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Abstract: Ceramic membrane condensers that are used for water and waste heat recovery from flue 

gas have the dual effects of saving water resources and improving energy efficiency. However, most 

ceramic membrane condensers use water as the cooling medium, which can obtain a higher water 

recovery flux, but the waste heat temperature is lower, which is difficult to use. This paper proposes 

to use the secondary boiler air as the cooling medium, build a ceramic membrane condenser with 

negative pressure air to recover water and waste heat from the flue gas, and analyze the transfer 

characteristics of flue gas water and waste heat in the membrane condenser. Based on the experi-

mental results, it is technically feasible for the ceramic membrane condenser to use negative pres-

sure air as the cooling medium. The flue gas temperature has the most obvious influence on the 

water and heat transfer characteristics. The waste heat recovery is dominated by latent heat of water 

vapor, accounting for 80% or above. The negative pressure air outlet temperature of the ceramic 

membrane condenser can reach 50.5 °C, and it is in a supersaturated state. The research content of 

this article provides a new idea for the water and waste heat recovery from flue gas. 

Keywords: ceramic membrane condenser; water and waste heat recovery; flue gas; native pressure 

air; sensitivity analysis; moisture content 

 

1. Introduction 

As of 2018, s third of the world’s electricity is supplied by coal, especially in China, 

where coal-fired power generation accounts for up to 69%. In the electric power market, the 

coal-fired power plant occupies a crucial position. In addition, the rapid development of 

steel, cement and other industries also consumes about 80% of the world’s coal resources—

the proportion of China’s is about 78% [1]. Coal is an important energy source; thus, it is 

essential to alleviate a resource shortage by improving the utilization efficiency of coal. 

At present, the boiler tail flue gas of a coal-fired power plant is characterized by high 

moisture content and low temperature [2]. The flue gas was purified by a wet desulfuri-

zation tower to remove SO2 and reach a wet saturation state. The flue gas temperature is 

reduced to 55~60 °C, so direct discharge of flue gas will cause a large amount of water and 

waste heat loss [3]. For instance, in the traditional 330 MW coal-fired power plant, the flue 

gas temperature at the outlet of the wet desulfurization tower is 55 °C, so the low-temper-

ature waste heat loss caused by the discharge of wet saturated flue gas is 484 GJ/h, which 

is equivalent to wasting 16 t/h standard coal according to the calorific value. In the mean-

time, the flue gas contains 120 t/h of water directly discharged into the atmosphere with 

the flue gas. If the water recovery efficiency from the flue gas is 40–60%, and the conden-

sate water is used as make-up water for the desulfurization tower, then the wet desulfu-

rization system can achieve zero water consumption. By recovering the sensible heat of 

flue gas and the latent heat of water vapor, the coal-fired power plant thermal efficiency 

can increase more than 5% [4,5]. In addition, the lower moisture content in the flue gas 
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will help promote the dissipation of pollutants in the flue gas and reduce “gypsum rain” 

around coal-fired power plants [6]. In summary, water and waste heat recovery play an 

important role in enhancing energy efficiency, reducing water consumption, and improv-

ing the environment of coal-fired power plants. 

The water and waste heat loss caused by low-temperature flue gas emission has at-

tracted the attention of a large number of researchers, and a variety of technical solutions 

[7] have also been proposed for the water and waste heat recovery from flue gas. Common 

technical methods are condensation [8–10], absorption [11–13] or membrane separation 

[14,15]. Condensation method using a recuperative heat exchanger or a spray tower 

[16,17], the flue gas temperature is reduced to a temperature below the dew point of water 

vapor. The water vapor in the flue gas is condensed and precipitated to achieve the water 

and waste heat recovery from the flue gas. The absorption method includes liquid absorp-

tion or solid absorption, and the liquid absorption method is more researched. The ab-

sorber adopts the spray tower structure to ensure full contact between the low tempera-

ture, high concentration dehumidification solution, and the wet saturated flue gas. This 

solution has the characteristics of low saturated water vapor pressure to absorb moisture 

and heat in the flue gas, while using high-temperature flue gas to realize the regeneration 

of low concentration dehumidification solution. Compared with the condensation 

method, the liquid absorption method has stronger water and waste heat recovery capa-

bilities. This method will face problems, such as contamination of the dehumidifying so-

lution, higher operating costs. The membrane separation method uses a new type of heat 

exchanger material, which uses different transmission rates of different gases in porous 

or dense membrane materials to achieve the recovery of clean water from flue gas. 

As the core of the membrane separation method for water and waste heat recovery 

from flue gas, membrane materials can be divided into hydrophobic membranes or hy-

drophilic membranes [18–20]. As shown in Figure 1, as captured with a high-speed cam-

era, droplets falling on the surface of the hydrophobic ceramic membrane will rebound 

and will eventually bounce off the surface of the ceramic membrane. However, the drop-

lets falling on the surface of the hydrophilic ceramic membrane will cause adsorption, and 

will quickly penetrate into the ceramic membrane material. As far as the hydrophobic 

membrane is concerned, the moisture on the flue gas side forms a droplet condensation 

on the surface of the hydrophobic membrane, which prevents moisture in the flue gas 

from passing through the membrane material, but allows other gases in the flue gas to 

pass through the membrane material. Brunetti et al. [14] have used hollow fiber mem-

brane (PVDF) to make a hydrophobic membrane condenser and applied it in the wet sat-

urated flue gas dehydration process. Through the interception effect of the hydrophobic 

hollow fiber membrane, a water recovery efficiency of 20–25% can be obtained. Compared 

with hydrophobic membranes, hydrophilic membranes have been studied and applied 

more. The moisture on the flue gas side forms film condensation on the surface of the 

hydrophilic membrane. Liquid water on the membrane surface or membrane pores can 

prevent other gases from entering the flue gas. Only water in the flue gas should be per-

mitted to pass through the membrane material.  

