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a b s t r a c t
The amount of resources devoted to saltwater desalination is substantial and will only rise as the 
scarcity of water escalates globally. Desalination techniques for seawater, particularly thermal desali-
nation techniques, require a lot of energy and utilize conventional energy sources. The goal of this 
article is to examine the integration of thermal desalination techniques with carbon capture and 
sequestration (CCS) power generation. This study utilizes an oxy-combustion-based zero-emission 
power plant and investigates the performance of a humidification–dehumidification (HDH) cycle 
integrated with the main cycle. The system constitutes two main cycles, namely (i) oxy-combustion 
power generation cycle (OPGC) and (ii) humidification–dehumidification (HDH) cycle. The perfor-
mance of several bottoming cycles coupled with a closed-air-open-water water-heated (CAOW-WH) 
HDH system is studied to evaluate the thermodynamic feasibility of the system. The effect of top and 
bottom temperatures of the HDH system and mass flow rates are optimized for gain output ratio 
(GOR) and recovery rate (RR). A sensitivity analysis of the integrated system was also conducted, 
and the effect of oxy-combustion operating parameters on the net cycle efficiency was examined. 
This analysis offers crucial design considerations for such integrated systems to generate power 
with zero emissions and produces sweet water without additional energy costs.
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1. Introduction

Water scarcity has emerged as a pressing global concern 
affecting nations across the development spectrum [1]. The 
unprecedented rise in the global population, coupled with 
rapid industrialization and climate change, has amplified 
the demand for freshwater resources [2]. Furthermore, the 
process of urbanization, driven by migration from rural to 
urban areas, has led to the expansion of cities and increased 

urban populations. Because of the abundant seawater 
availability, desalination is considered a reliable option for 
coastal regions [3,4]. However, desalination is energy inten-
sive and has various environmental concerns involving 
carbon footprints and brine discharge [5]. The countries 
in the Gulf region are water scarce, and almost all of their 
freshwater needs are met by desalination [6,7]. Therefore, 
there is an urgent need to focus on improving the thermal 
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efficiency of desalination plants and reducing the associ-
ated environmental burdens for sustainable development.

Among desalination technologies, the humidification–
dehumidification (HDH) process is an appealing method 
for small-scale water desalination [8]. It imitates the natural 
water cycle to produce desalinated water. In this process, 
a carrier gas, typically air, is exposed to warm seawater to 
become humidified [9]. The humid air is then directed into 
a condenser (dehumidifier), where water vapor condenses 
on the outer surface of tubes as cold seawater flows inside 
them. HDH is a straightforward technology that replicates 
nature’s water cycle and has the ability to operate using 
low-grade energy sources like solar energy or waste heat.

The thermal desalination technology utilizes lower 
grade heat sources, and therefore, it is usually connected 
to a power plant, waste heat recovery, or renewables [10]. 
Oxy-combustion carbon capture is a technology designed 
to mitigate greenhouse gas emissions, particularly carbon 
dioxide (CO2), from power plants and industrial facili-
ties that burn fossil fuels [11,12]. It is a carbon capture and 
storage (CCS) method that involves burning fuel with pure 
oxygen instead of air, resulting in a flue gas predominantly 
composed of CO2 and water vapor [13]. The primary advan-
tage of oxy-combustion carbon capture is that it produces 
a flue gas stream with a high concentration of CO2, simpli-
fying the separation and capture process [14,15]. However, 
it also has some drawbacks, including the need for a sig-
nificant amount of pure oxygen, which can increase oper-
ational costs and energy requirements [16]. The flue gases 
from the oxy-combustion power plant can be utilized as 
the heat source for desalination systems.

Several researchers have investigated the room for 
improvements in the desalination system and its integration 
with carbon capture. In one study by Bolea et al. [17], the 
integration of a coal-based power plant equipped with car-
bon capture and multi-effect desalination (MED) plant was 
modeled and examined. They considered five scenarios for 
steam supply from the power plant cycle to the desalina-
tion cycle. It was found that the carbon footprints are sig-
nificantly lowered to desalinate seawater when compared 
with the power plant without carbon capture. In another 
study [18], the HDH desalination process with an adsorp-
tion heat pump was optimized in terms of thermodynam-
ics and techno economics. They employed an Engineering 
Equation Solver (EES) for their mathematical model and 
optimization. Their findings showed that the highest exergy 
destruction exists in the humidifier, dehumidifier, and 
absorber. Furthermore, the gain output ratio (GOR) can be 
substantially improved by increasing the top temperature 
and compression ratio.

