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Abstract

This study evaluates integrated shipboard freshwater production and fresh air pretreat-
ment on a 20,000 TEU-class container vessel, addressing its freshwater demand and the
inefficient recovery of exhaust waste heat from the main engine. The system integrates
rotary dehumidification, seawater condensation, and water purification. A theoretical
model was developed to evaluate the system performance, incorporating design, ther-
modynamic modeling, parameter optimization, and adaptability analyses under various
operating conditions. The results indicate that under optimal conditions (seawater at 25 ◦C,
outlet temperature difference of 2 ◦C), the single-stage system is predicted to produce
approximately 1.45 m3 of freshwater per day, meeting 20.7% of the vessel’s freshwater
requirement. The auxiliary electrical energy consumption, estimated based on standard
engineering correlations, is 1–1.5 kWh/m3, representing a 70–80% reduction compared
to conventional reverse osmosis systems (3–6 kWh/m3). The sensitivity coefficient for
seawater temperature was −0.334, whereas that for output temperature was −0.167. A
two-stage series configuration has the potential to further improve the demand satisfaction
rate to 41–61%. Overall, the proposed system enables the cascade utilization of ship waste
heat and functional integration of air pretreatment and freshwater production, offering a
promising auxiliary engineering solution for energy conservation, emission reduction, and
onboard freshwater self-sufficiency in marine applications.

Keywords: ship waste heat utilization; rotary dehumidification; seawater condensation;
freshwater production; performance evaluation

1. Introduction
The demand for freshwater in ocean-going vessels has increased continuously in recent

years owing to the rapid growth of the global shipping industry. Freshwater is essential
not only for the daily needs of crew members but is also an important working medium
for ship cooling devices and process operations. Traditional port resupply consumes sig-
nificant cargo space and deadweight capacity, thereby increasing transportation expenses.
Although onboard seawater desalination devices (such as reverse osmosis and multi-effect
distillation) can provide a certain level of self-sufficiency during voyages, the highly saline
wastewater produced by these methods can adversely affect marine ecosystems [1,2]. More-
over, shipboard freshwater storage systems are susceptible to microbial contamination [3,4]

Processes 2026, 14, 666 https://doi.org/10.3390/pr14040666

https://crossmark.crossref.org/dialog?doi=10.3390/pr14040666&domain=pdf&date_stamp=2026-02-24
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://doi.org/10.3390/pr14040666


Processes 2026, 14, 666 2 of 16

and chemical pollution [5], and mineral imbalance in desalinated water can pose health
risks [6,7].

The International Maritime Organization (IMO) has set the goal of achieving net-zero
greenhouse gas emissions from international shipping by 2050 [8] and has established
mandatory technical and operational measures, such as the Energy Efficiency Design
Index (EEDI), Energy Efficiency Existing Ship Index (EEXI), and Carbon Intensity Indicator
(CII) [9]. Consequently, the development of low-energy, renewable freshwater production
technologies for ships has become an inevitable trend in the green development of shipping.

Ship waste heat recovery technology offers new approaches for improving energy
utilization efficiency. Waste heat from main engines accounts for approximately half of the
total fuel energy, with approximately a quarter of it being lost through exhaust gases at
temperatures of 250–500 ◦C [10]. The effective recovery and utilization of this medium-
to-low-grade exhaust is considered an important target for enhancing the overall energy
efficiency of marine vessels. Among waste heat recovery technologies, the utilization of an
Organic Rankine Cycle (ORC) system to comprehensively recover waste heat can boost the
main engine efficiency by 13.5–21% [11,12]. Waste-heat-driven rotary desiccant systems
have also demonstrated favorable thermal performance [13].

Rotary desiccant technology achieves continuous air dehumidification through a
cyclical adsorption–desorption process using desiccants. Recently, significant progress
has been made in the development of high-performance composite desiccants, including
silica gel combined with lithium chloride, silica gel–calcium chloride composites [14,15],
and metal–organic frameworks (MOFs) [16,17]. At the system optimization level, the
research team led by Chen Wu has improved energy-saving effects by optimizing rotary
speed [18,19] and fresh air parameters [20] for marine rotary desiccant air conditioning
systems and has validated the superior performance of two-stage marine rotary desiccant
air conditioning systems [21].

In the field of freshwater production using rotary desiccant dehumidification, Kush-
waha et al. [22–24] developed solar-driven rotary desiccant-based atmospheric water
generation (AWG) systems primarily for use in arid land regions. However, research
specifically targeting high-humidity marine environments on ships remains limited. Al-
though there have been innovations in shipboard seawater desalination technologies, such
as novel reverse osmosis processes and membrane distillation, integrated “waste heat–
dehumidification–condensation” solutions specifically designed for the high-humidity
marine environment of ships have received relatively limited attention, and a systematic
performance evaluation and working condition adaptability analysis are urgently required.