As early as 2000, the Natural Gas Technology Institute (GTI) of the United States suc-

cessfully developed TMC technology [21] based on hydrophilic nanoporous ceramic 

membranes under the auspices of the United States Department of Energy (DOE). At the 

same time, the hydrophilic ceramic membrane that uses circulating water as the cooling 

medium has a high water and heat recovery capacity. Since then, according to the appli-

cation performance of the hydrophilic porous ceramic membrane, many scholars have 

carried out a series of research and discussion on key influencing factors such as flue gas 

flow, flue gas temperature, cooling water flow, cooling water temperature and membrane 

pore size [4,5,22]. In addition, Hu Haowei et al. [23] compared the performance of hydro-

philic and hydrophobic nanoporous ceramic composite membranes in water and waste 

heat recovery in the mixed gas of nitrogen and water vapor, and found that the water and 

heat recovery of hydrophilic membranes is better than that of hydrophobic membranes. 
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(a) (b) (c) 

   
(d) (e) (f) 

Figure 1. The contact process of droplets on the membrane surface. (a) Hydrophobic membrane 

time: 0 ms contact; (b) hydrophobic membrane time: 8 ms spread; (c) hydrophobic membrane time: 

10.8 ms rebound; (d) hydrophilic membrane time: 0 ms contact; (e) hydrophilic membrane time: 

13.05 ms spread; (f) hydrophilic membrane time: 16.85 ms adsorb. 

In previous studies [24–28], this research group also used circulating water as the 

cooling medium for water and waste heat recovery by ceramic membrane condenser. Fig-

ure 2a shows the water and waste heat recovery application system under the full flue gas 

volume of a coal-fired power plant. The tail flue gas of the coal-fired power plant boiler is 

discharged from the air preheater, the dust collector removes the solid dust particles in 

the flue gas, the wet desulfurization tower absorbs the acid gas in the flue gas, and finally, 

the flue gas is directly emission after recovering part of the water and waste heat through 

the ceramic membrane condenser. After the circulating water in the ceramic membrane 

condenser absorbs the water and waste heat from flue gas, the temperature continues to 

rise. In addition, the water temperature needs to be kept stable through the cold water 

tower, and then the ceramic membrane condenser continues to circulate. However, the 

low temperature of circulating water makes its heat unable to be effectively used. 

Based on previous research, this paper proposes another idea, which is to use nega-

tive pressure air as the cooling medium. As shown in Figure 2b, the gas pipeline connects 

the inlet of the secondary fan from the ceramic membrane condenser. The negative pres-

sure air absorbs the water and waste heat from flue gas and is introduced as the secondary 

air of the boiler. Compared with circulating water as the cooling medium, negative pres-

sure air has a lower ability to recover the water and waste heat from flue gas, but can 

realize the effective utilization of low-temperature waste heat of the flue gas, and can also 

inhibit the formation of high-temperature nitrogen oxides in the furnace. 
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Figure 2. Application of ceramic membrane condenser in coal-fired power plant. (a) Circulation 

water cooling medium. (b) Secondary air cooling medium. 

2. Method and Experiments System 

2.1. Membrane Materials 

As shown in Figure 3a–c, the outer surface pore size of the 10 nm ceramic membrane 

is significantly smaller than the inner surface pore size of the 10 nm ceramic membrane, 

and the cross-section has an obvious layered structure. The 10 nm ceramic membrane is 

an asymmetric structure [27]. As shown in Figure 3d–f, the inner and outer surface pore 

size of the 1 μm ceramic membrane are basically the same in this experiment, and there is 

no obvious layered structure in the cross-section. The 1-μm ceramic membrane is a sym-

metrical structure membrane [27]. The symmetrical membrane production process is rel-

atively simple, and the production cost is relatively low. As shown in Figure 4a,b, 10 nm 

ceramic membrane and 1 μm ceramic membrane after qualitative analysis by EDS (Energy 

Dispersive Spectroscopy), the main elements in the membrane material are O element and 

Al element. The Pt element in the picture is introduced by spraying gold before the test. 

It is confirmed that the membrane material is inorganic alumina. The ceramic membranes 

used in this experiment are all tubular membranes. The specific structural parameters are 

shown in Table 1. They are divided into four different pore sizes of 0.4 nm, 10 nm, 100 nm, 

and 1 μm. Except for the 1-μm ceramic membrane, which is a symmetrical membrane; the 

rest are asymmetric membranes. The porosity of the four types of ceramic membranes is 

basically the same. Moreover, the other structural parameters of the ceramic membrane 

are the same, with the length of 790 mm, inner diameter of 8 mm, and wall thickness of 2 

mm. The ceramic membrane module shell is made of stainless steel (AISI 316L) and its 

length is 800 mm, inner diameter 20 mm, and wall thickness is 1 mm. The ceramic mem-

brane module is insulated with insulation materials. 

   
(a) (b) (c) 
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(d) (e) (f) 

Figure 3. SEM image of ceramic membrane sample. (a) 10 nm membrane outside surface; (b) 10 nm membrane inside 

surface; (c) 10 nm membrane truncation surface; (d) 1 μm membrane outside surface; (e) 1 μm membrane inside surface; 

(f) 1 μm membrane truncation surface. 

 

（a） 

 

（b） 

Figure 4. Energy-dispersive X-ray spectroscopy spectra of ceramic membrane sample. (a) 10 nm 

ceramic membrane. (b) 1 μm ceramic membrane 

Table 1. Structural parameters of the ceramic membrane module. 

Project Unit 
Ceramic Membrane 

Shell 
1 2 3 4 

Average pore size nm 0.4 10 100 1000 / 

Structure / Asymmetric Symmetry  

Coating / Outer coating / / 

Material / Alumina AISI 316L 

Length mm 790 790 790 790 800 

Outer diameter mm 12 22 

Inter diameter mm 8 20 

Porosity % 31.56% 33.62% 33.86% 34.12% / 
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Outer surface area cm2 297.67 / 

Inner surface area cm2 198.45 / 

Flow area cm2 0.50 2.01 

Note: AISI 316L-stainless material. “/” means no content. 

