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ABSTRACT 

The Design and Fabrication of the Multistage-Membrane Distillation Device Integrated 

with Solar Cell for Simultaneous Water and Electricity Production via Sunlight 

Wenbin Wang 

Freshwater scarcity and clean energy shortage are two grand challenges to global 

sustainable development. The inextricably interconnected water-energy nexus is being 

increasingly felt globally owing to the massive water used for electricity generation and 

huge amount of energy consumed in water desalination. This dissertation investigated the 

utilization of the waste heat of the solar cell to produce fresh water. This is achieved by 

constructing a multistage membrane distillation device (MSMD) at the backside of the 

solar cell to efficiently utilize its heat and it is capable of recycling the latent heat of the 

vapor condensation in each distillation stage. The first generation photovoltaic-membrane 

distillation (PV-MD) device exhibits a clean water production rate of 1.64 kg/m2 h with 

the solar cell temperature of 58 oC in a 3-stage device under one-sun radiation. However, 

some concentrated seawater can be produced from the PV-MD owing to its cross-flow 

design. To this end, an evaporative crystallizer is designed beneath the PV-MD, which can 

reuse the low-grade latent heat of vapor condensation in the last stage of the MSMD to 

evaporate the produced concentrated seawater, realizing zero liquid discharge. In addition, 

a theoretical model was also established to enhance the clean water production rate and 

reduce the solar cell temperature, which guides us to select a hydrophobic membrane with 

a thickness of 0.1 mm and porosity of 0.86 to fabricate the second generation photovoltaic-

membrane distillation-evaporative crystallizer (PV-MD-EC) device. We experimentally 
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demonstrate that a 5-stage PV-MD-EC device can desalinate seawater at a rate of ~2.45 kg 

m-2 h-1 with a lower solar cell temperature of ~48oC. The electricity generation efficiency 

of the solar cell is also enhanced by ~8% owing to its reduced temperature. A trade-off 

exists between the clean water production performance and material cost of the MSMD 

because a higher energy efficiency is at the expense of more stages applied. A low-cost 

and highly flexible 8-stage paper-based MSMD (P-MSMD) is further designed and 

fabricated and it showed a clean water production rate of 3.61 kg/m2 h for seawater 

desalination. This work sheds light on the design and fabrication of a composite system 

capable of achieving the simultaneous production of electricity and clean water with solar 

energy as an only energy source. Owing to their low barrier of entry, the devices reported 

in this dissertation are well suited to provide off-grid electricity and freshwater in a 

decentralized manner for point of consumption locations especially off-grid communities 

and communities with small- to medium-sized population even with challenging economic 

conditions. 
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1. Introduction 

1.1 Motivation 

The strenuous water-energy nexus is currently regarded as one of the main challenges to 

human’s future efforts especially when we are facing severe freshwater scarcity and clean 

energy shortage. Limited water availability constrains the operation of power plants as 

water is demanded throughout the electricity industry. Likewise, access to clean water 

requires the consumption of electricity.1, 2 Energy consumption accounts for about 50% of 

water withdrawals in the United States and Western Europe, and more than 15% of the 

total national electricity is consumed by freshwater production industry in the Arab 

region.3-5 It was estimated that 1-10% of the clean water produced in the electricity-driven 

seawater desalination process is fed back to the power plant for electricity generation.6, 7 

The ramifications of the water-energy nexus have been greatly aggravated especially in 

arid and semi-arid regions. To this end, the strategy that can well manage the water-energy 

nexus is highly desired. In particular, developing the technology that can provide both 

freshwater and electricity in a decentralized manner can be a great help to the remote 

regions underserved by grid infrastructure as they are more vulnerable to the water-energy 

nexus.  

Compared to most conventional electricity generation technologies, photovoltaics (PV) can 

provide both grid and off-grid electricity and also consume less water. In the PV farm, 

freshwater is only demanded to wash the PV panel, and to generate 1 MWh of electricity, 

PV consumes only 2 gallons of water, whereas thermal power plants using coal and nuclear 
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fuel as energy sources, consume 692 and 572 gallons of water, respectively.8 However, the 

main challenge that PV technology faces is land usage owing to the low energy intensity 

of the sunlight. For instance, for a medium-sized solar power plant of 400 MW, it would 

need to collect sunlight from at least an entire 2 million m2 land area. Besides the cost of 

the solar panels and land procurement, the mounting system that supports the panels on 

such a large area adds the further capital cost of the solar power plant.9 On the other hand, 

the energy efficiency of the solar cell is limited at 33.3% according to the Shockley Quisser 

limit and this value is generally lower than 25% for commercial solar cell10-12. The 

remaining solar energy, which accounts for around 75%, is mainly converted into heat, 

leading to a higher PV temperature.13 In arid and semiarid regions, the PV panel can be 

heated up to be as high as 40 oC above the ambient temperature.14 It was reported that the 

PV working at a higher temperature would result in a lower electricity generation efficiency 

and a higher aging rate. Every 10 oC rise in PV temperature causes an increased power 

output of around 4~5% and a double aging rate.15-18 Since over 70% of the solar energy 

absorbed by the PV panel is converted into heat, the incentivized and value-added 

applications of the co-generated heat need to be invented.  

