle desalination cost is $1–1.5/m3 and is mainly attributed to component costs.  
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A B S T R A C T   

Most of the existing desalination technologies are highly dependent on primary energy, limiting their applica-
tions to affluent areas. To address water scarcity in remote areas, it is crucial to exploit the potential of renewable 
energy sources for desalination. The natural temperature gradient between the surface and deep seabed, i.e., the 
ocean thermocline, can provide sufficient driving forces for low-temperature thermal desalination. This study 
presents a thermocline desalination system using the direct spray method. A single-stage spray desalination setup 
is designed and operated under the temperature ranges that are typical in ocean thermocline. The minimum 
temperature gradients to drive the system is <5 ◦C, thus allowing effective integration with thermocline energy. 
Afterward, thermodynamic and techno-economic analyses are conducted for the thermocline-driven spray 
desalination system. The major design and operating parameters are observed to have conflicting effects on the 
water productivity (11–31 m3/day), required heat transfer area (2–4.6 m2 per m3/day of production), and 
specific energy consumption (2–5.1 kWh/m3). An optimal trade-off of these effects is observed when the system 
has 2 stages and the cooling water flowrate is 33% higher than the seawater flowrate. Under the optimized 
conditions, the life-cycle desalination cost ranges from $1–1.5/m3, lower than most decentralized desalination 
systems operated with solar or ocean thermocline energy.   

1. Introduction 

Due to the rapid increase in water consumption, the role of seawater 
desalination is becoming more and more critical to address global water 
scarcity. With more than 20,000 plants installed worldwide, desalina-
tion provides a reliable water supply of > 100 million m3/day [1], 
equivalent to about 13 L/day per person. However, such a capacity is far 
from enough to address the existing water shortage, and the potential of 
desalination needs to be further exploited. 

Existing desalination technologies have very high energy intensity. 
Conventional thermal desalination systems, including multi-effect 

distillation (MED) and multi-stage flash desalination (MSF), consume 
a considerable amount of heat (55–100 kWh/m3) [2]. The reverse 
osmosis (RO) process is more energy-efficient, but it requires a stable 
electricity supply. Therefore, these desalination technologies are highly 
dependent on the primary energy supply, and they are not suitable for 
remote areas with no access to fossil fuels or the grid. 

To expand desalination to remote areas, extensive efforts have been 
reported to develop solar desalination systems [3,4]. This is because 
solar energy is usually abundant in areas with a limited water supply. 
Theoretically, all the existing desalination systems can be driven by 
electricity or heat generated from a solar plant. However, practical ap-
plications of these solar desalination systems are hindered by the high 
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capital costs of solar fields and desalination plants. For example, the 
desalination costs for solar-driven RO plants are >$10/m3 due to the 
extra investment of PV panels and batteries [5]. Therefore, it is of great 
impetus to develop solar desalination processes that are economically 
competitive. Several desalination technologies suitable for solar 
coupling have emerged in the past few decades, e.g., humidification- 
dehumidification (HDH) desalination, membrane distillation (MD), 
and direct-contact spray desalination. 

HDH operates under ambient conditions with low initial cost and 
minimal maintenance requirements. Solar-driven HDH has been exten-
sively reported in the literature. Li et al. [6] designed an HDH system 
powered by an evacuated-tube solar air heater. The cut-length efficiency 
of the solar collector was measured to be 47%. Farooq, Nabil, and 
Mohammad [7] tested an HDH cycle augmented by solar energy. 
Employment of the solar air heater enhanced the daily productivity by 
72%, and the specific energy consumption was reduced by 170%. Zubair 
et al. [8] optimized a solar-driven HDH system. Under the weather 
condition of Saudi Arabia, the desalination costs were in the range of 
$0.032–0.038/L. Wu et al. [9] theoretically evaluated the maximum 
gained-output ratio (GOR) of a single-effect solar HDH cycle under ideal 
situations. The lowest specific energy consumption for an ideal single- 
effect close-air-open-water HDH cycle was calculated to be 100.21 kJ/ 
kg, and the maximum GOR was 12.5. 