2.2. System Overview 

The inorganic ceramic membrane condenser using negative pressure air as a cooling 

medium experimental system is shown in Figure 5. The experimental system is mainly 

composed of a flue gas generation subsystem, a ceramic membrane module subsystem, a 

flue gas drying subsystem, a semiconductor refrigeration subsystem, and a negative pres-

sure air condensing subsystem. The simulated dry flue gas in the flue gas generation sub-

system is continuously and stably supplied by an air compressor. The dry flue gas is meas-

ured by a metal tube float flowmeter and then enters a two-necked flask in a constant 

temperature water bath. The flask contains quantitative desulfurization wastewater after 

pretreatment, which is used to achieve heating and humidification of dry flue gas to wet 

saturation. The membrane module subsystem has a sleeve structure, and the wet satu-

rated flue gas enters the shell side of the membrane module, and the negative pressure air 

enters the tube side of the membrane module. The flue gas and airflow in the opposite 

direction for heat and mass transfer in the membrane module. The flue gas at the outlet 

of the ceramic membrane module is condensed by the serpentine condenser and is dried 

by the drying tower, finally is discharged directly to the atmosphere. At the same time, 

the flue gas drying subsystem can also be used to verify the supersaturation coefficient of 

the simulated flue gas. The semiconductor refrigeration subsystem is made by semicon-

ductor modules, and is used to make low-temperature circulating water which is used for 

flue gas or negative pressure air condensation. The air condensing subsystem uses air as 

a cooling medium to absorb water and waste heat from flue gas. The inlet of the vacuum 

pump is connected with the outlet of the serpentine condenser to provide a certain nega-

tive pressure environment. The water collection device is used to collect negative pressure 

air condensate, so as to effectively measure the amount of recovered water. 

By controlling the opening and closing state of the valve in the experimental system, 

the experimental process is mainly divided into two stages: 

(1) When valves 2, 4 are opened, and 1, 3 are closed, the wet flue gas at the outlet of the 

flue gas generation subsystem directly enters the flue gas drying subsystem. The flue 

gas drying subsystem measures the volume of condensed water in the water collec-

tion bottle II and the weight gain of the drying tower under different flue gas flow, 

and then determines the supersaturation coefficient of the wet flue gas in the experi-

mental system. 

(2) When valves 1, 3 are opened and 2, 4 are closed, the wet flue gas at the outlet of the 

flue gas generation subsystem enters the shell side of the ceramic membrane module, 

and a series of flue gas water and waste heat recovery experiments are carried out. 
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Figure 5. Ceramic membranes water and waste heat recovery from simulate flue gas experiment platform. 

Table 2 shows the range of operating parameters selected during the experiment. The 

negative pressure air temperature is relatively stable, while the flue gas temperature, flue 

gas flow, and airflow have a wide range. 

Table 2. Selection of experimental parameters. 

Parameter Unit Value Parameter Unit Value 

Flue gas temperature °C 38 ~ 64 Negative pressure air temperature °C 12 ~ 14 

Flue gas flow L/min 4 ~ 22 Negative pressure airflow L/h 0 ~ 15 

As shown in Table 3, multiple types of data acquisition instruments are arranged in 

the experimental platform. These instruments are used to measure pressure, temperature 

and other parameters in real-time. The inlet and outlet of the membrane module tube side 

are respectively arranged with temperature and pressure monitoring points. The middle 

position of the membrane module shell side is arranged with pressure measuring points. 

The inlet and outlet of the membrane module shell side are respectively arranged with 

temperature measuring points. A metal rotor flowmeter is arranged at the outlet of the air 

compressor. A glass rotameter is arranged at the negative pressure air inlet of the mem-

brane module tube side. And two water tanks are arranged with temperature measuring 

points. 

Table 3. Instrument parameters. 

Instrument Model Range Uncertainty 

Metal rotor flowmeter CGYL-LZ-25 0–30 L/min 1.0% 

Glass rotor flowmeter LWGY-4-C-10 0–20 L/min 1.0% 

Temperature transmitter SWB-B 0–100 °C 0.25% 

Pressure transmitter CGYL-202 −50–50 kPa 0.25% 

2.3. Heat and Mass Transport Model 

As shown in Figure 6, the simulated flue gas outside the ceramic membrane is wet 

and saturated; however, the negative pressure air inside the ceramic membrane has a rel-

atively low relative humidity. The two flow in the ceramic membrane module in the re-

verse direction, and simultaneously carry out the transfer of water and waste heat [29]. 

The moisture content of the flue gas in the ceramic membrane module shell side gradually 

decreases along the moisture saturation line, which is a cooling and dehumidification pro-

cess. While the temperature and moisture content of negative pressure air in the ceramic 
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membrane module tube side continue to rise, which is a heating and humidification pro-

cess, and it may eventually reach a moisture saturation state [20]. 
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Figure 6. Mass and heat transfer process in the ceramic membrane. 

The inorganic ceramic membrane is a porous material. According to the Kelvin equa-

tion, the water vapor in the flue gas will undergo capillary condensation in the porous 

material below the saturated vapor pressure [27,30,31]. As shown in Figure 7, the smaller 

the membrane pore size, the more obvious the capillary phenomenon. At the same time, 

combined with the membrane pore size selected, it can be considered that capillary con-

densation will occur within the pore size of 0.4 nm and 10 nm ceramic membranes, while 

capillary phenomenon will not occur in 100 nm and 1 μm pore size ceramic membranes 

[2,32]. Considering that the tube size and shell size of the ceramic membrane module are 

gas-phase fluids, Figure 8 shows that the mass transfer process of flue gas moisture across 

the membrane can be roughly divided into three steps [33]: the condensation process on 

the outer surface of the membrane, the transfer process within the membrane pores, and 

the evaporation process on the inner surface of the membrane. Because the outer surface 

of the membrane is coated with a hydrophilic selective separation layer, the condensation 

process is mainly cooling condensation and film condensation [18]. When the membrane 

pore size is smaller, capillary condensation will occur due to capillary forces, which will 

help the outer surface of the ceramic membrane to condense [6]. The liquid water in the 

membrane pores is transported from the outer surface of the ceramic membrane to the 

inner surface of the ceramic membrane under the pressure difference. The tube size of the 

ceramic membrane module is negative pressure air. Under the conditions of relative hu-

midity and negative pressure, liquid water on the inert surface of the ceramic membrane 

continuously evaporates into the negative pressure air. At this time, when the membrane 

pore size is smaller, the capillary force will hinder the evaporation of water. 
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Figure 7. Capillary condensation pressure in the pore size. 