Besides the electricity, clean water supply is equally important in the water-energy nexus. 

In particular, remote regions are more likely to suffer water scarcity because conventional 

desalination technologies, such as multi-stage flash distillation (MFD), multi-effect 

distillation (MED), membrane distillation (MD), and reverse osmosis (RO), are generally 

electricity-hungry and at a high capital cost, which is only suitable for centralized water 

supply.19-23 Progress over recent decades has been focused on the utilization of solar energy 

for desalination because it can provide fresh water in an off-grid manner and solar energy 
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is vast ubiquitous, renewable, and free available.24-27 However, its further development was 

constrained by its low clean water production performance owing to the low solar intensity 

and high latent heat of the water. Prior solar distillation mainly focused on the generation 

of vapor,28, 29 as a matter of fact, the condensation process is equally significant because a 

lower condensation rate would result in a lower evaporation rate. The condensation rate 

can be reduced by a higher condenser temperature caused by the released latent heat in the 

condensation process. As a result, the clean water production rate in a whole system is as 

low as 0.5-4.0 kg/m2 day, which is equivalent to the water production rate of 0.3–0.7 kg/m2 

h under one sun illumination (1 kW/m2) 30-32. Therefore, large land area and installation of 

a mounting system is demanded to produce enough clean water, which constrains its 

economic benefit. Recently, a much higher clean water production rate was achieved by 

the recycling of the latent heat of the vapor in a multi-stage membrane distillation device, 

leading to a clean water production rate of 3.0 kg/m2 h in a 10-stage device under one-sun 

irradiation.33, 34 

The concept of simultaneous production of clean water and electricity by solar energy has 

been investigated recently and it offers advantages over conventional power plant and 

desalination plants in terms of management of water-energy nexus35-37. In this case, 

electricity was produced by the side effect of the solar distillation and thus has little effect 

on the clean water production performance. However, the solar-to-electricity generation 

efficiency is generally lower than 1.3%, which makes it uneconomic to be applied in a 

commercial power plant.  

In this thesis, we report a strategy for simultaneous production of freshwater and electricity 

by an integrated photovoltaics-membrane distillation (PV-MD) system, in which solar cell 
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was used to harvest solar energy and convert it into electricity and heat. This technology is 

well suited for off-grid electricity and water supply as solar energy is the only energy 

resource in this device. The produced heat from the solar cell is utilized to power an 

underlying multistage membrane distillation (MSMD) device to produce clean water. 

Moreover, a thermal model was subsequently established to help predict and optimize the 

performance of the PV-MD system. Based on the thermal model, a photovoltaics-

membrane distillation-evaporative cooler (PV-MD-EC) device was further designed and 

fabricated. The PV-MD-EC system exhibited a higher clean water production performance 

and the solar cell shows a much lower temperature with respect to the PV-MD system, 

which results in a higher electricity generation efficiency. Moreover, an evaporative cooler 

(EC) was designed to recycle the low-grade heat in the last stage of the multistage 

membrane device to evaporate the concentrated seawater produced from the multistage 

membrane distillation device, which can realize zero liquid discharge. Furthermore, to 

reduce the material cost of the MSMD component in the hybrid system, a paper-based 

MSMD device was fabricated and its evaporation layer and condensation layer are made 

by inexpensive recycled commercial copy paper. The device shows an uncompromised 

clean water production rate and more importantly, it is flexible, allowing it to be applied in 

various situations. Since the PV-MD-EC system developed in this work is able to be 

fabricated in any size with an inexpensive manner and therefore, it is well suited to 

providing both electricity and freshwater in a decentralized manner for point-of-

consumption locations, especially off-grid communities and communities with small- to 

medium-sized populations even with challenging economic conditions. 
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1.2. Background 

1.2.1 Electricity Generation by Solar Cell 

Electricity, as one of the most important energy forms, is essential in our daily life and 

industry as current development is dependent on the usage of electricity. The electricity 

generation capacity has already become one of the most pivotal parameters to estimate the 

depth of industrialization progress of the country because the development of the industry 

strongly relies on the sufficient provision of electricity. 

 

 

Figure 1-1: Global capacity by source.38 

However, overiliance on electricity has also raised up various concerns. The current share 

of non-renewable fossil fuels, including petroleum, coal, and natural gas, in the global 

energy mix for power plants is still larger than 82%, which causes massive emission of 

greenhouse gas-CO2, leading to global warming39. The past decades have witnessed the 

global warming of 1.0 oC rise as a result of greenhouse gas emission, leading to seawater 

level rise and ocean acidification. Additionally, if the emission continues, we can reach 

further warming of 1.5 oC between 2030 and 205040. From the environmental and 
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sustainable point of view, over-reliance on the burning of fossil fuels to generate electricity 

and the subsequent utilization of this electricity to produce freshwater is not a wise 

choice.41 To this end, adopting renewables for electricity generation as an alternative is 

enjoying prosperity for development. According to International Energy Agency (IEA) 

world energy outlook42, as shown in Figure 1-1, the past decades have witnessed the rapid 

rise in the consumption of fossil fuels for electricity generation, and it is predicted that the 

next decades will embrace a new era, in which renewable energy such as photovoltaics 

(PV), wind and hydro is able to take a predominant position in the global electricity 

generation capacity. Among renewables, the electricity generation from wind and hydro is 

likely to keep growing at the same rate as it was in the last 5 years, at the meanwhile, the 

solar PV exhibits the greatest increase owing to its increased efficiency and the economic 

effect43.  