Based on the above considerations, this study focuses on a 20,000 twenty-foot equiv-
alent unit (TEU) class container ship and proposes a technical solution for an integrated
shipboard waste-heat-driven freshwater production and fresh air preconditioning system
based on an existing two-stage rotary desiccant fresh air preconditioning system. This
study included system design, theoretical modeling, performance testing, and adaptability
analysis under various working conditions, with a comparative analysis of freshwater
production rates and dynamic characteristics under varying seawater temperatures, outlet
temperature differences, and system configurations.

2. Materials and Methods
2.1. System Design
2.1.1. System Architecture

The integrated system for producing freshwater and pretreating fresh air using ship
waste heat, developed in this study, mainly consists of a dehumidification wheel, a heater
that utilizes ship waste heat, a seawater cooler, a seawater condenser, and water purification
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and sterilization devices. It is divided into two main functional modules: a dehumidifi-
cation air conditioning subsystem and a freshwater production subsystem. The system
flow is illustrated in Figure 1. The system utilizes waste heat from the ship exhaust as the
regeneration heat source for the desiccant wheel and seawater as the cooling source for the
air. By organically combining the processes of dehumidification and freshwater production,
the system achieves cascade energy utilization and functional synergy.

Figure 1. Flow diagram of the ship waste heat-driven freshwater production and fresh air pretreat-
ment system. Numerical labels (1–3) and Roman numerals (I–IV) denote the key air-state points and
process stages along the dehumidification, regeneration, and condensation processes, respectively.

2.1.2. Dehumidification Air Conditioning Subsystem

The desiccant wheel in the dehumidification air-conditioning subsystem is the core
component of the system. It is divided into two fan-shaped sections, the dehumidification
and regeneration zones, in a 3:1 ratio (with central angles of 270◦ and 90◦, respectively).
Effective thermal insulation was achieved using PTFE silicone strips, and the wheel was
driven by a variable-frequency motor. When humid, fresh ocean air enters the dehumidifi-
cation zone, the desiccant quickly absorbs the water vapor in the air, thereby reducing the
humidity. Because the dehumidification process is an isenthalpic dehumidification process,
the air temperature increases owing to the release of adsorption heat after dehumidification.
The air is then cooled using a seawater cooler and supplied as pretreated fresh air to the
air-conditioning system. When the desiccant in the dehumidification zone approaches
saturation after absorbing moisture, it rotates into the regeneration zone. After being
heated by the waste heat heater, the cabin return air is blown through the desiccant in the
regeneration zone, which causes the absorbed water to be desorbed and released at a high
temperature, thereby restoring the moisture-absorption capacity. The released moisture
is carried away as water vapor into the regeneration air, forming high-temperature and
high-humidity air.

2.1.3. Freshwater Generation Subsystem

The freshwater generation subsystem includes a seawater condenser, air ducts, a water
collection device, and a water purification unit. The high-temperature, high-humidity
air released by the desiccant regeneration process is directed into the seawater condenser.
Using indirect heat exchange with seawater, the water vapor in the regeneration air is
cooled below its dew point, causing condensation into liquid water. The condensate
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flows by gravity into a collection tray, then enters the primary water storage tank, and is
purified through multistage filtration and UV disinfection to ensure that the freshwater
meets domestic water standards (salinity < 1000 ppm, pH 6.50–8.5, residual chlorine
0.05–0.5 mg/L, etc.) [25]. If required, a remineralization unit can be integrated downstream
of the purification system to address potential mineral imbalances and meet long-term crew
health requirements. The purified freshwater is stored in a final storage tank equipped
with a real-time monitoring system for water quality.

2.1.4. Key Parameter Configuration

Based on our previous research [18–20], theoretical analysis, and experimental verifi-
cation, the key parameters were designed as follows:

1. Wheel speed: 10 r·h−1 (revolutions per hour) (baseline), adjustable range 6–15 r·h−1.
At this speed, the adsorption-regeneration cycle was well matched, and the dehumidifica-
tion efficiency was optimal.

2. Regeneration temperature: 120 ◦C (design value), adjustable range: 80–140 ◦C. At
this temperature, the silica gel desiccant regeneration efficiency is high while avoiding
performance degradation due to excessive temperatures. This design value is consistent
with previous experimental optimization studies on marine silica-gel-based rotary desiccant
systems [19–21].

3. Fresh air flow rate: 10,000 m3/h (dehumidification zone); regeneration air flow:
3300 m3/h (regeneration zone). This ratio ensured adsorption–desorption equilibrium.

4. Seawater flow rate: calculated according to the condensation load, approximately
1.5–2.0 kg/s under optimal conditions.

2.2. Establishment of Theoretical Model
2.2.1. Model of the Dehumidification Process

The dehumidification process in the wheel is described by mass and energy conser-
vation equations as follows: For the dehumidification zone, the change in the moisture
content of the air as it passes through the wheel is expressed as

∆d1 = din − dout,1 (1)

Moisture absorption:
Qads = G1(din − dout,1) (2)

where din and dout,1 represent the inlet and outlet air humidity ratios of the rotary wheel
(kg/kg dry air), respectively; G1 denotes the mass flow rate of dry air in the dehumidifica-
tion zone (kg/s).