One limitation of the HDH cycle is its small capacity and relatively 
large footprint, which is mainly attributed to the existence of air as the 
carrier gas. In contrast, MD modules are more compact due to the use of 
membranes as the evaporation interface, which minimizes the required 
space for vapor. Therefore, solar-driven MD has also attracted substan-
tial research interests. Zaragoza et al. [10] tested several MD modules 
for possible solar coupling, including air-gap, permeate-gap, and vac-
uum MD with flat-plate and spiral-wound configurations. The vacuum 
multi-effect membrane distillation (V-MEMD) module was observed to 
have the lowest heat consumption, but its electricity consumption was 
also much higher than other modules. Andrés-Mañas et al. [11] tested a 
V-MEMD module powered by a solar thermal collector. The thermal 
storage system was observed to regulate the change of solar intensity 
and seawater temperature. Chafidz et al. [12] integrated a V-MEMD 
module with evacuated-tube collectors and PV arrays. Its distillate 
productivity was measured to be 43–51 L/h under clear days. Chen et al. 
[13] integrated V-MEMD with a concentrated photovoltaic/thermal 
module (CPV/T), which simultaneously produces 562 kWh electricity 

and 5.25 m3 of water for every m2 of solar collector area. Guillén-Bur-
rieza et al. [14] presented a techno-economic analysis on a 100 m3/day 
MD solar desalination plant. The desalination cost was in the range of 
10–11.3 €/m3. 

In addition to HDH and MD systems, the direct spray desalination is 
also a promising candidate for solar coupling. It allows water and vapor 
to be in direct contact, thus eliminating the heat/mass transfer in-
terfaces. The merits include enhanced heat/mass transfer and simplicity 
of component design. El-Agouz, El-Aziz, and Awad [15] evaluated a 
spray desalination system driven by a 1-m2 solar water collector. The 
maximum water productivity was 9 L/day. Chen et al. [16] evaluated 
the long-term performance potential of solar spray desalination in 
Singapore. The system achieved water productivity of 30 L/day. Well-
mann, Meyer-Kahlen, and Morosuk [17] presented a hybrid system 
combining a concentrated solar power plant and a multi-stage spray 
desalination unit. Electricity generation cost was calculated to be $0.2/ 
kWh, and water cost ranged 0.4–0.8 $/m3. Qian et al. [18] proposed a 
multi-stage spray desalination system coupled with evacuated-tube 
collectors and hot water tanks. The unit cost for desalinated water was 
$1.29/m3. 

Table 1 summarizes the performance of several solar-driven desali-
nation systems. All of them use solar collectors, which require additional 
costs for the solar field and increase operational complexity. A more 
promising way for desalination is to utilize renewable sources that are 
directly available from nature, such as the ocean thermocline energy. 
Since the ocean covers 70% of the earth's surface, it acts as the largest 
solar collector to capture solar irradiation. Surface seawater tempera-
ture is maintained to be 30–40 ◦C by capturing solar irradiance, while 
water at the deep seabed of 300–600 m is cold at 4–10 ◦C. Such a natural 
temperature gradient can be directly employed for desalination. It re-
quires only pumps and pipelines, thus eliminating the need forsolar 
collectors or heat storage devices. The fabrication of cold water pipes 
from deep seabed has been reported in several studies [23–25], which 
demonstrated the feasibility for thermocline energy utilization. Actual 
thermocline-driven desalination plants have also been constructed. For 
example, in 2005, the National Energy Laboratory of Hawaii and the 
National Institute of Ocean Technology (NIOT) of India developed a 
thermocline desalination plant in Kavaratti island, which produces 
freshwater at 100 m3/day [26]. At the research level, continuous efforts 
have been reported on the efficient utilization of thermocline energy for 
desalination. Miyatake et al. [27,28] evaluated the flash evaporation 

Nomenclature 

A Condenser area, m2 

C Cost, $ 
cp Specific heat, J/kg-◦C 
Ḋ Evaporation rate, kg/s 
Ė Electricity consumption, W 
hf Enthalpy of liquid, J/kg 
hfg Latent heat of vaporization, J/kg 
hv Specific enthalpy for water vapor, J/kg 
i Annual interest rate, % 
ṁ Flowrate of seawater or cooling water, kg/s 
n Plant lifespan, year 
p Pressure drop, Pa 
T Temperature, ◦C 
U Overall heat transfer coefficient, W/m2-K 
X Salt concentration, kg/kg 

Greek letters 
Δ Difference 
η Pumping efficiency, % 

ρ Water density, kg/m3 

Subscripts 
cond Condenser 
cont Contingency 
cw Cooling water 
direct Direct procurement cost 
el Electricity 
evap Evaporator 
hex Heat exchanger 
i ith stage 
initial Initial capital cost 
N Total number of stages 
O&M Operation and maintenance 
off Offsite cost 
pipe Cold water pipe 
pump Water pump 
sw Feed seawater 
tank Storage tank 
v Vapor  
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phenomenon in a spray evaporator driven by thermocline energy. The 
hot seawater was observed to break up into droplets with diameters 
much smaller than the nozzle size. Yasuyuki et al. [29] compared the 
evaporation rates in upward and downward sprays. The upward spray 
demonstrated a better evaporation rate under a smaller temperature 
difference, which favors the application of low-grade heat sources like 
thermocline energy. Mutair and Ikegami [30] developed upward spray 
evaporators operating under feed temperatures of 24–40 ◦C. The feed 
water temperature decreased exponentially in the evaporator, demon-
strating a high thermal energy conversion efficiency at a short residence 
time. Shahzad et al. [31] evaluated the potential of multi-effect distil-
lation (MED) operating with ocean thermocline energy. The system 
increased the desalination efficiency by two folds, attaining 18.8% of the 
thermodynamic limit. 