The solar cell is used to convert solar energy into electricity by the photovoltaic effect, as 

shown in Figure 2-1. Under the illumination of sunlight, the solar cell creates voltage and 

electric current. In this process, it requires a material to absorb sunlight and generate 

electron to a higher energy state. Then, the excited electron moves from the solar cell into 

an external circuit and finally dissipates its energy by the external load and returns to the 

solar cell. 44-46 
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Figure 1-2: Cross-section of a solar cell.47 

The first-generation solar cells are made of crystalline silicon, including materials such 

as monocrystalline silicon and polycrystalline silicon48. The second generation of solar 

cells are called thin-film solar cell and the corresponding materials include CdTe, CIGS, 

and amorphous silicon49. The third-generation cell is often described as emerging 

photovoltaics and is still in the development or research state50. Some of them use 

organic materials, often organometallic compounds as well as inorganic substances. 

Although photovoltaic technology has gained great development, its efficiency is still 

limited at 33.7% for a single-junction solar cell owing to the Shockley Queisser limit 

(SQ limit)11, 51. The analysis of the SQ limit is based on the following assumptions: 1) 

one electron-hole pair excited per incoming photon; 2) thermal relaxation of the 

electron-hole pair energy above the bandgap; 3) illumination with non-concentrated 

sunlight. For most the commercial solar cells, their electricity generation efficiency is 

generally lower than 25%52. The SQ limit can be broken through by tandem solar cell 
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(or multijunction photovoltaic cell), which uses multiple p-n junctions and each one 

harvests a particular frequency of the spectrum10. But concentrated sunlight is required, 

constraining its further development. Currently, the first generation cell is still 

commercially predominant PV technology owing to its low-cost and high efficiency. 

Among renewables, the PV exhibits a greater potential as it can be built everywhere at 

any scale. Therefore, in the future energy structure, it is predicted that the PV will take 

a predominant position to provide electricity. 

1.2.2 Desalination by Solar Energy 

Water scarcity is becoming a global challenge owing to the rapidly increased population 

and the limited access to freshwater. Freshwater is not ubiquitous and only 0.014% of all 

water on our earth is both fresh and easily accessible.53, 54 Of the remaining water, over 97% 

is saltwater, and desalination is demanded before using.55 In addition, the freshwater is not 

evenly distributed, leading to regional water scarcity.56 On the other hand, the global 

population grew by 30%, from 5.3 billion in 1990 to 7.5 billion in 201857, which demands 

more freshwater to support daily life. It was reported that around 4 billion people face 

severe water scarcity at least 1 month a year and half a billion people live under conditions 

of severe water scarcity all year round54, 58. Furthermore, water scarcity is likely to be worse 

in the future due to the continuous growth of the global population and some other issues 

such as climate change59, water pollution60, and vegetation deterioration61. Figure 1-3 

shows the global water scarcity map by 202562. Water scarcity is a geographical issue 

because both population and water resource are not uniformly distributed, and almost half 

of the world are going to face severe water scarcity. 
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Figure 1-3: Global map of water scarcity by 202562. 

The lack of access to freshwater results in a variety of problems. According to the World 

Health Organization (WHO)63, more than 1.7 billion children suffer from diarrhea owing 

to the lack of access to freshwater and this has caused over 500 thousand deaths of kids 

under five every year. Besides, the environment is easy to be affected by water scarcity. 

For example, as a result of water scarcity, water overuse is responsible for the loss of 

wetland, which is vital for animals because the wetlands are the habitats of numerous 

inhabitants, which support the growth of agriculture64. The last hundreds of years have 

witnessed the deterioration and disappearance of half earth’s wetlands.  

To mitigate the water stress, progress over recent decades has been focused on the 

utilization of renewables for desalination. In particular, solar distillation is recognized as 

one of the most promising technology to bridge the gap between the increasing energy 

consumption to produce more freshwater and the demand to reduce the global non-

renewable consumptions, because solar energy is vast abundant, renewable, and free 

available.24-27  
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Figure 1-4: The structure of the solar still.65 

(1) Theory 

In the solar distillation, solar energy is converted into heat, which can be exploited to 

evaporate water. The generated vapor then condensed on a cold surface. A typical structure 

of the solar still is shown in Figure 1-465, it is composed of a photothermal material and a 

condensing chamber. The evaporation process only takes place on the surface of the bulk 

water, and with this respect, the interfacial solar still was proposed and designed, in which 

the photothermal material was placed on the surface of the water.66, 67 Essentially, the 

evaporation-condensation process is driven by the vapor pressure difference between the 

evaporation surface and the condensation surface imposed by their temperature difference. 