Because the adsorption process releases adsorption heat, the temperature rise in the
air after dehumidification is expressed as

∆T1 =
r · ∆d1

cp,a
(3)

where r represents the latent heat of vaporization of water (2500 kJ/kg), and cp,a is the
specific heat capacity of air at constant pressure (1.005 kJ/(kg·K)).
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2.2.2. Model of the Regeneration Process

In the regeneration zone, heated air is used to purge the saturated desiccant, causing
it to desorb moisture. The changes in moisture content and the amount of desorbed water
during the regeneration process were as follows:

∆d2 = dout,2 − din,2 (4)

Qdes = G2(dout,2 − din,2) (5)

where din,2 and dout,2 represent the moisture content at the regeneration air inlet and outlet,
respectively (kg/kg dry air), and G2 denotes the mass flow rate of dry air in the regeneration
zone (kg/s).

Under steady-state operation, the amount of moisture absorbed and desorbed should
remain balanced.

Qads = Qdes (6)

2.2.3. Model of the Condensation Process

After regeneration, high-humidity air enters the seawater condenser. When the air
temperature drops below the dew point, the water vapor begins to condense. According to
the heat and mass transfer theory [26], the yield of condensed water is expressed as follows:

Qcond = G2(dout,2 − ddp) (7)

In the formula, ddp represents the saturated humidity ratio (kg/kg dry air) correspond-
ing to the air temperature at the condenser outlet.

The heat balance equation in the condenser is as follows:

G2

[
cp,a(Tout,2 − Tcond) + (dout,2 − ddp) · r

]
= Gsw · cp,w(Tsw,out − Tsw,in) (8)

where Tout,2 is the outlet temperature of the regeneration air (◦C), Tcond is the outlet air
temperature of the condenser (◦C), Gsw is the mass flow rate of seawater (kg/s), cp,w is the
specific heat capacity of seawater (3.9 kJ/(kg·K)), and Tsw,in and Tsw,out are the inlet and
outlet temperatures of seawater (◦C), respectively.

According to the thermodynamic relationship of moist air, the dew point temperature
can be calculated using the Magnus-Tetens approximation method [27]:

Tdp =
b · α(T, ϕ)

a − α(T, ϕ)
(9)

Among them:

α(T, ϕ) =
a · T

b + T
+ ln(ϕ) (10)

where T represents air temperature (◦C), and ϕ represents relative humidity, and the
constants are a = 17.625 and b = 243.04 ◦C.

2.3. Performance Evaluation Indicators

To comprehensively assess the performance of the system, the following indicators
were established:

2.3.1. Indicators of Freshwater Production

1. Daily freshwater production:

Qdaily = Qcond × 24/1000 (m3/day) (11)
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where Qcond is measured in kg/h, and the density of water is 1000 kg/m3.
2. Actual vessel demand satisfaction rate:

Rw =
Qdaily

Qdemand
× 100% (12)

where Qdemand represents the actual daily average freshwater demand of the vessel
(7–12 m3).

2.3.2. Energy Efficiency Index

1. The energy consumption of the auxiliary machines was measured per unit of
produced water.

Eaux =
Pf an + Ppump

Qcond
(kWh/m3) (13)

In this context, Pf an refers to the power of the fan (measured in kW), and Ppump refers
to the power of the seawater pump (also measured in kW).

According to [28], the fan power can be estimated as

Pf an =
Qv · ∆P

η f an
(14)

where Qv is the air volume (m3/s), and ∆P is the system pressure drop (Pa). According to
Chapter 24 of the ASHRAE Handbook (2024) [28], the air-side pressure drop of the rotary
dehumidifier under standard conditions is approximately 157–214 Pa. Considering the
additional resistance from the filters and system piping, the system design usually uses a
total pressure drop of ∆P = 200–400 Pa as the calculation basis; η f an is the fan efficiency,
which is typically taken as 0.75 based on engineering practice.

According to reference [28], fan power can be estimated using the following formula:

Ppump =
Gsw · g · H
ρsw · ηpump

(15)

where g is the acceleration due to gravity (9.8 m/s2), H is the head (m), with the head
for a ship’s condenser typically about 10–15 m [12], ρsw is the seawater density (approx-
imately 1025 kg/m3), and ηpump is the pump efficiency, which is taken as 0.70 based on
engineering practices.

Preliminary estimates under optimal conditions (Qcond = 60.26 kg/h = 0.06026 m3/h),
the fan power is approximately 0.03–0.05 kW, seawater pump power is approximately
0.02–0.03 kW, and total auxiliary machine power is approximately 0.05–0.08 kW. The auxil-
iary power consumption per unit of produced water is approximately 0.83–1.33 kWh/m3,
with <1.5 kWh/m3 used as an evaluation benchmark.

2. Seawater temperature sensitivity coefficient:

ST =
∆Qcond/Qcond

∆Tsw/Tsw
(16)

This coefficient reflects the extent to which changes in seawater temperature affect
freshwater production.