Despite of its great potential, thermocline desalination is still at its 
infancy stage. Most of the existing studies only focus on improving the 
spray evaporator with little coverage on the whole system. Due to the 
relatively smaller temperature gradient, the design and operation of 
thermocline desalination plants are different from that of regular ther-
mal plants. However, there is a lack of parametric study on the most 
important variables, e.g., the number of operating stages, the cooling 
water flowrate and the heat exchanger area. Moreover, existing studies 
only evaluate the productivity and thermal efficiency, while an eco-
nomic evaluation has not been conducted. 

This study is intended to fill the research gaps by evaluating the 
thermocline desalination system systematically. A single-stage spray 
desalination pilot system will be designed and tested under typical 
temperature ranges of ocean thermocline. Then, thermodynamic and 
techno-economic analyses will be conducted on the thermocline-driven 
spray desalination system to evaluate its productivity, energy efficiency, 
and cost under different design and operation conditions. Afterward, 

optimization will be conducted to obtain the design and operating 
conditions that minimize the life-cycle desalination cost. The results will 
be useful for future design and installation of the spray desalination 
system driven by ocean thermocline energy. 

2. Process description 

Fig. 1 shows the schematic of the proposed thermocline desalination 
system using the direct spray method. It consists of several stages, two 
seawater intake pumps and seawater pipes. Each stage consists of a 
tubeless spray evaporator, a coil condenser, and a spray pump. During 
operation, all the spray evaporators and the coil condensers are under 
vacuum conditions. Warm water from the sea surface is sprayed into the 
spray evaporator, where a part of it flashes off. The produced vapor 
flows to the corresponding condenser, and the remaining seawater is 
directed to the second stage as the feed. The second stage is at a lower 
pressure so that seawater can further evaporate. Such a process is 
repeated in the following stages. Finally, the unevaporated seawater, 
which is named the brine, is discharged back to the sea. Cold seawater 
from the deep-sea, entering from the last stage, sequentially passes 
through the condensers to condense the produced vapor. The cooling 
seawater leaving the first condenser returns to the sea, and the 
condensate is collected as freshwater. The system is driven by the nat-
ural temperature gradient along the seabed. The only energy input is the 
electricity consumption of the pumps. 

3. Methodology 

The potential of the proposed thermocline desalination system is 
evaluated experimentally and analytically. A single-stage spray desali-
nation system is firstly designed and commissioned to demonstrate the 

Table 1 
Performance of solar-driven desalination systems.  

System Productivity Electricity consumption Heat consumption Desalination cost Reference 

m3/day kWhe/m3 kWht/m3 $/m3 

PV-RO  0.5 19–32 0 15.6 [19,20] 
PV-RO  0.35 4.6 0 10 [5] 

Solar-HDH  0.029 n.a. 408 32–36 [8] 
CPVT-VMD  0.014 5 200–250 0.7–4.3 [13] 
Solar-MD  100 1.24 374.8 11.8–13.4 [14] 

Solar-DCSD  7.2 1.16 189 1.29 [18,22]  

Fig. 1. Schematic of the thermocline desalination system using the direct spray method.  
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feasibility of low-temperature desalination driven by a small tempera-
ture gradient. Afterward, a mathematical model is developed to assess 
the production rate, energy efficiency, required heat exchanger 
(condenser) area, and desalination cost of the system. 

3.1. Experimental setup 

Fig. 2 shows the single-stage desalination setup using the direct spray 
method. It consists of a tubeless spray evaporator, a coil condenser, a 
seawater supply tank, and two water baths. The spray evaporator is a 
hollow vessel (D300 × H350) with two glass windows for visualization 
purposes. It is made of stainless steel and covered by thermal insulation 
materials to minimize heat leaks. The feed tank (D250 × H270) and the 
condenser chamber (D500 × H240) are also made of stainless steel, 
while the condenser coils are made of copper. These chambers are 
connected with PVC-reinforced hoses, and the joints are sealed with O- 
rings to avoid vacuum leakage. A circular nozzle with a diameter of 9 
mm is used for seawater injection. When the spray evaporator is under 
vacuum condition, the hot seawater will break up into droplet with di-
ameters of 200–600 μm [32], which significantly increases the surface 
area for evaporation. 