At equilibrium, the surface vapor pressure can be regarded as the corresponding saturated 

vapor pressure, which can be calculated by Antoine equation68: 

lnp = A −
𝐵

𝐶+𝑇
                                                                 (1-1) 

Where p is the vapor pressure, A, B, and C are constant and T is temperature. 
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Most researches focused on the evaporation process, in which the generated vapor diffuses 

to the ambient driven by the vapor pressure difference between the evaporation surface and 

ambient. As a result, the evaporation rate is correlated to the humidity.69 It needs to point 

out that evaporation can also take place in the dark at a low humidity because the vapor 

pressure of the water surface is higher than ambient and this process can harvest heat from 

ambient, resulting in a lower ambient temperature. The absolute evaporation rate is defined 

as the evaporation rate with dark evaporation subtracted, and used to calculate the solar-

to-vapor efficiency can be calculated as follows70:  

η =
𝑚𝑣ℎ

𝐸𝑠𝑜𝑙𝑎𝑟
                                                               (1-2) 

Where η is the solar-to-vapor efficiency, 𝑚𝑣 is the evaporation rate, ℎ is the latent heat of 

water and 𝐸𝑠𝑜𝑙𝑎𝑟  is the intensity of sunlight. The energy efficiency can be enhanced by the 

following pathways: 1) getting heat from ambient; 2) increasing the light absorption of the 

photothermal material; 3) reducing the heat loss to the ambient. When the temperature of 

the photothermal material is lower than the ambient temperature, it can harvest heat from 

ambient and this can be realized by increasing the evaporation surface area. Photothermal 

material is generally characteristic to have the ability to absorb more solar energy and a 

higher light absorption would result in higher energy efficiency. Since the solar spectrum 

is not evenly distributed, to estimate the ability of the photothermal material to harvest 

solar energy, solar absorptance is defined as a weighted fraction between absorbed 

radiation energy and incoming solar radiation energy. It can be calculated as follows: 

𝛼 =
∫ 𝐼(𝜆)𝐴(𝜆)𝑑𝜆

2500
300

∫ 𝐼(𝜆)𝑑𝜆
2500

300

                                                           (1-3)  
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Where I(λ) and A(λ) represent the light intensity and absorption of a material at a different 

wavelength. 

Moreover, the temperature of the photothermal material is generally higher than ambient 

temperature, resulting in heat loss to the environment and a lower energy efficiency 

accordingly. The heat transfer includes thermal conduction, thermal convection, and 

thermal radiation.  

(a) Thermal conduction. 

Thermal conduction is the diffusion of heat from the high-temperature part to the 

adjacent low-temperature part. It can be calculated by the following equation:71 

W =
κAΔT

𝜎
                                                               (1-4) 

Where W is the thermal conduction power, κ is the thermal conductivity of the material, 

ΔT is the temperature difference and 𝜎 is the length of the path the heat has been 

transferred. 

In the solar still, heat is conducted from the photothermal material to the bulk water. 

Therefore, a thermal insulator between the photothermal material and the bulk water 

was designed in most cases to reduce the thermal conduction loss and enhance energy 

efficiency. But the temperature of the photothermal material would be increased 

accordingly. 

(b) Thermal convection 

Thermal convection is the heat transfer from one place with a high temperature to 

another with a lower temperature by the movement of fluids. In the solar still, heat 
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transfers from the photothermal material to the ambient by thermal convection. The 

thermal convection loss can be reduced in static conditions and thus, the measurement 

of the evaporation is generally conducted in a static condition to reduce the effect of 

ambient. 

(c) Thermal radiation 

Thermal radiation is the emission of electromagnetic waves from all matter that has a 

temperature greater than absolute zero. It can be calculated according to Stefan-

Boltzmann's law. 72 

E = εσ(T𝑠
4 − 𝑇𝑟

4)                                                        (1-5) 

Where ε and σ are emissivity of the material and Stefan-Boltzmann constant. Ts is the 

solar cell temperature and Tr is the room temperature. The thermal radiation energy 

loss can be reduced by reducing the temperature of the photothermal material and/or 

decreasing the thermal emissivity of the surface. However, since the surface of the 

photothermal material is filled by water, the thermal emissivity of the evaporator is 

generally equivalent to that of water (0.92~0.96).73  

(2) Interfacial solar distillation 

Compared to the conventional solar still in which the photothermal material was placed in 

the bottom of the water, the interfacial solar still exhibited a higher energy efficiency owing 

to the reduced heat loss to bulk water. To date, numerous smart designs were proposed and 

investigated to achieve higher energy efficiency. For example, by designing a thermal 

insulating layer between the evaporation surface and bulk water, the heat loss to the bulk 

water can be reduced dramatically, achieving an energy efficiency of 83% under one sun 
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illumination74. By increasing the evaporation surface, energy efficiency can be further 

increased. Wang et al. reported a 3D photothermal structure, in which a 3D cylindrical cup 

was used for evaporation. Interestingly, part of the surface exhibited a lower temperature 

than ambient and therefore, it showed an energy efficiency of nearly 100% under one sun 

irradiation27. Although the energy efficiency of the sunlight is extremely high in solar still, 

the absolute evaporation rate is limited at around 1.60 kg/m2 h owing to the high latent heat 

of the water (2256.6~2500.9 kJ/kg between 0 and 100 oC). This requires more land area to 

achieve a higher clean water production capacity. Moreover, when it was integrated into a 

complete system, which includes the condensing chamber, the evaporation rate would  be 

reduced because of a lower condensation rate. In the condensation process, the condenser 

temperature is evelvated because the condensation releases the latent heat of the vapor, 

resulting in a lower condensation rate. With this regard, the condenser, which is generally 

made by a transparent cover, is typically designed to be much larger than the evaporator, 

providing much higher condensation surface area to facilitate the dissipation of the latent 

heat. This design improved the clean water production rate, but increased the volume of 

the whole system and fall short of being used as a portable device. 