3. Outlet temperature difference sensitivity coefficient:

S∆T =
∆Qcond/Qcond
∆(∆T)/(∆T)

(17)
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Qcond represents the standard freshwater production rate, and ∆Qcond indicates the
change in the freshwater production rate under different conditions compared to the
reference rate. (∆T) refers to the outlet temperature difference, that is, the extent to which
the temperature increases as seawater enters and exits the condenser. ∆(∆T) represents the
change in the current temperature difference compared to the reference outlet temperature
difference, specifically, how much larger or smaller it is than the original reference outlet
temperature difference.

4. Freshwater production stability under various operating conditions

γ =
Qmax

Qmin
(18)

where Qmax and Qmin represent the maximum and minimum freshwater productions under
all operating conditions, respectively.

2.4. Operating Parameters and Performance Testing

It should be clarified at the outset that the validation conducted in this study is based
on experimentally measured air state parameters obtained from a previously established
and validated rotary desiccant air pretreatment platform. The condensation and freshwater
production results reported in this study are theoretical calculations derived from the
thermodynamic model using these experimental air-state inputs. To date, a fully inte-
grated prototype for direct experimental measurements of freshwater production has not
been constructed.

To evaluate the accuracy of the theoretical model, this study proposes the addition
of a freshwater production subsystem based on the group’s two-stage rotary desiccant
air pretreatment experimental platform from previous research. Experimental conditions:
the desiccant wheel used silica gel as the drying agent, with an outdoor fresh air temper-
ature of 36.1 ◦C and relative humidity of 61.5%. The wheel rotation speed was 10 r·h−1.
Regeneration air was drawn from the cabin return air at a regeneration temperature of
120 ◦C. Based on the experimental tests, the air temperature at the outlet of the first-stage
regeneration zone was 59.7 ◦C, with a relative humidity of 32.0%, and the dry air density
was approximately 0.9947 kg/m3.

Considering a 20,000 TEU container ship as an example, the total air supply for the air
conditioning system is approximately 20,000 m3/h. According to the applicable regulations
for ship air conditioning, the fresh air supply for ocean-going ships must be no less than
50% of the total air supply [29]. Therefore, the fresh air volume was set at 50% of the total
air supply, amounting to 10,000 m3/h, which served as the processing air volume in the
rotary desiccant area of the system. The regeneration air volume was one-third of the air
volume in the dehumidification area, that is, 3300 m3/h.

According to the enthalpy-humidity chart, at a temperature of 59.7 ◦C and relative
humidity of 32.0%, the air moisture content was approximately 34.35 g/kg dry air, and
the dew point temperature was 37.06 ◦C. Using the South China Sea region as an example,
a seawater temperature of 25–29 ◦C was selected [30]. In this study, the temperature
difference at the condenser outlet was defined as the difference between the cooled air
outlet temperature and the seawater inlet temperature, with a set outlet temperature
difference of 2–6 ◦C, to calculate the condensate production under various operating
conditions. The above data were used for subsequent calculations of freshwater production
and model validation.
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3. Results
Unless otherwise stated, all freshwater production results presented in this section

are theoretical condensate yields calculated based on experimentally measured air state
parameters and the established thermodynamic model.

3.1. Effect of Seawater Temperature and Outlet Temperature Difference on Freshwater Production
3.1.1. Variation Pattern of Freshwater Production

Table 1 shows the theoretically calculated condensate freshwater production based
on the experimentally measured air-state parameters at different seawater temperatures
and outlet temperature differences. According to the data, both the seawater and outlet
temperature differences noticeably affected freshwater production, exhibiting distinct and
regular variations.

Table 1. Theoretical freshwater production performance of the single-stage system under different
seawater temperatures and outlet temperature differences.

Seawater
Temperature (◦C)

Freshwater Production (kg·h−1)

∆T = 2 ◦C ∆T = 3 ◦C ∆T = 4 ◦C ∆T = 5 ◦C ∆T = 6 ◦C

25 60.26 55.76 50.96 45.61 40.09
26 55.76 50.96 45.61 40.09 34.45
27 50.96 45.61 40.09 34.45 28.24
28 45.61 40.09 34.45 28.24 21.80
29 40.09 34.45 28.24 21.80 14.91

Note: ∆T represents the outlet temperature difference. All values were theoretical estimations based on the
experimentally measured air-state parameters.

3.1.2. Effect of Outlet Temperature Difference

Under constant seawater temperature, the greater the outlet temperature difference,
the lower the condensate yield. When the seawater temperature is 25 ◦C, as the outlet
temperature difference increases from 2 ◦C to 6 ◦C, the amount of condensate decreases
from 60.26 kg/h to 40.09 kg/h, a reduction of 33.5%.