During experimental tests, the seawater firstly passes through one of 
the water baths to get heated. Then the hot seawater is supplied to the 
evaporator. As the evaporator is under vacuum, a portion of the 
seawater flashes into vapor. The unevaporated seawater returns to the 

feed tank, and the produced vapor flows to the condenser, where it is 
condensed using cold water supplied by the other water bath. The 
temperatures and flowrates of the seawater and cooling water are 
measured using flowmeters and temperature sensors for further anal-
ysis. The pressure and temperature of the vapor are also measured for 
monitoring purposes. Technical data of the sensors are summarized in 
Table 2. Signal outputs of these sensors are recorded using an Agilent 
data logger. After each test run, the distillate is collected from the 
condenser to measure and record its volume. 

Fig. 2. Single-stage direct-contact spray desalination setup.  

Table 2 
Technical data of the sensors.  

Variable Sensor Range Accuracy 

Water/vapor 
temperature 

Thermistor probes (OMIGA TJ36- 
44004-1/8-12) 

0–70 ◦C ±0.1 ◦C 

Pressure Vacuum pressure transmitters 
(YOKOGAWA FP201A-K33-L20A- 
B) 

0–100 
kPa 

±0.2 kPa 

Flowrate Paddle wheel flowmeters (Aichi 
Tokei Denki ND05-PATAAC-RC) 

0.3–30 
LPM 

±0.06 
LPM 

Distillate 
productivity 

Measuring cylinder 0–1000 
mL 

±5 mL  
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3.2. Mathematical modelling 

A process model is developed for the spray desalination process 
based on heat and mass conservation. Fig. 3 shows the schematic of a 
spray desalination stage with a detailed list of the main symbols. Here ṁ 
is the seawater flowrate, and Ḋ is the vapor/distillate flowrate. T is the 
temperature and X is the salt concentration. The subscript i represents 
the ith stage, while sw, cw and v represent feed seawater, cooling water, 
and vapor, respectively. The following assumptions are made:  

(1) The system is adiabatic with negligible heat loss to the ambient; 
(2) Droplet carry-over in the evaporator is negligible, and the pro-

duced vapor is salt-free [16];  
(3) Water and vapor properties are uniform in each stage. Seawater 

properties are calculated using the correlations developed by 
Sharqawy and Lienhard [33], while vapor properties are 
computed using the equations developed by Wagner and Kruse 
[34]. 

Table 3 summarizes the model equations that describe the spray 
desalination process. Eqs. (1)–(3) are the conservation of heat, mass, and 
salt in the spray evaporators, and Eq. (4) describes the boiling point 
elevation effect (BPE). Eqs. (5)–(7) calculates energy balance and 
required heat transfer area in the condenser, with the overall heat 
transfer coefficients calculated from the correlations summarized in 
[35]. The approach temperature difference in each condenser is 
assumed to be fixed at ∆Thex, as shown in Eq. (7). Eq. (8) calculates the 
overall electricity consumption, and Eq. (9) describes the specific energy 
consumption for the unit mass of distillate, which is a measurement of 
energy efficiency. 

The cost for desalination includes initial cost, operation and main-
tenance (O&M) costs, and electricity cost, as summarized in Table 4. The 
initial cost consists of direct and indirect costs. Direct cost refers to the 
cost for purchasing the system components, i.e., evaporators, con-
densers, pumps, pipes, and water storage tanks, as calculated in Eq. (10). 
Indirect costs refer to offsite cost, engineering cost, and contingency cost 
[36]. Offsite cost is the cost for site development. According to the ex-
periences of similar plants, its value is considered to be 40% of the direct 
cost. Engineering cost is the cost for commissioning the system, while 
contingency cost is prepared for different uncertainties (e.g., price 
change and currency fluctuation). For big process plants, the former is 
assumed to be 10% of the direct plus offsite costs while the latter is 15%, 
as revealed in Eqs. (12) & (13). The O&M costs are also calculated as a 

fraction of the initial costs [18], while the cost for electricity is calcu-
lated from electricity consumption. 

Procurement costs for the system components are obtained from 
open literature, as given in Table 5. The data is based on the prices paid 
for equipment and bulk items in actual projects. The cost of the cold 
water pipe, which is used for seawater intake from deep seabed, is ob-
tained from the reports published by the International Energy Agency 
(IEA) [37,38]. The plant is designed to have a lifespan of 20 years with 
95% annual availability. The interest rate is assumed to be 5% [39], and 

Fig. 3. Model schematic of one spray desalination stage.  