 

Figure 8. The water in flue gas transport process. 

2.4. Methods 

2.4.1. Supersaturation Coefficient 

In order to accurately determine the recovery characteristics of the water and waste 

heat from flue gas by the ceramic membrane, it is necessary to clearly simulate flue gas 

inlet parameters. Therefore, it is necessary to accurately determine the moisture content 

of the flue gas at the outlet of the flue gas generation subsystem. The flue gas supersatu-

ration coefficient can be shown as the following formula: 

g
o

g
i

gw g

g g

1000 Δ
=

Δ

T

T

tV V d

tV d

 




 
 (1) 

where   is the supersaturation coefficient of wet flue gas, V   is the condensate volume 

of bottle Ⅱ, mL, w  is the water density, 1 g/mL, gV  is the dry flue gas flow (151 kPa, 

20 °C), L/min, Δt  is run time, min, g  is the dry flue gas density (151 kPa, 20 °C), 1.80 

kg/m3, g
oTd  is the saturation moisture content of flue gas outlet, g/kg, g

iTd  is the satura-

tion moisture content of flue gas inlet, g/kg. 

2.4.2. Water Recovery Characteristics 

The serpentine condenser uses low-temperature cold water to cool the negative pres-

sure air at the outlet of the ceramic membrane module. And the collection bottle III 

measures the volume of condensed water. Therefore, the water recovery rate and water 

recovery efficiency from flue gas are as follows [34,35]: 

0 100 200 300 400
0.0

0.2

0.4

0.6

0.8

1.0

1.2

0 5 10 15

0.2

0.4

0.6

0.8

1.0

0.83

10

P
r/
P

Membrane pore size/nm

 20 ℃
 50 ℃
 80 ℃

Pr/P-Capillary pressure/Saturation pressure



Membranes 2021, 11, 701 10 of 25 
 

 

3
=

50 Δ

V

S t
  (2) 

g
i

w

g g

1000
100

Δ T

V

tV d





   (3) 

where   is the water recovery rate, L/(h·m2), V  is the condensate volume of bottle Ⅲ, 

mL, S  is the outside surface area of the ceramic membrane, 297.67×10−4 m2,   is the 

water recovery efficiency, %. 

2.4.3. Heat Recovery Characteristics 

Ceramic membrane module and corresponding pipelines are insulated, so the heat 

dissipation loss is negligible. The flue gas at the inlet of the ceramic membrane module is 

wet saturation. The waste heat of flue gas mainly includes two parts: sensible heat of flue 

gas and latent heat of water vapor [5]. The waste heat recovery power and waste heat 

recovery efficiency from flue gas are shown in the following formula [27,36]: 
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(8) 

where SQ  is the sensible heat recovery power, W, LQ  is the latent heat recovery power, 

W, Q  is heat recovery power, W, a
oT  is the negative pressure air outlet temperature, °C, 

w
pC  is the specific heat capacity of water, 4200J/(kg·K), g

pC  is the specific heat capacity 

of dry flue gas, 1007J/(kg·K), gw
pC  is the specific heat capacity of water vapor, 1871 

J/(kg·K), r  is the latent heat of water, 2257 kJ/kg, S  is the sensible heat recovery effi-

ciency, %, L  is the latent heat recovery efficiency, %,   is the heat recovery efficiency, 

%, eT  is ambient temperature, °C. 

2.4.4. Moisture Characteristics of Negative Pressure Air 

Using negative pressure air as the cooling medium, it is defined that moisture content 

and relative humidity of negative pressure air at the outlet of the ceramic membrane mod-

ule. As shown in the following formula: 

w
a

a a

1000

Δ

V
d

tV




  (9) 

a
o

a

T

d

d
   (10) 

where a
oTd  is the saturation moisture content of negative pressure air outlet, g/kg, aV  is 

negative pressure airflow, L/min, a  is negative pressure air density, 1.2 kg/m3, ad  is 
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moisture content of negative pressure air, g/kg,   is relative humidity of negative pres-

sure air, %. 

2.4.5. Sensitivity Analysis 

Ceramic membrane condenser uses negative pressure air to achieve water and waste 

heat recovery from flue gas. There are many factors that affect water and waste heat re-

covery characteristics, such as flue gas temperature, flue gas flow, negative pressure air-

flow, and ceramic membrane pore size. Taking R = 10 nm, gV  = 10.33 L/min, g
iT  = 56.31 

°C, aV  = 15 L/min as reference conditions, as shown in the following formula, the various 

factors and results are dimensionless, and the sensitivity of each factor is analyzed. 

n n n1 2
n n n 00 0

n n n

= =
Qv

Qv


  


  ；  (11) 

Where   is dimensionless coefficient of the independent variable,   is independent 

variable values, 1
n  is dimensionless coefficient of water recovery, 2

n  is dimension-

less coefficient of heat recovery, n  is value 1, 2, 3, 4, respectively represent R , gV , g
iT , 

aV , 0  is the comparative experiment condition (membrane pore size 10 nm, flue gas 

flow 10.33 L/min, flue gas inlet temperature 56.31 °C, negative pressure airflow 15 L/min) 

3. Results and Discuss 

The experimental system runs continuously for 30 min, and the state parameters are 

shown in Figure 9. The flue gas flow and flue gas pressure show regular fluctuations, which 

are determined by the working principle of the air compressor. When the air compressor 

tank pressure is within a certain range, the air compressor is in a stopped state. When the 

pressure is lower than the set value, the air compressor starts to start. The inlet and outlet 

pressure of the ceramic membrane module tube side is relatively stable, and the outlet pres-

sure is greater than the inlet pressure. The negative pressure air absorbs water and waste 

heat from flue gas, leading to an increase in the outlet temperature and contains a lot of 

water vapor. The negative pressure airflow in the ceramic membrane is relatively stable. 