(3) Multistage membrane distillation 

Since the condensation process releases the latent heat of the vapor, it is proposed that the 

energy efficiency can be greatly enhanced by recycling these heat via the design of 

multistage membrane distillation (MSMD) device.75 In the MSMD, the multiple stages are 

assembled in series at the vertical direction, in which the condensation layer is beneath the 

evaporation layer and under the condensation layer is the evaporation layer of the next 

stage. This allows the latent heat released from the upper stage to be re-used as the heat 
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source of the next stage. With more stages applied, higher energy efficiency can be 

achieved. Consequently, a trade-off exists between the energy efficiency and the cost of 

the system as when more stages are applied, more materials are needed to fabricate the 

MSMD. For instance, to fabricate an n-stage MSMD device, n+1 pieces of thermal 

conductive sheets and n pieces of evaporation filling materials, porous hydrophobic 

membrane, and condensation filling materials are demanded. Moreover, the volume of the 

MSMD is much lower than conventional solar distillation because the condenser can be 

designed to be much smaller owing to the efficient recycling of the latent heat in this design. 

Nevertheless, to produce enough clean water, the MSMD device still demands a large 

lighting area owing to the low intensity of solar energy. With this respect, a flexible, 

portable, and inexpensive MSMD device is highly desired, because it can be folded during 

transportation or non-operating state and unfolded in the operating state. 

1.2.3 Simultaneous Production of Electricity and Clean Water via 

Sunlight. 

To make full use of solar energy, the concept of simultaneous production of freshwater and 

electricity has recently attracted considerable attention as it has proved its promising 

potentials in various scenarios. In most of these attempts, solar distillation-based 

technology outperformed, in which some side effects of the solar distillation were utilized 

for electricity generation. For example, a piezo-pyroelectric material was used to generate 

electricity from the temperature fluctuation of the water vapor in a solar-driven water 

evaporation process, and it exhibits a solar-to-water-evaporation rate of 1.39 kg·m-2·h-1 and 

an electricity generation efficiency of ~0.01%, respectively76. In another work, the Nafion 

membrane was applied to produce electricity from the salinity gradient generated from a 
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solar seawater distillation process, exhibiting a 1.1 kg·m-2·h-1 water evaporation rate and 

0.1% electricity generation efficiency under one-sun illumination77. In very recent work, a 

commercial thermoelectric module was employed to generate electricity in a solar still via 

thermoelectric effect, by using the latent heat released during the water vapor condensation 

step as heat source78. In this case, concentrated sunlight (30 suns) was used as the light 

source to increase the energy efficiency, resulting in a clean water production rate of 34.8 

kg·m-2·h-1 and an electricity generation efficiency of 1.23%. The low electricity generation 

efficiency of these strategies makes it unable to be further commercially applied. 

1.3 Objectives 

PV has shown its great potential to meet the future energy demand, but for most 

commercial PV panels, the electricity generation efficiency is below 25% owing to the 

Shockley Queisser limit. The rest of the solar energy is mainly converted into heat, which 

is able to be utilized for water purification. In this dissertation, we are aiming to design and 

fabricate a PV-based system, in which the desalination and electricity generation can be 

achieved simultaneously. It is done by utilizing the heat generated by the PV panel to power 

an underlying multistage membrane distillation (MSMD) component, in which the latent 

heat of the vapor can be recycled by multiple times for water evaporation and thus has an 

improved desalination performance. To avoid the salt accumulation in the system, the 

device works in a cross-flow mode in which source water flows into the device driven by 

gravity or a mechanical pump and flows out before reaching saturation. A thermal model 

was also established to help promote the performance of the PV-MD system and based on 

this, a PV-MD-EC system was designed and showed a promoted clean water production 

performance. Furthermore, an evaporative cooler (EC) was also designed at the bottom of 
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the PV-MD system to recycle the latent heat of the bottom stage by evaporating the 

concentrated source water produced in the MSMD, achieving zero liquid discharge (ZLD). 

Finally, a paper-based flexible MSMD device was developed to reduce the material cost of 

the hybrid system and extend its application in some special situations such as earthquake 

and camping, because it is portable. 

The specific objectives involved in this work are as follows:  

1. To examine the performance of the PV-MD system and elucidate the mechanism of 

the latent heat recycle in the system. 

2. Based on the findings in objective 1, to establish a thermal model that explains the 

relationship among the clean water production performance, electricity generation 

efficiency, and the property of the membrane used in the PV-MD system. 

3. Using the results of the thermal model to design and fabricate a PV-MD-EC system, 

which can provide a cooler PV panel. 

4. Developing a paper-based MSMD device to reduce the material cost of the hybrid 

system. 