Table 3 
Process model for the thermocline desalination system using the direct spray 
method.  

Component Equation No. Description 

Evaporator ṁsw,i = ṁsw,i+1 + Ḋi  (1) Feed seawater mass 
balance 

ṁsw,iXsw,i = ṁsw,i+1Xsw,i+1  (2) Feed seawater salt 
balance 

ṁsw,ihf
(
Tsw,i ,Xsw,i

)
=

ṁsw,i+1hf
(
Tsw,i+1,Xsw,i+1

)
+

Ḋihv
(
Tv,i

)

(3) Feed seawater energy 
balance 

Tv, i = Tsw, i+1 − BPEi (4) Boiling point 
elevation effect 

Condenser Ḋihfg
(
Tv,i

)
=

ṁcwcp
(
Tcw,i − Tcw,i+1

)
(5) Condenser energy 

balance 

Ac,i =
ṁcwcp

(
Tcw,i − Tcw,i+1

)

UiLMTDi  

(6) Required condenser 
area 

Tcw, i = Tv, i − ∆Thex (7) Condenser approach 
temperature 
difference 

Pumping 
power Ė =

∑
ṁsw,i∆psw
ρswηpump

+

ṁcw

(∑
∆pc + ∆ppipe

)

ρcwηpump
+

∑
Ḋi∆pd

ρdηpump  

(8) Overall pumping 
power consumption 
of the system 

Specific power 
consumption SEC =

Ė
∑

Ḋi  

(9) Specific electricity 
consumption for the 
unit mass of distillate  

Table 4 
Economic model for the thermocline desalination system using the direct spray 
method.  

Item Equation No. 

Direct purchase cost Cdirect = Cevap + Ccond + Cpump + Cpipe +

Ctank 

(10) 

Offsite cost [36] Coff = 40 % × Cdirect (11) 
Engineering cost [36] Ceng = 10 % × (Cdirect + Coff) (12) 
Contingency cost [36] Ccont = 15 % × (Cdirect + Coff) (13) 
Initial cost Cinitial = Cdirect + Coff + Ceng + Ccont (14) 
Capital recovery factor 

CRF =
i(1 + i)n

(1 + i)n
− 1  

(15) 

O&M cost [18] CO&M = Cinitial × CRF × 15% (16) 
Life-cycle cost of desalinated 

water LCOW =
Cinitial × CRF + CO&M + cel ×

∑
Ė

∑
Ḋi  

(17)  

Table 5 
Component procurement costs.  

Component Cost Comment 

Evaporator [36] Cevap = 34M0.85 +

11600 
M (kg) is the total weight of 
chamber material 

Condenser [36] Ccond = 2500Ac +

1900 
A (m2) is the overall heat exchanger 
area 

Pump [36] Cpump = − 1100 +
2100P0.6 

P (kW) is pumping power 

Freshwater tank  
[42] 

$75.66/m3 Storage capacity is 5 days 

Coldwater pipe  
[37,38] 

Cpipe = 1000ṁcw  ṁcw (kg/s) is cold water flowrate   
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the electricity price is $0.065/kWh [40,41]. 

4. Results and discussion 

This section discusses the results of the experimental and analytical 
evaluation of the proposed thermocline desalination system. Experi-
mental results are presented first to demonstrate the feasibility of the 
system and provide data for model validation. Afterward, the produc-
tivity, energy efficiency, required condenser area, and life-cycle cost of 
the system is derived using the process model. Finally, optimization is 
conducted to minimize the life-cycle desalination cost. 

4.1. Experimental demonstration 

For concept demonstration, the spray desalination setup is operated 
under temperature gradients that are similar to ocean thermocline. Feed 
seawater temperature ranges 15–35 ◦C, and cooling water temperature 
is 5–15 ◦C lower than the feed temperature. The flowrates of the feed 
seawater and the cooling water are both 1.6 LPM. For each test run, data 
was recorded for more than 30 min after the system reached steady- 
state, after which the amount of distillate was measured. Fig. 4 shows 
the distillate productivity under assorted feed water and cooling water 
temperatures. As expected, the productivity is linearly proportional to 
the hot water temperature while inversely proportional to the cooling 
water flowrate. This is because the system is driven by the temperature 
difference between feed water and cooling water. Under a fixed tem-
perature difference, the productivity is also promoted by a higher feed 
temperature, which is attributed to heat losses to the surrounding 
environment. When the system operating temperature is higher, heat 
losses to the ambient are more significant. Such heat losses function as 
additional condensation capacity and increase evaporation rates [16]. 