The inlet and outlet temperature of the flue gas and negative pressure air in the ceramic 

membrane module are relatively stable, and the order is g
iT  > a

oT  > g
oT  > a

iT . 
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Figure 9. Running state parameters. Experiment conditions: flue gas flow 8.5 L/min, flue gas inlet temperature 58.6 °C, 

negative pressure airflow 15 L/min, negative pressure air inlet temperature 12.8 °C, membrane pore size 10 nm. 

3.1. Supersaturation Coefficient of Flue Gas 

As shown in Figure 10, the flue gas supersaturation coefficient changes greatly with 

the flue gas flow. When the flue gas flow is low, the supersaturation coefficient is higher 

and fluctuates greatly. When the flue gas flow increases, the flue gas supersaturation co-

efficient gradually stabilizes and tends to 1. When the flue gas flow is low, the gas-liquid 

separation device uses the inertia of the airflow to separate the droplets poorly, resulting 

in the flue gas supersaturation coefficient being too high. When the flue gas flow is 4.75 

L/min, 9.47 L/min, 15.2 L/min, and 19.83 L/min, the average flue gas supersaturation co-

efficients are, respectively, 1.41, 1.24, 1.07, 1.04. 

 

Figure 10. Supersaturation coefficient of flue gas. 
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3.2. Water and Heat Recovery Characteristics 

3.2.1. Effect of Flue Gas Flow 

As shown in Figure 11, the influence of flue gas flow on the characteristics of water and 

waste heat recovery is divided into two types. One is that the inlet valve of the ceramic 

membrane module tube side is closed, the glass rotor flowmeter shows zero. The water re-

covery rate varies with flue gas flow first increases and then decreases, and the water recov-

ery efficiency shows a gradual decline. The outside surface of the ceramic membrane is 

mainly capillary condensation, and the inner surface of the ceramic membrane is mainly 

vacuum evaporation. The other is that the inlet valve of the membrane module tube side is 

fully open, the glass rotameter is 15 L/min. The water recovery rate first increases and then 

decreases gradually, while the water recovery efficiency first increases and then decreases. 

At this time, the outer surface of the ceramic membrane is mainly cooled and condensed, 

and the inner surface of the ceramic membrane is mainly purged and evaporated. 

Compared with negative pressure air or circulating water as the cooling medium, 

there are some differences in water recovery characteristics with the flue gas flow 

[18,24,27]. With the increase of flue gas flow, the average water vapor pressure increases 

in the membrane module shell side, and the non-condensable gas boundary layer de-

creases in the membrane module shell side. Thus, both of the above points can help to 

improve the water recovery rate from flue gas. However, continuing to increase the flue 

gas flow correspond to a shorter residence time for water vapor in the membrane module. 

At the same time, the cooling capacity of the negative pressure air is low, resulting in the 

water vapor in the flue gas being discharged from the membrane module before it can be 

recovered. Therefore, the water recovery rate decreases. 

 

Figure 11. Water recovery rate/efficiency vs. Flue gas flow. Experiment conditions: flue gas inlet 

temperature 56.36 °C, negative pressure airflow 15 L/min, negative pressure air inlet temperature 

14.08 °C, membrane pore size 10 nm. 

In the above two cases, the effect of flue gas flow on heat recovery characteristics is 
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recovery power increases, but the heat recovery efficiency decreases. These experimental 
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to maintain a higher heat exchange temperature difference and reduce the thickness of the 

non-condensable gas boundary layer in the membrane shell side. Therefore, the heat re-

covery power rises with the increase of the flue gas flow. However, more heat is dis-

charged out of the ceramic membrane module along with the flue gas before it can be 

recovered, resulting in a decrease in heat recovery efficiency. 

Flue gas flow (L/min)

4.3 7.9 13.3 16.5 20.9 4.3 7.9 13.3 16.5 20.9

Air flow 0 L/min Air flow 15 L/min

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

W
at

er
 r

ec
ov

er
y 

ra
te

 (
L

/(
m

2 ·h
))

0

10

20

30

40

50

60

70

80
W

at
er

 r
ec

o
ve

ry
 e

ff
ic

ie
n

cy
 (

%
)



Membranes 2021, 11, 701 14 of 25 
 

 

  

Figure 12. Heat recovery power/efficiency vs. flue gas flow. Experiment conditions: flue gas inlet 

temperature 56.36 °C, negative pressure airflow 15 L/min, negative pressure air inlet temperature 

14.08 °C, membrane pore size 10 nm. 

3.2.2. Effect of Flue Gas Temperature 

Figure 13 shows the change curve of water recovery rate and efficiency with flue gas 

temperature. The water recovery rate shows a continuously increasing trend with the in-

crease of flue gas temperature, while the water recovery efficiency first increases and then 

decreases with the increase of flue gas temperature. Compared with the literature 

[18,33,34,37], the experimental results in this paper show the same regular variation for 

the water recovery rate, but there are some differences for water recovery efficiency. In 

the literature [34], the water recovery efficiency increases with the increase of flue gas 

temperature. In the literature [33], the water recovery efficiency decrease with the increase 

of flue gas temperature. In the literature [33,34], there are obvious differences in the ar-

rangement and area of the ceramic membrane tubes, leading to different experimental 

results. Compared with the literature [33,34], the cooling medium is negative pressure air 

in this paper. When the flue gas temperature increases, the moisture content and water 

vapor partial pressure increase exponentially in the wet saturated flue gas [18,26,38]. The 

condensation process on the membrane module shell side, the transport process across 

the membrane and the evaporation process on the membrane module tube side are all 

enhanced; thus, the water recovery rate increase. However, the water recovery efficiency 

is affected by water recovery rate and moisture content of flue gas. When the flue gas 

temperature is low, increasing the flue gas temperature, the moisture content of flue gas 

increases slowly, resulting in a growth multiple of the water recovery rate higher than the 

growth multiple of the moisture content of the flue gas. When the flue gas temperature is 

high, increasing the flue gas temperature, the moisture content of flue gas increases rap-

idly. The growth multiple of water recovery rate is lower than the growth multiple of 

moisture content of flue gas. Therefore, the water recovery efficiency first increases to the 

maximum value and then decreases. 
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Figure 13. Water recovery rate/efficiency vs. Flue gas temperature. Experiment conditions: flue gas 

flow 9.85 L/min, negative pressure airflow 15 L/min, negative pressure air inlet temperature 12.95 

°C, membrane pore size 10 nm. 