According to Equation (17), the outlet temperature difference sensitivity coefficient
S∆T = −0.167, indicating that a 1 ◦C increase in the outlet temperature difference results
in an approximately 8.4% decrease in freshwater production under reference conditions.
From a thermodynamic perspective, the outlet temperature difference directly affects the
condenser outlet air temperature, which determines the corresponding saturation humidity
ratio. However, its influence is indirect, as it mainly modifies the terminal temperature
of the cooling process. Therefore, although reducing the outlet temperature difference
enhances condensation, its overall sensitivity remains moderate.

From the perspective of heat and mass transfer, reducing the outlet temperature differ-
ence has the potential to improve the heat exchange efficiency of the condenser, allowing
more water vapor to condense and precipitate. However, if the outlet temperature dif-
ference is too small, it will increase the seawater circulation volume and pump power
consumption; therefore, a balance must be achieved between freshwater production and
energy consumption. It is recommended that, in practical applications, the outlet tempera-
ture difference be controlled within 2–3 ◦C to achieve higher freshwater production and
reasonable energy consumption.

3.1.3. Effect of Seawater Temperature

When the outlet temperature difference is fixed, the higher the seawater temperature,
the lower the yield of the condensate water. For example, when the outlet temperature
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difference is 2 ◦C, as the seawater temperature rises from 25 ◦C to 29 ◦C, the condensate
water yield decreases from 60.26 kg/h to 40.09 kg/h, a drop of 33.4%.

According to Equation (16), the sensitivity coefficient of seawater temperature is
ST = −0.334. This indicates that a 1 ◦C increase in seawater temperature leads to an
approximately 1.34% reduction in freshwater production under the reference condition.

The system shows a higher sensitivity to seawater temperature because it directly
determines the coolant temperature level, which governs the thermodynamic driving force
for condensation. Specifically, freshwater production is controlled by the temperature
difference between the air dew point and seawater temperature. An increase in seawa-
ter temperature reduces this driving force, leading to a more pronounced decrease in
condensation capacity compared to changes in outlet temperature difference.

3.1.4. Analysis of Extreme Conditions

The maximum freshwater production occurred under the low temperature and low
temperature difference combination (seawater at 25 ◦C, outlet temperature difference
of 2 ◦C), reaching 60.26 kg/h, whereas the minimum freshwater production occurred
under the high temperature and high temperature difference combination (seawater at
29 ◦C, outlet temperature difference of 6 ◦C), reaching 14.91 kg/h. The difference between
the two was approximately fourfold (multi-condition stability γ = 4.04), indicating that
environmental conditions exert a pronounced influence on system performance and that
the system must be adaptable to various operating conditions.

3.2. Evaluation of Vessel-Requirement Matching Degree
3.2.1. Performance Evaluation of Single-Stage System

Taking a 20,000 TEU large container ship as an example, its average daily freshwater
demand is approximately 7 to 12 m3 [31], including 2 to 4 m3 for crew living and cooking,
4 to 6 m3 for engine room equipment cooling and rinsing, and 1 to 2 m3 for emergency
reserves. The performance evaluation of the single-stage system under different operating
conditions is presented in Table 2.

Table 2. Performance evaluation of the single-stage system under different operating conditions.

Seawater
Temperature (◦C) ∆T (◦C) Freshwater

(kg·h−1)
Daily

Yield (m3)
Satisfaction
Rate (Rw/%)

Aux. Energy
(kWh·m−3)

Comprehensive
Evaluation

25 2 60.26 1.45 20.7 <1.0 Optimal operating
conditions

26 2 55.76 1.34 19.1 <1.0 Good
27 2 50.96 1.22 17.4 <1.0 Average
27 3 45.61 1.09 15.6 <1.2 Average
28 2 45.61 1.09 15.6 <1.0 Poor
29 2 40.09 0.96 13.7 <1.0 Poor
25 4 50.96 1.22 17.4 <1.2 Average
29 6 14.91 0.36 5.1 <2.0 Not recommended

Note: The satisfaction rate was calculated based on a minimum daily freshwater demand of 7 m3. Auxiliary
energy consumption includes the power consumption of fans and seawater pumps.

As shown in Table 2, under optimal conditions (seawater temperature 25 ◦C, outlet
temperature difference 2 ◦C), the system produced 1.45 m3 of condensate water per day,
accounting for 20.7% of the minimum requirement (7 m3). Although the single-stage system
cannot fully meet the freshwater demand of the ship, this portion of waste-heat-driven
freshwater with low auxiliary electrical energy input can operate in conjunction with the
existing seawater desalination system, thereby reducing the operational load of the reverse
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osmosis unit by approximately 20–25%. Simultaneously, it provides pretreatment for fresh
air, contributing to a reduction in the energy consumption of air-conditioning systems [32].
Therefore, this system demonstrates the potential for engineering applications and can
serve as an auxiliary freshwater production solution.

3.2.2. Comparative Analysis of Energy Efficiency

Table 3 lists the performance indicators of various shipboard freshwater production
technologies, highlighting the advantages of this system in terms of energy efficiency.

Table 3. Theoretical performance comparison of different shipboard freshwater production technologies.