The experimental data is used to validate the developed model. The 
comparison between experimental results and model prediction is 
plotted in Fig. 5. Each experimental data point was measured for more 
than 30 min after the system reached steady-state, as described previ-
ously. It can be clearly seen from the figure that model prediction agrees 
well with experimental measurement, as all the data points are within 
the ±10% deviation band. The discrepancies between experimental and 
analytical data can be attributed to a small amount of distillate loss 
during distillate collection and heat losses to the ambient. These losses 
will be minimized when the system is scaled up to a larger capacity. 

4.2. Thermo-economic analysis 

This subsection evaluates the thermo-economic performance of the 
proposed thermocline desalination system using the validated model. 
Without loss of generality, the surface seawater is assumed to have a 
temperature of 30–40 ◦C, while the cold seawater temperature is 10 ◦C, 
which can be achieved from 300 m below the ocean surface [31]. 
Pressure drops across the evaporators and the condensers are 0.2 and 
0.3 bar, respectively, while that along the seawater intake pipes are 
determined by the frictional losses. 

Table 6 shows the flowrates and temperatures of feed water, cooling 
water, and distillate for a 3-stage spray desalination system operated 
with ocean thermocline energy. Surface seawater at a temperature of 
30 ◦C is supplied to the first stage. Its temperature drops by about 4.2 ◦C 
at each stage, and finally it leaves the last evaporator at 17.42 ◦C. The 
cold seawater flows in the reverse direction, i.e., from the last condenser 
to the first one. Its temperature change along each stage is close to that 
of the feed seawater. The distillate production rates in each stage are 
0.067–0.069 kg/s. The productivity in the later stages is slightly smaller 
than that in the previous stages. This can be attributed to the reduction 
of feed flowrate along the stages due to evaporation [43]. 

The data demonstrates that a 3-stage spray desalination system can 
be completely driven by thermocline energy without external heat 
sources. It only consumes a small amount of electricity for water 
pumping, whose value is calculated to be 3.9 kWhe/m3. Such electricity 
demand can be satisfied using photovoltaic (PV) modules, thus enabling 
the desalination system to be operated in remote areas that have no 
access to fossil fuels or the grid. 

When the system has more stages, the temperature drop (Tsw,i – Tsw, 

i+1, or Tcw,i+1 – Tcw,i) in each stage becomes smaller. In this case, 
seawater leaves the last stage at a lower temperature (Tsw,N+1), while the 
cooling water can reach a higher temperature when leaving the first 
condenser (Tcw,1). The former translates into more water evaporation, 
while the latter increases the condensation rate. As a result, the fresh-
water productivity is higher when the system has more stages, as shown 
in Fig. 6(a). However, the addition of more stages leads to more 
pumping power consumption for seawater and cooling water, and the 
overall heat transfer area also becomes larger, as can be seen from Fig. 6 
(b–c). The increase of productivity is the most prominent when the 
number of stages is increased from 1 to 2, while the ascending trend of 
pumping power consumption with the number of stages is prominent 
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when the system has more than 2 stages. Consequently, the life-cycle 
desalination cost is minimized when the system has 2 stages, regard-
less of the heating temperature. 

Similar to the number of stages, the cooling water flowrate also 
impacts the system performance in several aspects. Firstly, a higher 
cooling water flowrate promotes the system's condensation capacity, 
which translates into higher freshwater productivity. As plotted in Fig. 7 
(a), the productivity can be improved by 36% when the specific cooling 
water flowrate increases from 0.8 to 1.6. Meanwhile, a higher cooling 
water flowrate consumes more electricity to pump the cooling water 
from the deep seabed to the surface. The increase of pumping power is 
proportional to the flowrate, i.e., 100% under the operating range 
considered, which is more pronounced than the change of productivity. 
In this case, the specific electricity consumption per m3 of freshwater 
gets higher with the cooling water flowrate, as depicted in Fig. 7(b). A 
higher cooling water flowrate also requires more heat transfer area to 
accommodate more condensation, and the specific heat transfer area is 
almost linearly proportional to the cooling water flowrate, as shown in 

Fig. 7(c). Fig. 7(d) provides the desalination cost under different cooling 
water flowrates, which accounts for all the competing effects. For all the 
heat source temperatures, the desalination cost is minimized when the 
specific cooling water flowrate is between 1.3 and 1.4. 