 

In Chapter 2, we firstly designed and fabricated a photovoltaics-membrane distillation (PV-

MD) device for the simultaneous production of electricity and clean water. However, it 

shows the disadvantages of a higher PV operational temperature and the discharge of 

concentrated saltwater. To this end, in Chapter 3, we further established a thermal model 

to optimize the device and at the meanwhile, designed an evaporative crystallizer under the 
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device to utilize the latent heat of the vapor in the bottom stage to evaporate the produced 

concentrated saltwater, realizing zero liquid discharge. In Chapter 4, to overcome the trade-

off between the energy efficiency and the cost of the device, we developed a paper-based 

MSMD device with inexpensive recycled-paper as the main materials in the device. More 

importantly, the device is flexible, allowing it to be used in some special situations 

including camping, hiking and even disasters.  
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2. Simultaneous Production of Freshwater and Electricity via 

Multistage Solar Photovoltaic Membrane Distillation 

2.1 Introduction 

The water-energy nexus highlights the need to wisely manage both water and energy 

together.79, 80 This can be achieved by the simultaneous production of freshwater and 

electricity in the same system. Since PV is recognized as one of the most promising 

technologies in the next decades and there still remains some waste heat in the solar cell, 

we are aiming to develop a technology to utilize these low-grade heat for water desalination 

in this work. Among the current desalination technologies, multistage-membrane 

distillation (MSMD) is well-suited to utilize these low-grade heat.75 Compared to other 

technologies, MSMD is more energy-efficient, as the latent heat can be recycled multiple 

times. The upper theoretical ceiling of the clean water production rate in conventional solar 

distillation is ~1.6 kg/m2 h under one-Sun condition27, 81-83 and the MSMD system can 

break this ceiling by adding more stages. 33, 34 Moreover, MSMD is initially designed to 

utilize solar energy, the same energy source as the solar cell. Therefore, it is possible to 

utilize the low-grade heat of the PV panel as the heat source of the MSMD for desalination. 

This allows the full utilization of solar energy, realizes a high clean water production rate 

and at the meanwhile, maintains a high electricity generation efficiency. Moreover, in 

terms of freshwater and electricity supply, the cost for the mounting system and land 

procurement would be reduced in the integrated system by sharing the same mounting 

system. 
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Herein, we report a strategy for the simultaneous production of freshwater and electricity 

by an integrated PV panel-membrane distillation (PV-MD) device in which a PV panel is 

employed as both a photovoltaic component for electricity generation and a photothermal 

component for clean water production. In a typical solar cell, 80-90% of the absorbed solar 

energy is undesirably converted to heat, and thereafter passively and wastefully dumped 

into the ambient air.84 Herein, an MSMD device is integrated on the backside of a 

commercial solar cell to directly utilize its waste heat to drive water distillation. Under one 

Sun illumination, the water production rate of the PV-MD is 1.79 kg·m-2·h-1 for a 3-stage 

device, which is three times higher than that of the conventional solar-driven desalination. 

At the meanwhile, the PV panel generates electricity with an energy efficiency of higher 

than 11%, which is the same as that recorded on the same PV panel without the back MD 

device and is at least 9 times higher than those achieved in the previously published 

works76-78. The undoubted benefit of the integration of PV and water distillation is the 

highly efficient co-generation of clean water and electricity in one device at the same time 

on the same land, which directly reduces land area requirement and the cost of the mounting 

system as compared to two physically separate systems (PV and solar distillation). 

Moreover, working directly with commercial solar cells makes the PV-MD device close to 

practical applications. This strategy provides a potential possibility to transform an 

electricity generation plant from otherwise a water consumer to a freshwater producer. 

2.2 Materials and Methods 

2.2.1 Materials 

QGF membrane was purchased from Merck Millipore (catalog number AQFA8X105), 

polystyrene (PS, Mw = 280000 g/mol) and N,N’-dimethylformamide (DMF) were 
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purchased from Sigma-Aldrich. The solar cell of 3.9 × 3.9 was purchased from Sharp and 

the solar cell of 12 × 12 cm size was purchased from SunPower. Spectra selective absorber 

ETA@Al was purchased from Alanod Solar. Polyurethane (PU) foam system containing 

part A and part B was purchased from Aldon Corporation. 

2.2.2 Synthesis of the Polystyrene Membrane 

The hydrophobic polystyrene membrane was fabricated by electrospinning method. 

Polystyrene was firstly dissolved in DMF by mild stirring for 6 h to obtain a 25 wt% 

homogeneous solution. The solution was placed in three 5-mL syringes equipped with a 

metal needle of 0.52 mm inner diameter and then ejected with a feeding rate of 5.0 mL·h-

1. The voltage was set at 30 kV and the distance between the collector and the needle was 

10 cm. 

 

Figure 2-1: Structure of the 3-stage photovoltaics-membrane distillation (PV-MD) device. 

Operate at a dead-end mode and b crossflow mode. 

2.2.3 Device Assembly 

The QGF, PS membrane, and AlN were assembled as shown in Figure 2-1a. To avoid 

blocking the wick of the dead-end device by PU foam, the wick was firstly wrapped by 
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plastic film. The PU foam precursor was obtained by mixing part A and part B of the PU 

system as a 1:1 weight ratio and then was painted on the side of the device.  The device 

was kept at 50 oC for 12 hours to complete the foaming. The assembly of cross-flow 

MSMD was similar to that of the dead-end MSMD, except that the wick was replaced with 

the silicon tube with a diameter of 1 mm. 