For maximizing the desalinated water output with zero 
brine discharge, Tahir et al. [5] used the HDH system as 
the bottom cycle of the MED plant that utilizes the rejected 
brine, and part of it is desalinated to improve water pro-
ductivity. The concentrated brine from the HDH is sent to 
the crystallizer to recover all of the freshwater. They found 
that the integration of HDH reduces the burden of the 
crystallizer hence improving thermal efficiency. The opti-
mized value of specific energy consumption was found 
to be 720 kJ/kg. Zak et al. [19] analyzed the coupling of 
an oxy-combustion power plant with a MED unit. In their 

work, they considered MED with and without thermal 
vapor compression (TVC), and conducted thermal and tech-
no-economic analysis. The detailed modeling was carried 
out in ASPEN Plus. For their carbon capture power cycle, 
they employed ion transport membranes (ITMs) for oxygen 
separation from air. Two power cycles were modeled with 
different levels of carbon separation capacities (72% and 
100%). Their results showed that the oxy-combustion power 
plant with 100% carbon capture integrated with MED-TVC 
needs 16% lower CAPEX than that of a plant with 72% 
carbon capture. In a similar study by Ghorbani et al. [20], 
a hybrid system consisting of an oxyfuel power plant with 
carbon capture, CO2 liquefaction, natural gas liquefaction, 
and desalination plant was modeled, assessed, and ana-
lyzed. They conducted a sensitivity analysis for several 
operating conditions. It was concluded that increasing 
the natural gas mass flow rate up to 50% results in higher 
thermal efficiency and higher freshwater production.

In a recent study by Khani et al. [21], a polygeneration 
system comprising of carbon capture, solar energy, HDH 
desalination, and organic Rankine cycle for power gener-
ation was examined. The mathematical model was solved 
in MATLAB software. According to the findings, the incor-
poration of solar energy enhanced the power generation of 
the organic Rankine cycle system, increasing it from 37.3% 
during winter to 59.41% in the summer. Additionally, com-
pared to the base case scenario, the overall power produc-
tion rises by 18 kW. Finally, the estimated system revenues 
amount to $50,000 /y, with a payback period of approxi-
mately 4.67 y. Studies related to desalination integration 
with oxy-combustion power plants are still lacking in the 
literature. For this purpose, the present study focuses on 
the integration of an oxy-combustion-based zero-emission 
power plant with the humidification–dehumidification 
cycle. The system utilizes the heat rejected by flue gas in 
the oxy-combustion cycle, which is an indispensable step 
in separating CO2 and water vapor. The sensitivity analysis 
is carried out for various operating conditions.

2. System description

2.1. Oxy-combustion power generation cycle

The proposed zero-emission power plant based on the 
oxy-combustion cycle is shown in Fig. 1. The system con-
sists of a cryogenic air separation unit (ASU), which is a 
conventional distillation column to separate oxygen from 
the air. The separated oxygen is compressed at high pres-
sure before it enters the combustion chamber along with the 
fuel. In order to maintain the desired temperature for the 
gas turbine material, a portion of the exhaust CO2 is recy-
cled back into the combustion chamber. The resulting flue 
gas undergoes expansion in the gas turbine to extract useful 
work. Additionally, a series of heat exchangers are employed 
to extract waste heat, which is then utilized to drive a set of 
steam turbines in the combined cycle power plant.

The flue gas primarily consists of carbon dioxide and 
water vapor. Through cooling, the flue gas, primarily com-
posed of carbon dioxide and water vapor, undergoes con-
densation, resulting in a highly-concentrated stream of 
CO2. This captured CO2 is subsequently compressed, with 
a portion of it being reintroduced into the combustion 
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chamber, while the remainder is stored for sequestration 
purposes. It should be noted that as the percentage of recy-
cled CO2 is increased, the flue gas temperature reduces due 
to higher dilution of the reacting gases. As the combustion 
temperature in a pure oxygen environment is immensely 
high, dilution with recycled CO2 is necessary to avoid 
damaging the combustion chamber wall material.