Another critical design parameter is the approach temperature dif-
ference in the condensers (∆Thex in Eq. (7)). Similar to all thermal 
desalination systems, a higher approach temperature difference results 
in a smaller temperature gradient for operation, which leads to lower 
productivity and a smaller heat exchanger area. As the total pumping 
power consumption (mainly comes from cold seawater pumping from 
deep seabed) is marginally impacted by the heat transfer area, the 
reduction of productivity with higher ∆Thex also leads to higher specific 
electricity consumption. Fig. 8 shows the effect of the approach tem-
perature difference on system performance. When ∆Thex increases from 
1.5 to 5 ◦C, specific heat transfer is reduced by almost 46–50%, while the 
daily productivity and the specific pumping power consumption are 
varied by 12–20%. The variation of system performance with ∆Thex is 
more obvious when the heating temperature is higher, and the optimal 

Table 6 
Temperatures and flowrates for different streams under a typical operation condition.  

Stage Feed seawater Cooling water Distillate/vapor 

msf (kg/s) Tsw,i (◦C) Tsw,i+1 (◦C) Tcw,i+1 (◦C) Tcw,i (◦C) D (kg/s) Tv (◦C) pv (kPa)  

1  10.00  30.00  25.80  18.30  22.49  0.069  25.49  3.26  
2  9.93  25.80  21.60  14.12  18.30  0.068  21.30  2.53  
3  9.86  21.60  17.42  10.00  14.12  0.067  17.12  1.95  
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Fig. 6. System performance under different numbers of operating stages: (a) daily freshwater productivity, (b) specific electricity consumption, (c) required heat 
transfer area, and (d) desalination cost. 
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∆Thex that minimizes the cost is highly dependent on the heat source 
temperature. When the hot water temperature is 30 ◦C, minimal desa-
lination cost is observed at ∆Thex = 2.5 ◦C. The optimal values are 
increased to 3 and 3.5 ◦C, respectively, when the hot water temperatures 
are 35 and 40 ◦C. In other words, it is more economical to increase the 
heat transfer area when the heat source temperature is low, as the 
available driving force for evaporation is limited. When the heating 
temperature gets higher, reducing the condenser area is preferable for 
cost reduction. 

4.3. Optimization 

As the optimal design and operating parameters are impacted by the 
hot water temperature, this section conducts an optimization for the 
proposed system to minimize its desalination cost. Employing the 
developed model, the cost of freshwater is formulated as the function of 
four parameters, i.e., the hot water temperature, total number of stages, 
specific cooling water flowrate, and approach temperature difference in 
the condenser. The objective function for optimization is formulated as 

minLCOW = f

⎛

⎝Th,N,
ṁcw

ṁsw
, ∆Thex

⎞

⎠ (18) 

The optimal design parameters are obtained using the genetic algo-
rithm (GA). GA mimics the natural selection process to search for the 
optimal solution. At the beginning of the optimization search, a group of 

viable solutions, which is named population, is randomly generated. 
Each solution is evaluated, and the more optimal solutions that lead to 
lower costs are selected. Then a new generation of population is created 
by modifying (including crossover and mutation) the selected solutions. 
The newly generated population is again evaluated, selected, and 
modified. The process is repeated until the optimal values are found. A 
detailed description of GA can be found in the literature [22,44]. 

The optimal design and operating parameters returned by GA are 
summarized in Table 7. Under different heat source temperatures, the 2- 
stage system is always optimal, and the optimal specific cooling water 
flowrate is 1.33-1.34. The condenser approach temperature difference is 
dependent on the heat source temperature, with a higher heating tem-
perature leading to a larger ∆Thex. Under the optimal design, the pro-
ductivity is higher under a higher heat source temperature, while the 
specific electricity consumption, specific heat transfer area, and desali-
nation cost are reduced. Minimal desalination cost is observed to be 
$1.03/m3 when Th = 40 ◦C. 

Fig. 9 shows the cost breakdown for an optimized 3-stage spray 
desalination system under a heat source temperature of 30 ◦C. As shown 
in the figure, direct procurement costs account for the highest portion of 
the final cost (41%). Among the direct costs, the evaporators are the 
largest cost contributor. This is attributed to the high feed seawater 
flowrate, which leads to a large evaporator volume. The contingency 
costs and O&M costs are also high, because they are directly correlated 
to the direct procurement costs. Another essential cost driver is the 
electricity cost, which accounts for 16% of the final water cost. 
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Fig. 7. System performance under different cooling water flowrates: (a) daily freshwater productivity, (b) specific electricity consumption, (c) required heat transfer 
area, and (d) desalination cost. 
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Fig. 10 compares the desalination cost with other self-sustainable 
desalination systems that are applicable in remote islands, including 
solar-driven membrane distillation (MD) [13], solar MED [45], solar- 
MSF [46], solar-driven spray desalination [18], and thermocline- 
driven spray-assisted multi-effect distillation (SMED) [39]. As plotted 
in the figure, the proposed thermocline-driven spray desalination system 
is more cost-effective than all other systems. This is mainly attributed to 
the employment of the spray evaporators as the main system compo-
nents, which have a simple design and low cost. Also, the thermocline 
energy is relatively stable throughout the year, thus eliminating the need 
for thermal energy storage. These appealing features make the 
thermocline-driven spray desalination system a promising solution for 

potable water supply in remote islands. 