The flue gas heat recovery power and efficiency show the same change curve as the 

water recovery characteristics. As shown in Figure 14, as the flue gas temperature in-

creases, the heat recovery power continues to increase. While the heat recovery efficiency 

first increases and then decreases. Regarding the effect of flue gas temperature on the heat 

recovery power, the experimental results in this paper are consistent with the literature 

[18,27,37]. However, regarding the effect of flue gas temperature on the heat recovery ef-

ficiency, the experimental results in this paper are somewhat different with the literature 

[27] because the increase of flue gas temperature helps to increase the heat exchange tem-

perature difference of the membrane module. When the flue gas temperature is higher, 

the moisture content also increases, and the phase change heat is stronger. However, neg-

ative pressure air has a lower cooling capacity compared to the circulating water. After 

the heat recovery efficiency increases to the maximum, the flue gas temperature continues 

to increase, which is limited by the remaining fixed experimental parameters, inevitably 

leading to the heat recovery efficiency to decline. 

 

Figure 14. Heat recovery power/efficiency vs. flue gas temperature. Experiment conditions: flue 

gas flow 9.85 L/min, negative pressure airflow 15 L/min, negative pressure air inlet temperature 

12.95 °C, membrane pore size 10 nm. 
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3.2.3. Effect of Negative Pressure Airflow 

The negative pressure airflow mainly affects the water and waste heat recovery char-

acteristics from two angles: condensation on the outside surface of the ceramic membrane 

and evaporation on the inside surface of the ceramic membrane. It can be seen from Figure 

15 that under any same membrane pore size, as the negative pressure airflow increases, 

the water recovery rate and efficiency show a trend of first decreasing and then increasing. 

Basically, when the negative pressure airflow is 5 L/min, the water recovery rate and effi-

ciency are the lowest value. When the negative pressure airflow is 1 L/min, the vacuum 

degree in the ceramic membrane is higher, which helps the evaporation of liquid water 

on the inside surface of the membrane. When the negative pressure airflow is 15 L/min, 

the negative pressure in the ceramic membrane is small. However, the high negative pres-

sure airflow has a strong cooling capacity, which helps the condensation process on the 

outside surface of the ceramic membrane to occur. When the negative pressure airflow is 

5 L/min, it weakens the process of evaporation on the inside surface of the ceramic mem-

brane and condensation on the outside surface of the ceramic membrane and results in 

the lowest water recovery rate and efficiency. The water recovery rate and efficiency in 

this paper are much higher than the study results in the literature [6]. The membrane con-

denser used in this paper is a porous ceramic membrane, while the membrane condenser 

used in the literature [6] is a dense hollow fiber membrane. 

  

Figure 15. Water recovery rate/efficiency vs. Negative pressure airflow. Experiment conditions: 

flue gas flow 10.58 L/min, flue gas inlet temperature 56.31 °C, negative pressure air inlet tempera-

ture 12.68 °C. 

The influence of the negative pressure airflow on the heat recovery characteristics is 

basically the same as the water recovery characteristics. As shown in Figure 16, both of 

which show a change characteristic of first decreasing and then increasing with the in-

crease of the negative pressure airflow. When the vacuum degree is larger, the heat ab-

sorption of liquid water evaporation is dominant by high vacuum. When the negative 

pressure airflow is large, the heat absorption of liquid water is dominated by relative hu-

midity. At this time, the heat recovery power and efficiency reach the maximum. The in-

organic ceramic membrane has a strong coupling and synchronization effect on the water 

and waste heat recovery characteristics from the flue gas. 

Negative pressure flow (L/min)

1 5 10 15 1 5 10 15 1 5 10 15 1 5 10 15

R=0.4 nm R=10 nm R=100 nm R=1 μm

0.0

0.6

1.2

1.8

2.4

3.0

3.6

W
at

er
 r

ec
o

v
er

y
 r

at
e 

(L
/(

m
2
·h

))

0

10

20

30

40

50

60

W
at

er
 r

ec
o

v
er

y
 e

ff
ic

ie
nc

y
 (

%
)



Membranes 2021, 11, 701 17 of 25 
 

 

  

Figure 16. Heat recovery power/efficiency vs. negative pressure airflow. Experiment conditions: 

flue gas flow 10.58 L/min, flue gas inlet temperature 56.31 °C, negative pressure air inlet tempera-

ture 12.68 °C. 

3.2.4. Effect of Membrane Pore Size 

From Figure 17, it can be seen that the water recovery rate and efficiency of 0.4 nm 

ceramic membranes are much lower than that of 10 nm, 100 nm and 1 μm ceramic mem-

branes. The membrane pore size is too small to transport liquid water in the membrane 

pores. At the same time, 10 nm ceramic membrane water recovery performance is slightly 

higher than that of the 100 nm, 1 μm ceramic membrane, because capillary condensation 

occurs on the outside surface of the 10 nm ceramic membrane, which helps to improve 

the water recovery characteristics from the flue gas. The same finding was also confirmed 

in the literature [2]. 