2.2.4 Simultaneous Production of Clean Water and Electricity 

The device was put on the top of a square heat sink with a length of 5 cm which was 

immersed in bulk water. In dead-end mode, water was transported from bulk water to the 

device by capillary effect and transpiration effect via a small QGF membrane belt which 

was connected to the distillation layer. For the PV-MD device in cross-flow mode, an 

ISMATEC tubing pump was used to control the flow rate of the source water more 

precisely. Solar irradiation was provided by a solar simulator (Newport 94043A) with a 

standard AM 1.5G spectrum optical filter. A 100 mL cup was used to collect clean water 

and the amount of water collected was monitored and recorded in real-time. To reduce the 

evaporation of the collected clean water in the cup, a funnel was put on the top of the cup. 

The square photothermal material or square solar cell with a length of 3.9 mm was put on 

the top of the device. Photovoltaic responses (J-V curves) of the solar cell were measured 

by a Keithley 2400 series source meter. For the cycling test, after each cycle, 3 pieces of 

Kimwipes tissue (11 × 21 cm) were connected to the inlets of the dead-end devices and 

stayed there for 3 hours to extract the concentrated water remaining in the QGF membranes. 

For each new cycle, saltwater was wicked into the QGF membrane and extracted by the 

tissue again. This procedure was repeated at least 3 times to ensure that the QGFs were 

cleaned. 



38 

 

 

2.2.5 Characterization 

The UV-Vis-NIR diffuse reflectance spectra of the samples were recorded with an Agilent 

Cary 5000 spectrometer, with BaSO4 powder as reference. The concentrations of the ions 

in water were measured by Inductively Coupled Plasma Optical Emission Spectrometer 

(ICP-OES). The emissivity was measured by using a FLIR A655 infrared camera as 

follows: the solar cell and SSA were put on a heating plate and a thermal couple was used 

to measure the temperatures of them. After they were heated to a designated temperature, 

the infrared camera was used to measure the temperature and the emissivity of the camera 

software was adjusted to make the temperature of the infrared camera to match the 

temperature of the thermal couple. The emissivity was measured by using a FLIR A655 

infrared camera as follows: the solar cell and SSA were put on a heating plate and a thermal 

couple was used to measure the temperatures of them. After they were heated to a 

designated temperature, the infrared camera was used to measure the temperature. The 

emissivity of the camera software was adjusted to make the temperature of the infrared 

camera to match the temperature of the thermal couple. 
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Figure 2-2: Schematic illustration of the integrated photovoltaics-membrane distillation 

(PV-MD) devices. Operate in a dead-end mode (in this mode, the source water is wicked 

into the evaporation layer in the direction of the red arrow and the condensed water flows 

out from the condensation layer in the direction of the green arrow) and b cross-flow mode 

(in this mode, the source water flows to the evaporation layer in the direction of the red 

arrow and the condensed water flows out from the condensation layer in the direction of 

the green arrow).  

2.3 Results 

2.3.1 Structure of the MSMD Device 

The solar cell harvests short-wavelength sunlight to generate electricity via the 

photovoltaic effect, which results in high solar-to-electricity energy efficiency. A large 

amount of waste heat is simultaneously generated as a side effect during electricity 

generation from two pathways. The first one is the relaxation of short-wavelength sunlight 

excited electrons and the second pathway is the photothermal conversion of the long-
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wavelength sunlight. The waste heat is regarded as a burden in conventional solar power 

plants and is directly dumped into ambient air as waste. In our design, heat is considered 

as a resource and is delicately utilized as an energy source to power a PV-MD device to 

produce clean water.  

In this work, a commercial polycrystalline silicon solar cell from Sharp was adopted both 

as an electricity generation component and a photothermal component. A lab-made MSMD 

device was constructed on the backside of the solar cell for clean water production (Figure 

2-2a and Figure 2-1). In order to reduce heat loss into the ambient environment, the sides 

of the PV-MD device were sealed by polyurethane (PU) foam with low thermal 

conductivity (0.022~0.033 W·m-1·K-1).85  

Each stage of the MSMD device was composed of four separate layers: a top thermal 

conduction layer, a hydrophilic porous layer of water evaporation layer, a hydrophobic 

porous layer of the MD membrane for vapor permeation, and a water vapor condensation 

layer. Aluminum nitride (AlN) plate was used as the thermal conduction layer because of 

its extremely high thermal conductivity (>160 W·m-1·K-1) and its anti-corrosion property 

in salty water.86 The hydrophobic porous layer was made of electrospun porous polystyrene 

(PS) membranes. The water evaporation layer and condensation layer were of the same 

material, a commercial hydrophilic quartz glass fibrous (QGF) membrane with a non-

woven fabric structure.  

 



41 

 

 

 

Figure 2-3: Energy balance diagram of a multistage membrane distillation (MSMD) 

device (left) and a single-stage (right). 