Technology
Type

Specific
Electrical

Energy
(kWh·m−3)

Primary
Energy
Source

Daily Yield
(m3)

Coverage
(%)

Initial
Investment

Maintenance
Requirements

Comprehensive
Evaluation

Reverse
Osmosis
(RO) [33]

3–6 Electricity 7~12 100 Medium
Frequent

membrane
replacement

Unable to utilize
waste heat; high

energy
consumption

Multi-Effect
Distillation
(MED) [33]

1.5~4 Waste heat +
electricity 7~12 100 High Prone to

scaling

Large waste heat
demand; high

investment

Proposed
System

(Single-stage)
<1.5 Waste heat +

electricity 1.45 20.7 Low
Desiccant

wheel
maintenance

Auxiliary
solution

Proposed
System

(two-stage,
theoretical)

<2.0 Waste heat +
electricity 2.9~4.3 41~61 Medium

Desiccant
wheel

maintenance

Recommended
solution

Proposed
System

(three-stage,
theoretical)

<2.5 Waste heat +
electricity 4.3~6.5 61~93 Medium-

High

Desiccant
wheel

maintenance

Approaching
self-sufficiency

Note: The freshwater productions of the two- and three-stage systems are estimated by assuming a 1.5–2.0×
increase relative to that of the single-stage system. All values are theoretical estimates.

To enable a clearer comparison with other waste-heat-driven desalination concepts,
two normalized performance indicators are emphasized in this study:

(1) specific auxiliary electrical energy consumption (kWh·m−3), which only accounts
for the electricity consumption of fans and seawater pumps, and

(2) freshwater yield per unit processed air flow (m3 water per m3 air).
It should be noted that the proposed system is not intended to replace conventional de-

salination systems, but rather to serve as an auxiliary freshwater production solution driven
primarily by ship waste heat. Compared with waste-heat-assisted MED and RO systems
reported in the literature, the proposed system exhibits a lower specific electrical energy
consumption, while providing a modest but meaningful freshwater yield under continuous
operation, making it particularly suitable for integration with marine HVAC systems.

As shown in Table 3, the unit power consumption for freshwater production in this
system is less than 1.5 kWh/m3, which is only 25% to 50% of reverse osmosis systems
(3–6 kWh/m3) and is at or below the same level as multi-effect distillation (1.5–4 kWh/m3).
Even when considering secondary and tertiary system configurations, the power consump-
tion is less than 2.5 kWh/m3, allowing for the comprehensive utilization of ships’ waste heat
resources and meeting the IMO efficiency requirements and dual-carbon strategic goals.
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3.3. Analysis of System Configuration Optimization

Based on the theoretical analysis in Table 3, the secondary system offers the best bal-
ance of performance and cost, whereas the tertiary system can achieve a higher compliance
rate but comes with a notably increased complexity and investment.

1. Secondary System Design
First Stage: A flow rate of 10,000 m3/h of fresh air is processed, and the regeneration

zone produces high-humidity air (moisture content of 34.35 g/kg).
Second stage: The regenerated air from the first stage is used as the input air for further

dehumidification and concentration, increasing the moisture content to 55–60 g/kg.
Condenser: Processes the regenerated air from the second stage, with a theoretical

freshwater production of 2.9–4.3 m3/day.
Spatial Arrangement: Two desiccant wheels in series sharing one condenser and

purification system increased the footprint by approximately 40–50%.
Water Yield Improvement Process: The first step is to remove moisture from the air.

This lowers the moisture content of the fresh air and moves the water from it to the regen-
erated air. In the second stage, the high-humidity air is further dehumidified, effectively
acting as a secondary concentration of water vapor. According to the conservation of mass:

Qcond,2 = G2 ·
(

dout,2,stage2 − ddp

)
(19)

Here, dout,2,stage2 = 55–60 g/kg (moisture content at the outlet of the second stage),
which is a 60–75% increase compared to 34.35 g/kg in the single-stage system.

Under optimal operating conditions (seawater at 25 ◦C and outlet temperature differ-
ence of 2 ◦C), the condensed water yield is

Qcond,2 = 0.9119 × 3600 × (0.0575 − 0.02035) = 122 ∼ 135 kg/h (20)

The daily water output is approximately 2.9–3.2 m3, meeting 41–46% of the demand.
With condenser optimization (reducing the outlet temperature difference to 1.5 ◦C), the
satisfaction rate reached 50–55%. It should be noted that achieving such a low outlet
temperature difference may require larger heat exchanger surfaces and increased seawater
flow rates, potentially increasing capital costs and pumping power, which should be
carefully balanced in practical designs.

2. Single-Stage + Reverse Osmosis Integrated Solution
For most vessels, it is recommended to use the “single-stage main system + small-

scale reverse osmosis” integrated solution: this system handles 20–25% of the freshwater
production task (1.4–1.8 m3/day); the reverse osmosis unit handles 75–80% of the freshwa-
ter production task (5.2–6.0 m3/day); the scale of the reverse osmosis unit is reduced by
20–25%, which lowers investment costs and extends the membrane lifespan. In the event of
a malfunction in this system, the reverse osmosis unit can operate at full capacity to ensure
the safety of the freshwater supply. This solution comprehensively considers technological
maturity, cost-effectiveness, and reliability, making it the optimal engineering solution.