The flue gas exiting the combined cycle power plant 
still retains a temperature above 200°C, which is typically 
underutilized in conventional power plants. However, in 
the oxy-combustion cycle, it becomes essential to cool down 
the flue gas in order to separate CO2 from water vapor. 
Therefore, this innovative system takes advantage of this 
waste heat to drive the humidification–dehumidification 
(HDH) cycle, which is utilized for water desalination pur-
poses. By effectively utilizing the waste heat, this system 
maximizes energy efficiency and contributes to sustainable 
water desalination processes.

2.2. Humidification–dehumidification cycle

The HDH cycle consists of a humidifier, a dehumid-
ifier, and a water heater, as shown in Fig. 2. The system 

configuration follows a closed air and open water cycle 
(CAOW). In the water-heated cycle, seawater is heated 
between the humidifier and dehumidifier. The dehumid-
ifier tubes (state 4) are filled with cold seawater, which is 
preheated by absorbing the latent heat of condensation 
from the humid air leaving the humidifier (state 5). The 
preheated seawater undergoes further heating through a 
water heater (states 5–6) before being sprayed on top of 
the humidifier, where structured-type packing material 
enhances the surface area for efficient heat and mass trans-
fer. In the air-heated cycle, the seawater is directly sprayed 
into the humidifier. The air stream leaving the dehumidifier 
(state 1) becomes humidified as it moves counter currently 
past the sprayed water in the humidifier (states 2–3). Some 
of the sprayed water evaporates in the humidifier, while 
the remaining portion is discharged as brine at the bottom 
(state 7). The humid air is condensed in the dehumidifier, 
resulting in the collection of fresh water (state 8).

3. System modeling

This study examines the performance of an oxy-meth-
ane combustion power generation system integrated with 

 
Fig. 1. Schematic diagram of the integrated system for zero-emission power generation and sweet water production.

 
Fig. 2. Schematic diagram of a closed-air open water humidifier dehumidifier desalination system with water heater.
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a humidification–dehumidification (HDH) cycle for sweet 
water production. A combined cycle power plant employ-
ing gas and steam turbines is utilized with a fuel consump-
tion of 27.8 kg/s. The percentage recycling of flue gas was 
varied to study its effect on power generation and HDH 
systems. All calculations were performed using the com-
mercial software ASPEN HYSYS v11, which has been 
extensively validated against experimental data [1]. The 
thermodynamic properties of the gases and mixtures were 
determined using the Peng–Robinson equation of state.

The steady-state mass and energy governing equations 
for analyzing the energy of a system can be expressed in 
the following general format:

 m min out� �� � 0  (1)

 mX mX� � � � �� �out in
 (2)

To conduct a first law analysis, it is necessary to establish 
an energy balance across the control volume. This balance 
can be expressed as follows:
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where m  represents the flow rate of mass, h represents the 
specific enthalpy, W  represents the input power, Q  rep-
resents the rate at which heat is transferred, and the sub-
scripts i, p, and w indicate the inlet, product, and waste 
gas streams, respectively. The first law efficiency of the 
power cycle can be given as:
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where Wuseful  is the net useful work obtained from the 
combined cycle, and LHVCH4

 is the lower heating value of 
methane. The split ratio is defined as the ratio of recycled 
CO2 to total carbon dioxide emitted from the combustion 
process and can be given as:
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For the humidification cycle, the ratio between the 
mass flow rate of seawater and the mass flow rate of circu-
lated air is expressed as:
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Mass balance for the humidifier can be written as:

  m m mw b d� �  (7)

While the heat balance equation for the humidifier can 
be expressed as:
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where mw , mb , ma , md  are the mass flow rates of water, 
brine, air, and distillate, respectively. h denote the spe-
cific enthalpy of the component. Similarly, heat and mass 
balance for the dehumidifier can be written as:

 m md a� �� �� �3 2  (10)



Q m h hd w� �� �5 4  (11)
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where represents the output temperature of the desali-
nated water, which is considered to be the average tem-
perature of the inlet and outlet air of the dehumidifier. 
The humidifier and dehumidifier effectiveness is defined as:
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where the “ideal, 7” water enthalpy is determined based 
on the brine’s temperature at the inlet air. Similarly, the 
“ideal, 3” air enthalpy is calculated under fully saturated 
conditions at the water inlet temperature. Moving on to the 
dehumidifier, the “ideal, 5” denotes the seawater’s outlet 
enthalpy when its temperature matches the dry bulb tem-
perature of the inlet air. On the other hand, “ideal, 2” rep-
resents the air outlet condition for saturated air at the inlet 
seawater temperature.