4.4. Discussions 

From the above analyses, it can be noticed that the performance of 
the proposed thermocline desalination system is different from other 
thermal desalination systems. For example, the optimal number of 
stages is 2, while a regular spray desalination system has more stages 
(8–16) [22,47]. The current system also prefers a larger cooling water 
flowrate (1.33 times of the feed flowrate), while for a regular spray 
desalination system the optimal cooling water flowrate is slightly lower 
than the feed flowrate [43,48]. These differences are attributed to the 
unique features of the thermocline energy. Firstly, the operation tem-
perature range is smaller than regular thermal desalination systems, 
limiting the maximal number of operation stages. Secondly, the cost of 
thermal energy is independent of the absolute value of heat input. 
Instead, it is decided by the costs of heat/cold sources intake (pipes, 
pumps, and pumping power), which are less significant when compared 
with other costs. Therefore, it is economically beneficial to increase the 
cooling water flowrate. 

The proposed system is suitable for remote areas that have no pri-
mary energy supply. It only consumes a small amount of electricity, 
which can be supplied by a PV field. The system design can be further 
optimized by recovering heat from PV cells. An integrated photovoltaic/ 
thermal (PVT) module can only supply hot water at a low temperature of 
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Fig. 8. System performance under different approach temperature differences in the condensers: (a) daily freshwater productivity, (b) specific electricity con-
sumption, (c) required heat transfer area, and (d) desalination cost. 

Table 7 
Optimal system design under different heat source temperatures.  

Heat source 
temperature 
(◦C) 

Optimal design Performance 

N ṁcw/ṁsw  ΔThex 

(◦C) 
Ḋ 
(m3/ 
day)  

SEC 
(kWh/ 
m3) 

Ac 

per 
m3/ 
day 
(m2) 

LCOW 
($/m3)  

30  2  1.34  2.43  18.38  3.69  3.57  1.47  
35  2  1.34  3.05  23.05  2.93  2.83  1.21  
40  2  1.33  3.66  27.73  2.43  2.33  1.03  

Q. Chen et al.                                                                                                                                                                                                                                    



Desalination 520 (2021) 115373

10

<45 ◦C, which is too low for regular thermal desalination systems. 
However, such a heat source temperature is ideal for the thermocline- 
driven desalination system. As previously shown in Table 7, an in-
crease of heat source temperature from 30 to 40 ◦C can boost the pro-
ductivity by 50%, while the cost is reduced by 30%. Therefore, the 
integration of the thermocline-driven spray desalination system with 
PVT is a promising solution. 

5. Conclusions 

A multi-stage thermocline-driven desalination system using the 
direct spray method has been evaluated experimentally and analytically. 
A pilot spray desalination setup is firstly designed and tested under 
temperature ranges that are typical in ocean thermocline energy. Af-
terward, the thermo-economic performance of the proposed thermo-
cline desalination system is analyzed via mathematical simulation. The 

results lead to the following conclusions:  

(1) The direct-contact spray desalination system is able to operate at 
low temperatures (<35 ◦C) and small temperature gradients 
(<5 ◦C), which allows effective utilization of the ocean thermo-
cline energy;  

(2) The freshwater productivity, pumping power consumption, and 
overall heat transfer area of the propsoed system increases with 
the number of operating stages and the cooling water flowrate. 
Minimal desalination cost is observed when the system has 2 
stages and the cooling water flowrate is 33% higher than the feed 
seawater flowrate;  

(3) Increasing the heat transfer area also promotes water production 
and energy efficiency, and the economic benefits of increasing 
the heat exchanger area are more pronounced when the heat 
source temperature is lower; 

(4) The life-cycle water cost of the thermocline-driven spray desali-
nation system can be minimized to $1–1.5/m3 under the optimal 
design and operating conditions, and the value is lower than most 
of the decentralized desalination systems driven by solar or 
thermocline energy; 

(5) The component procurement costs account for the highest per-
centage (41%) of the desalination cost, and the evaporator cost is 
the largest contributor (17%) of the procurement cost. 

The derived results enable a more in-depth understanding of the 
thermocline desalination system using the direct spray method. Future 
studies will focus on its optimal integration with integrated photovol-
taic/thermal collectors to achieve self-sustainable operation and higher 
energy efficiencies. 
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