 

Figure 17. Water recovery rate/efficiency vs. Membrane pore size. Experiment conditions: flue gas 

inlet temperature 56.27 °C, flue gas flow 10.58 L/min, negative pressure airflow 0 L/min. 
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Figure 18. Heat recovery power/efficiency vs. membrane pore size. Experiment conditions: flue 

gas inlet temperature 56.27 °C, flue gas flow 10.58 L/min, negative pressure airflow 0 L/min. 

3.2.5. The Driving Force for Water and Waste Heat Recovery 

Many studies have shown that, the major driving force for the waste heat recovery 

from flue gas is the logarithmic mean temperature difference by membrane condensers 

[5,30,33,36]. However, the major driving force for the water recovery from flue gas is less 

analyzed. Many scholars have focused on the water transport processes in membrane ma-

terials, such as capillary condensation [2,6,27,39]. In this paper, it is discussed that the 

driving force of heat and mass transfer in the membrane condenser by using the flue gas 

temperature as the critical variable. As shown in Figure 19, the water vapor partial pres-

sure difference in the membrane module increases rapidly with the increase of flue gas 

temperature, while transmembrane pressure difference basically does not change with the 

flue gas temperature. The water recovery rate also increases with the increase of flue gas 

temperature. Thus, it can be seen that the water vapor partial pressure difference is the 

key factor to affect the flue gas moisture recovery rate, while it has little correlation with 

the transmembrane pressure difference. Likewise, logarithmic mean temperature differ-

ence increases with the increase of flue gas temperature, and shows essentially the same 

trend as the heat recovery power. Therefore, the logarithmic mean temperature difference 

in the membrane condenser is a key factor for waste heat recovery. 

 

Figure 19. The driving force for moisture and waste heat recovery. Experiment conditions: flue gas 

flow 9.85 L/min, negative pressure airflow 15 L/min, negative pressure air inlet temperature 12.95 

°C, membrane pore size 10 nm. 
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3.3. Sensitivity Analysis 

This experiment focuses on the effects of flue gas temperature, flue gas flow, negative 

pressure airflow and membrane pore size on flue gas water and waste heat recovery char-

acteristics, but flue gas water recovery characteristics and waste heat recovery characteris-

tics have different sensitivity to fluctuations of different factors. Taking membrane pore size 

10 nm, flue gas flow 10.33 L/min, flue gas inlet temperature 56.31 °C, negative pressure air-

flow 15 L/min as the reference operating conditions, Figure 20 shows the change of the di-

mensionless dependent variables of the flue gas water recovery characteristics with the di-

mensionless independent variables of different factors. In addition to the 0.4 nm membrane 

pore size, it can be see that the sensitivity of flue gas water recovery characteristics to differ-

ent factors in descending order is flue gas inlet temperature, negative airflow, flue gas flow, 

and membrane pore size. In addition, taking a membrane pore size of 10 nm, flue gas flow 

10.33 L/min, flue gas inlet temperature 56.31 °C, negative pressure airflow 15 L/min as ref-

erence conditions, Figure 21 shows the change of the dimensionless dependent variables of 

the flue gas waste heat recovery characteristics with the dimensionless independent varia-

bles of different factors, which is different from the water recovery characteristics of flue 

gas. In addition to the 0.4 nm membrane pore size, it can be seen that the sensitivity of flue 

gas waste heat recovery to different factors in descending order is flue gas inlet temperature, 

flue gas flow, negative pressure airflow, and membrane pore size. 

 

Figure 20. Sensitivity analysis of flue gas water recovery. 

  

Figure 21. Sensitivity analysis of flue gas waste heat recovery. 
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3.4. Latent/Sensible Heat Recovery Characteristics 

There is a large amount of water in the form of water vapor in the low temperature 

wet saturated flue gas, so the flue gas waste heat recovery can be divided into sensible 

heat recovery and latent heat recovery. As shown in Figure 22, the flue gas latent heat 

recovery power increases significantly with flue gas temperature and flue gas flow, while 

the flue gas sensible heat recovery power increases slowly. At the same time, latent heat 

recovery is the main heat recovery power, accounting for up to 90%. The sensible heat 

recovery is relatively small, accounting for only about 10%. It was also confirmed that 

waste heat recovery is dominated by latent heat recovery in literature [37,39], but the la-

tent heat proportion is higher in this paper. The higher the flue gas temperature, the larger 

the latent heat proportion of water vapor. In this paper, negative pressure air is used as 

the cooling medium, and the temperature difference is small between the flue gas inlet 

and outlet in the membrane module, resulting in a larger latent heat recovery proportion. 

As the flue gas flow rate or flue gas temperature increases, both the sensible heat and 

latent heat recovery increase, but the proportion of sensible heat decreases. Because of the 

higher flue gas temperature, the moisture content in the flue gas is higher, and the latent 

heat per unit temperature difference accounts for a relatively large amount. As shown in 

Figure 22b, with the flue gas temperature rises, compared with the sensible heat recovery 

power, the latent heat recovery power has increased significantly, and the proportion of 

sensible heat recovery power has been reduced from 22% to 9%. In this paper, the varia-

tion of latent heat recovery with flue gas inlet temperature or flue gas flow is exactly the 

opposite of the findings in the literature [37] because the flue gas in this paper is wet sat-

urated, while the relative humidity of the flue gas is only 70% in the literature [37], which 

results in a lower dew point temperature. 

  
(Experiment conditions: flue gas inlet temperature 56.36 °C, membrane pore size 10 nm,  

negative pressure airflow 15 L/min, negative pressure air inlet temperature 14.08 °C) 
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(Experiment conditions: flue gas flow rate 9.8 L/min, membrane pore size 10 nm,  

negative pressure airflow15 L/min, negative pressure air inlet temperature 12.95 °C) 

(b) 

Figure 22. Sensible heat/latent heat recovery characteristics from flue gas. (a) Latent/sensible heat 

recovery power/proportion vs. Flue gas flow. (b) Latent/sensible heat recovery power/proportion 

vs. Flue gas inlet temperature. 