The gain output ratio refers to the ratio of the freshwa-
ter output gained through the desalination process to the 
energy input required for the process and can be given as:

GOR fg=




m h
Q
d

m

 (15)

It is a measure of the efficiency or effectiveness of the 
thermal desalination system in converting energy input into 
freshwater output. A higher gain-output ratio indicates a 
more efficient system where more freshwater is produced 
for a given amount of energy input.

The above equations are solved using an Engineering 
Equation Solver (EES) [19], which accounts for the changes 
in thermal properties of the fluids with operating param-
eters such as temperature, pressure, etc. EES employs a 
numerical iterative method to solve this set of equations, 
achieving convergence when the residuals reach a value 
below 10–6.

4. Results and discussion

The effect of the mass flow ratio and top humidi-
fier temperature on GOR is shown in Fig. 3. As the water 
mass flow rate increases, the air absorbs more vapors in 
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the humidifier resulting in higher distillate; hence GOR 
increase. However, the GOR rises to a certain point and 
starts decreasing. As the preheating of seawater in the dehu-
midifier becomes lower, more heat input is required in the 
water heater to keep the same humidifier maximum tem-
perature. The rise in distillate production is not the same 
as the rise in heat input in the water heater, which causes 
the GOR to decrease. Furthermore, a rise in the top humid-
ifier temperature has a negative effect on the maximum 
GOR. For a higher humidifier temperature, more heat input 
is required in the water heater that does not result in the 
rise of distillate with the same magnitude; hence results in 
lower GOR. The higher top humidifier temperature does 
not result in higher GOR; however, it gives more stability of 
GOR for the broad range of mass flow ratios. In addition, it 
can be seen that the maximum GOR is obtained at a mass 
flow ratio of around 2.5 at 70°C top humidifier tempera-
ture. Therefore, this optimum mass flow ratio is chosen for  
further calculations.

The effects of the CO2 split ratio on the flue gas tem-
perature and mass flow rate are exhibited in Fig. 4. As the 
dilution increases corresponding to a higher split ratio, 
the flue gas temperature decreases linearly; however, 
the total mass flow rate of the flue gas increases rapidly. 

Increasing the split ratio from 0.9 to 0.95 causes the mass 
flow to approximately double and the flue gas tempera-
ture to decrease from 1,456°C to 938°C. This is because the 
heat capacity of carbon dioxide increases with increasing 
temperature. Thus, at lower split ratios, which corresponds 
to higher flue gas temperature, a lower mass rate flow rate 
can accommodate for the same temperature difference 
as compared to that of at the higher split ratios.

As the split ratio affects the flue gas temperature and 
mass flow rate, this also changes the operating condition 
across the water heater resulting in variation in distil-
late production. Fig. 5 represents such variation of sweet 
water production with split ratio and top humidifier tem-
perature. It can be seen that the sweet water production 
increases with increasing split ratio, although the flue gas 
temperature decreases. However, the decrease in flue gas 
temperature is outstripped by the rise in its mass flow 
rate and hence total heat input. Higher sweet water pro-
duction is observed at lower top humidifier temperatures. 
Fig. 6 shows the relationship between the split ratio and 
heat transfer rate for different top humidifier temperatures. 
It can be observed that the heat transfer rate increases with 
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decreasing top humidifier temperature, and increasing 
the split ratio from 0.9 to 0.94 results in a 75% increase in 
the heat transfer rate. This is because flue gas temperature 
remains fixed at a particular split ratio. Therefore, increas-
ing the humidifier temperature decreases the tempera-
ture gradient of the water heater, lowering the total heat 
transfer. This results in lower sweet water production at 
higher top humidifier temperatures.