3.4. Analysis of Route Adaptability

Seawater temperature varies significantly across different latitudes, leading to cor-
responding changes in system performance. Table 4 presents an analysis of the system’s
adaptability for typical routes.
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Table 4. System adaptability analysis for different routes.

Route Category Typical Routes Seawater
Temperature (◦C)

Variation in
Freshwater

Production (%)

Estimated
Coverage
Rate (%)

Adaptability
Assessment

Application
Recommendation

High-Latitude North Pacific,
North Atlantic 10–20 +40 to +60 29–33 Excellent Primary

production scheme

Mid-Latitude Southeast Asia,
Mediterranean 22–28 −10 to +10 19–23 Good Auxiliary

production scheme

Low-Latitude
Equatorial

Region,
Persian Gulf

28–32 −30 to −50 10–14 Moderate
Hybrid with RO,

seasonal
application

Note: The baseline working condition is seawater at 25 ◦C, with an outlet temperature difference of 2 ◦C and a
freshwater production rate of 60.26 kg/h, which meets 20.7% demand.

As shown in Table 4:
1. High-latitude routes exhibited the best adaptability.
On high-latitude routes, such as the North Pacific and North Atlantic, seawater tem-

peratures remain between 10 ◦C and 20 ◦C year-round, allowing freshwater production
to increase by 40–60% compared to the baseline, reaching 85–96 kg/h, respectively. This
results in a daily water output of 2.04–2.30 m3 and demand coverage rate of 29–33%. If a
two-stage system configuration is adopted, the coverage rate can reach 58–66%, approach-
ing complete self-sufficiency in the water supply. Therefore, high-latitude routes are the
most ideal application scenarios for this system and are recommended as the primary
freshwater production solutions.

2. Mid-latitude routes, such as those in Southeast Asia and the Mediterranean, are the
primary application targets.

The seawater temperature on these mid-latitude routes ranges from 22 to 28 ◦C, which
covers the main operating conditions calculated in this study. The variation in freshwater
production was −10% to +10%, with a satisfaction rate of 19% to 23%, which was similar
to the baseline condition. These routes account for more than 60% of the global shipping
volume, making them the primary application area for this system. It is recommended as
an auxiliary freshwater production solution to work in conjunction with existing reverse
osmosis devices, thereby reducing their operational load by 20% to 25%, extending the
membrane lifespan, and lowering maintenance costs.

3. Low-latitude routes require an optimized design. On low-latitude, high-temperature
routes near the equator and in regions such as the Persian Gulf, seawater temperatures
reach 28–32 ◦C, resulting in a 30–50% reduction in freshwater production and a supply rate
of only 10–14%. The system performance exhibited a clear decline. For these routes, the
following optimization measures are recommended: use deep, low-temperature seawater—
the return water temperature of the engine room cooling water circulation system is
usually 2–3 ◦C lower than the surface seawater and can be prioritized for use in the
condenser; reduce the outlet temperature difference to 1–2 ◦C—increase seawater flow
or optimize condenser design to improve heat exchange efficiency; raise the regeneration
temperature to 130–150 ◦C—increase the moisture content gradient of the regeneration air
to enhance freshwater production potential; apply seasonally—coordinate with reverse
osmosis devices during the high-temperature summer period, and increase the proportion
of freshwater production during the low-temperature winter period.

4. Discussion
4.1. Technical Advantages

1. Cascade Energy Utilization and Low-Carbon Characteristics
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The proposed system utilizes medium-to-low-grade ship exhaust waste heat (150–400 ◦C)
as the primary thermal driving source, with auxiliary electrical energy consumption main-
tained below 2.0 kWh/m3. Compared with conventional reverse osmosis systems, this
approach contributes to reductions in the EEDI/EEXI and CIIs and supports compliance with
maritime decarbonization requirements.

2. Functional Integration and Synergistic Efficiency
By combining freshwater production with fresh air pretreatment, this system provides

dual functionality within a unified configuration. This integration has the potential to
reduce the energy consumption of ship air-conditioning systems while ensuring efficient
functional integration within existing HVAC-related spaces and operational coordination.

3. Simple Structure and High Reliability
The core components of the system, including rotary desiccant wheels, seawater

heat exchangers, and auxiliary pumps, are widely used in existing marine HVAC and
energy systems. Therefore, their technical maturity and reliability are well established,
and their maintenance requirements are comparable to those of conventional shipboard
air-conditioning systems.

From a preliminary engineering assessment perspective, the capital expenditure
(CAPEX) of a single-stage system is expected to be lower than that of an equivalent-
output RO system because of its smaller desalination capacity and the use of mature HVAC
components. The two-stage configuration requires additional desiccant wheels and duct-
ing, resulting in a moderate increase in CAPEX, while remaining lower than that of the
MED systems. The “single-stage + RO” hybrid configuration offers a balanced solution
by reducing the required RO capacity by approximately 20–25%, thereby lowering the
membrane-related investment and maintenance costs.