3.5. Negative Pressure Air Characteristics 

The negative pressure air in the ceramic membrane module tube side is used as the 

cooling medium, and the temperature is significantly increased after absorbing the waste 

heat from the flue gas. As shown in Figure 23, the negative pressure air outlet temperature 

is significantly higher than the negative pressure air the inlet temperature. At this time, 

the negative pressure air in the ceramic membrane absorbs a large amount of flue gas 

waste heat. As shown in Figure 23a, the negative pressure air outlet temperature increased 

slightly with the increase of flue gas flow, from 36.5 °C to 43.2 °C. While in Figure 23b, the 

negative pressure air outlet temperature continued to increase rapidly with the increase 

of flue gas temperature, from 26.2 °C up to 50.5 °C. Although the increase in flue gas flow 

increases the input of flue gas waste heat in the ceramic membrane module, the flue gas 

temperature is relatively stable. The heat exchange temperature difference in the heat 

transfer process is basically unchanged, resulting in a slight increase in the outlet temper-

ature of negative pressure air. However, increasing the flue gas temperature, on the one 

hand, increases the input of the flue gas waste heat in the ceramic membrane module. On 

the other hand, there is a significant increase in the heat exchange temperature difference 

of the ceramic membrane module, so the negative pressure air outlet temperature changes 

more with the flue gas temperature. 

As shown in Figure 24a, with the increase of the flue gas flow, the negative pressure 

air moisture content at the outlet of the membrane module tube side increases first and 

then tends to be flat, which is consistent with the change trend of the water recovery rate. 

On the one hand, the flue gas flow increasing helps to increase the water recovery rate 

from flue gas. On the other hand, it will also cause the moisture in the flue gas to stay in 

the membrane for a short time and cannot be transmitted to the negative pressure air. 

While the relative humidity first increases and then decreases, because the relative hu-

midity is mainly affected by the negative pressure air outlet temperature and moisture 

content. As the flue gas flow increases, the negative pressure air outlet temperature con-

tinues to increase, and the negative pressure air outlet moisture content eventually stabi-

lizes, so the relative humidity will appear to change—a different trend from the moisture 

content.  
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(Experiment conditions: flue gas inlet temperature 56.36 °C, membrane pore size 10 nm,  

negative pressure airflow 15 L/min) 

(a) 

  
(Experiment conditions: flue gas flow 9.85 L/min, membrane pore size 10 nm,  

negative pressure airflow 15 L/min) 

(b) 

Figure 23. The inlet/outlet temperature of negative pressure air. (a) The temperature of negative 

pressure air vs. Flue gas flow. (b) The temperature of negative pressure air vs. flue gas inlet temper-

ature. 

Figure 24b shows that the influence characteristics of flue gas temperature on the 

moisture content. As the flue gas temperature increases, the moisture content of the neg-

ative pressure air outlet continuously increases because the same flue gas residence time 

and greater partial pressure of water vapor in the flue gas, can increase the driving force 

for mass transfer. As the flue gas temperature rises, the relative humidity of the negative 

pressure air outlet increases first and then decreasing. Although the moisture content of 

the negative pressure air continues to increase, the negative pressure air outlet tempera-

ture increases faster. At this time, the temperature has a more impact on the relative hu-

midity. 

The relative humidity of negative pressure air is determined by the moisture content 

in the saturated state and the actual moisture content together. The saturation moisture 

content is determined by the negative pressure air outlet temperature, while the actual 

moisture content is determined by the water recovery rate. Figure 23 shows the relative 
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humidity above 100%, because the actual moisture content is higher than the saturation 

moisture content. By this time, the negative pressure air reaches saturation. The conden-

sate cannot continue to evaporate into water vapor but be carried out from the membrane 

module as liquid droplets by the negative pressure air. Thus, the relative humidity will be 

higher than 100%. 

  
(Experiment conditions: flue gas inlet temperature 56.36 °C, membrane pore size 10 nm,  

negative pressure airflow 15 L/min, negative pressure air inlet temperature 14.01 °C) 

(a) 

  
(Experiment conditions: flue gas flow 9.85 L/min, membrane pore size 10 nm,  

negative pressure airflow 15 L/min, negative pressure air inlet temperature 12.95 °C) 

(b) 

Figure 24. Humidity characteristics of the negative pressure air outlet. (a) Moisture content/relative 

humidity vs. Flue gas flow. (b) Moisture content/relative humidity vs. flue gas inlet temperature. 

4. Conclusions 

This paper experimentally studies the water and waste heat recovery from flue gas 

by the ceramic membrane condenser with the help of negative pressure air, and considers 

the reuse of flue gas waste heat. Through detailed analysis of the experimental results, the 

key factors that affect the characteristics of flue gas water and waste heat recovery are 

clarified, the composition of flue gas waste heat recovery is analyzed, and the negative 

pressure air humidity parameters at the outlet of the ceramic membrane module tube side 

are discussed. 
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(1) The flue gas temperature is the most sensitive factor related to the water and waste 

heat recovery characteristics from the flue gas. Increasing the flue gas temperature 

helps to increase the water recovery rate and heat recovery power from flue gas, but 

the water recovery efficiency and heat recovery efficiency will increase first and then 

decrease. Increasing the flue gas flow can increase the heat recovery power, but it 

will not continue to increase the water recovery rate. At the same time, it will reduce 

the water recovery efficiency and heat recovery efficiency. When the negative gas 

airflow is maximum or zero, the water and heat recovery performance are better, but 

the high vacuum degree has the risk of infiltration of non-condensable gas. Except 

for the 0.4 nm ceramic membrane, the membranes with different pore sizes have little 

effect on the water and waste heat recovery characteristics from flue gas. 

(2) The waste heat recovery of flue gas is dominated by latent heat recovery of water 

vapor, accounting for 80% and above. The negative pressure air is heated and hu-

midified by the ceramic membrane condenser, and the negative pressure air outlet 

temperature has a significant promote. Compared with the high vacuum, increasing 

the negative pressure airflow has more practical application possibilities. Thus, a 

pore size of 0.4 nm in ceramic membranes is too small, and is not suitable for water 

and waste heat recovery from flue gas. 
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