At higher split ratios, the heat transfer rate and sweet 
water production are better, but it also affects the plant 
efficiency and distillate per unit power output, which is 
presented in Fig. 7. These results are obtained for the fixed 
top humidifier temperature of 70°C. The oxy-combustion 
power plant thermal efficiency decreases with an increas-
ing split ratio as the operating temperature of the com-
bined cycle decreases. An increase in the split ratio from 0.9 
to 0.95 results in the plant efficiency from 48.3% to 39.8%, 
which is a tremendous decrease in overall plant efficiency 
of 8.5%. While due to enhanced heat transfer, specific sweet 
water production increases with the split ratio. The spe-
cific distillate production per MW power output increases 
from 27 to 74 m3/d/MW, a rise of 174%, when the split ratio 
is changed from 0.9 to 0.95. This shows that the higher 
specific production rate comes at the expense of plant effi-
ciency, and hence, an optimal compromise should be made 
while designing the integrated system.

Finally, the GOR and recovery ratio (RR) of the HDH 
system at various top humidifier temperatures is displayed 
in Fig. 8. Higher GOR and RR benefit the desalination plant, 
as higher GOR depicts higher productivity, and higher RR 
shows that lower seawater needs to be circulated for the unit 
distillate production. In the present case, the GOR decreases 
with increasing top humidifier temperature due to lower 
heat transfer. In addition, a higher recovery ratio is observed 
at higher top humidifier temperatures, although the sweet 
water production decreases. When the top humidifier tem-
perature is increased from 70°C to 90°C, the RR changes 
from 5% to 6.2%, showing an increase of 24%. However, 
due to lower GOR at 90°C, this top humidifier tempera-
ture is not optimum for the plant operation.

5. Conclusions

This study presents a comprehensive investigation into 
the performance of an oxy-combustion-based zero-emis-
sion power plant integrated with a humidification–dehu-
midification (HDH) cycle. The system consists of two main 
cycles: the oxy-combustion power generation cycle (OPGC) 
and the humidification–dehumidification (HDH) cycle. 
The thermodynamic feasibility of the integrated system 
was assessed through the evaluation of various bottom-
ing cycles coupled with the closed-air-open-water water 
water-heated (CAOW-WH) HDH system. The optimization 
of the top and bottom temperatures of the HDH system, as 
well as the mass flow rates, was conducted to maximize the 
gain output ratio (GOR) and recovery rate (RR) of the sys-
tem. Additionally, sensitivity analysis was carried out to 
explore the impact of oxy-combustion operating parame-
ters on the net cycle efficiency. Some of the key findings are  
as follows:

• The maximum GOR is obtained at a mass flow ratio of 
2.5 at 70°C top humidifier temperature.

• Increasing the split ratio from 0.9 to 0.95 causes the mass 
flow to approximately double and the flue gas tem-
perature to decrease from 1,456°C to 938°C.

• As the split ratio affects the flue gas temperature and 
mass flow rate, this also changes the distillate production.

• The sweet water production increases with increasing 
split ratio, although the flue gas temperature decreases.

• The heat transfer rate increases with decreasing top 
humidifier temperature, and increasing the split ratio 
from 0.9 to 0.94 results in a 75% increase in the heat 
transfer rate.

• At higher split ratios, the heat transfer rate and sweet 
water production are better, but it also affects the plant 
efficiency and distillate per unit power output.

• An increase in the split ratio from 0.9 to 0.95 results in 
the plant efficiency from 48.3% to 39.8%, which is a tre-
mendous decrease in overall plant efficiency of 8.5%.

• The specific distillate production per MW power out-
put increases from 27 m3/d/MW to 74 m3/d/MW, a rise 
of 174%, when the split ratio is changed from 0.9 to 0.95.
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• When the top humidifier temperature is increased from 
70°C to 90°C, the RR changes from 5% to 6.2%, show-
ing an increase of 24%. However, due to lower GOR at 
90°C, this top humidifier temperature is not optimum 
for the plant operation.

The findings from this analysis offer valuable insights 
and design considerations for the implementation of inte-
grated systems capable of generating power with zero 
emissions while producing sweet water without incurring 
additional energy costs. By leveraging oxy-combustion 
technology and optimizing the HDH cycle, this integrated 
approach displays a promising pathway toward sustain-
able power generation and water resource management. It 
underscores the potential of such systems to address envi-
ronmental challenges and contribute to a cleaner and more 
resilient energy future.
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