4.2. Technical Limitations

1. Sensitivity to Environmental Conditions
Freshwater production is sensitive to external operating conditions, particularly the

seawater temperature. With a sensitivity coefficient of −0.334, a transition from temperate to
tropical waters may lead to a reduction in freshwater production of approximately 30–50%.

2. Limited Output of Single-Stage Configuration
Under the current design conditions, the single-stage system satisfies approximately

20.7% of the vessel’s freshwater demand. Therefore, it is more suitable as an auxiliary
freshwater source or as a dedicated supply for specific onboard applications rather than as
a standalone solution.

3. Dependence on Waste Heat Availability
The system operation relies on a stable waste heat source from the main engine. When

the engine load decreases below 50%, the system performance declines. During prolonged
berthing or shore power operations, the system cannot function owing to the absence of
sufficient thermal driving energy.

In addition, the model validation in this study relied on experimentally measured
air-state parameters from a previously validated rotary desiccant air pretreatment system.
The condensation and freshwater production sub-model has not yet been validated using
a fully integrated prototype of the proposed system, which represents a key limitation
of this study. Future work will prioritize the experimental validation of the integrated
condensation and freshwater production processes. Furthermore, reducing the outlet
temperature difference to enhance condensation would necessitate larger heat exchanger
areas and potentially higher seawater flow rates, which could increase the pressure drop
and fan/pump power consumption, with a potential, albeit small, impact on the reported
energy efficiency claim of 1.5 kWh/m3
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4.3. System Optimization Design Recommendations

1. Advanced Desiccant Materials
The adsorption capacity and regeneration characteristics of silica gel currently limit

freshwater production. Future improvements may focus on high-performance composite
desiccants and metal–organic frameworks (MOFs). For example, if an MOF desiccant with
approximately twice the adsorption capacity of conventional silica gel is applied [34], and as-
suming linear scaling of moisture uptake, the freshwater production of the single-stage system
could theoretically increase from 1.45 m3/day to approximately 2.9 m3/day under identical
operating conditions. Such an improvement would significantly enhance the freshwater
demand satisfaction rate and reduce the dependence on auxiliary desalination systems.

2. Multistage Configuration and Energy Recovery Integration
Multistage series configurations enable the stepwise concentration of water vapor. Theoret-

ical analysis indicates that a two-stage system can increase the freshwater supply rate by 41–61%,
whereas a three-stage configuration may achieve complete self-sufficiency. These improvements
should be balanced against the increased system complexity and capital investment.

3. Intelligent Control and Modular Design
The application of intelligent control strategies, such as model predictive control, may

optimize key operating parameters in real time, including the wheel speed, regeneration
temperature, and seawater flow rate. Modular and skid-mounted designs could further
improve installation flexibility, maintenance convenience, and adaptability across different
vessel types and operating routes.

5. Conclusions
This study addressed the issues of freshwater demand and waste heat utilization on

ocean-going vessels by conducting system design and performance evaluation research on
shipboard waste heat-driven freshwater production and fresh air preconditioning systems.
The following conclusions were drawn.

1. The system design for a 20,000 TEU-class container ship was completed. Focusing
on a rotary dehumidification scheme that couples waste heat regeneration and seawater
condensation, and based on a configuration of 10 r·h−1 rotation speed, 120 ◦C regeneration
temperature, and a 3:1 airflow ratio, an integrated process of “fresh air preconditioning +
freshwater production” was developed, achieving cascade energy utilization.

2. A theoretical model was established, and performance evaluation was conducted.
Under optimal working conditions (seawater at 25 ◦C, outlet temperature difference of
2 ◦C), the single-stage system is theoretically capable of producing 1.45 m3 of water per day,
with a fulfillment rate of 20.7% and auxiliary energy consumption of less than 1 kWh/m3,
representing a 78% reduction in energy consumption compared to reverse-osmosis systems.
The seawater temperature sensitivity coefficient was −0.334, and the outlet temperature
difference sensitivity coefficient was −0.167.

3. The system optimization directions and engineering application recommendations
were clarified. The two-stage tandem can increase the fulfillment rate to 41–61%, achieving a
satisfactory balance between complexity and energy efficiency. The “single-stage + small-scale
RO” collaboration model can combine economic efficiency and reliability. Through material
upgrades (composite desiccants/MOFs), heat exchanger enhancement, and MPC control, the
system shows promising application prospects for high- and mid-latitude routes.

Overall, the proposed shipboard waste heat-driven freshwater production and fresh
air preconditioning system offers advantages such as cascade energy utilization, functional
integration, and environmental friendliness of the system. Through multistage configura-
tion, desiccant upgrades, and intelligent control optimization, it is expected to become one
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of the key technical solutions for future shipboard freshwater self-sufficiency, providing
strong support for the green and low-carbon transformation of the shipping industry.
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