In each stage of the MSMD device (Figure 2-3), the heat is conducted through the thermal 

conduction layer to the underlying hydrophilic porous layer. The source water inside the 

hydrophilic porous layer is thus heated up to produce water vapor. The water vapor passes 

through the hydrophobic porous membrane layer and ultimately condenses on the 

condensation layer to produce liquid clean water. The driving force for the water 

evaporation and vapor condensation is the vapor pressure difference caused by the 

temperature gradient between the evaporation and condensation layers. In each stage, the 

latent heat of water vapor, which is released during the condensation process, is utilized as 

the heat source to drive water evaporation in the next stage. The multistage design ensures 

the heat can be repeatedly reused to drive multiple water evaporation-condensation cycles. 

In a traditional solar still, the heat generated from the sunlight via photothermal effect only 

drives one water evaporation-condensation cycle, which sets up an upper theoretical ceiling 



42 

 

 

of the clean water production rate, ~1.60 kg·m2·h-1, under the one-Sun condition in such a 

system. The multistage design makes it possible to break the theoretical limit as 

demonstrated very recently by two groups.33, 34 

In this work, two source water flow modes, namely, dead-end mode and cross-flow mode, 

are designed for the MSMD device (Figure 2-2). In the dead-end mode, the source water 

is passively wicked into the evaporation layer by hydrophilic quartz glass fibrous 

membrane strips via capillary effect. In this case, the concentration of salts and other non-

volatile matters in the evaporation layer keeps increasing till reaching saturation in the end. 

A washing operation is indispensable to remove the salts accumulated inside the device for 

this mode, as reported in previous works.34 However, the passive water flow reduces the 

complexity of the device and gives a high water production rate in the early stage for this 

operation mode. In the cross-flow mode, the source water flows into the device driven by 

gravity or by a mechanical pump, and, it flows out of the device before reaching saturation. 

In this case, the outgoing water flow will take away a small amount of sensible heat, leading 

to a slight drop in clean water productivity in the early stage. However, it solves the salt 

accumulation problem and avoids the need for frequent cleaning and salt removal operation, 

which makes the device suitable for long-term operation.  

In some experiments, a commercial spectrally selective absorber (SSA) (ETA@Al, 

Alanod Solar) was used to replace the PV panel for clean water production performance 

evaluation. This material can decrease the radiation heat loss during operation because 

it possesses a much smaller emissivity than PV panels, and that is why it was adopted in 

both of the previous works on solar membrane distillation.34 We use the SSA-MD device 
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to confirm that the multistage MD device we fabricated in this work is comparable with 

the state-of-the-art solar membrane distillation devices. 

 

Figure 2-4: Optical property of the photothermal material used in the MSMD system. a 

UV-Vis-NIR spectra of the solar cell and the spectrally selective absorber (SSA) material. 

(The standard solar radiation spectra of air mass 1.5 global (AM 1.5G) is shown by the 

black line). b IR image of the spectrally selective absorber (SSA) and solar cell. c The 

results of the emissivity measurement. (Solar cell1 and Solar cell2 are from Sharp and 

Sunpower, respectively.)  

2.3.2 Solar Absorptance of the SSA and Photovoltaic Cell. 

The UV-Vis-NIR absorption spectrum of the solar cell was collected and presented in 

Figure 2-4a. As seen, the solar cell possesses a high light absorption (> 92%) in the short 

wavelength range (< 1000 nm) and a slightly lower absorption (70-80%) in the long-

wavelength range. Since the solar spectrum is not uniformly distributed, solar absorptance 
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(α), which is defined as a weighted fraction between absorbed radiation energy and 

incoming solar radiation energy, is calculated to estimate the solar energy capture ability 

of the solar cell by the following equation87: 

𝛼 =
∫ 𝐼(𝜆)𝐴(𝜆)𝑑𝜆

2500
300

∫ 𝐼(𝜆)𝑑𝜆
2500

300

                                                               (2-1)  

Where I(λ) and A(λ) represent the light intensity and absorption of a material at a different 

wavelength. The solar absorptance of the solar cell used in this work is calculated to be 

0.87, indicating 87% solar energy is harvested by the solar cell. The thermal emissivity of 

the solar cell is evaluated to be 0.930 (Figure 2-4b-c). It has been reported that most 

commercial solar cells possess high light absorption and high emissivity because they are 

designed to capture as much sunlight as possible and dump the waste heat as fast as 

possible.88, 89 In comparison, the commercial SSA material shows efficient absorption (> 

95%) in short wavelength region (< 1600 nm) and good reflectance in the long-wavelength 

region (> 1600 nm), which is the characteristic of SSA type materials. The solar 

absorptance and emissivity of the SSA material are 0.94 and 0.123, respectively, which are 

similar to those reported in the literature.90, 91  
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Figure 2-5: Water production evaluation of the multistage membrane distillation (MSMD) 

device. a Schematic representation of the experimental setup (①  Solar simulator, ② 

computer ③ , clean water collector, ④  photovoltaics/spectrally selective absorber-

membrane distillation (PV-MD/SSA-MD), ⑤  source water container, ⑥  electrical 

balance). b The mass change rates of the collected water under one sun irradiation (starting 

from the red dash line) and dark (starting from the black dash line), and c water production 

rates of a three-stage dead-end PV-MD/SSA-MD devices, d temperature profile, e the mass 

change of the collected water and f the water production rate of each stage of the three-

stage dead-end SSA-MD device. 
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2.3.3 Clean Water and Electricity Production Performance 

The clean water production performance of a multistage SSA-MD device operated in dead-

end mode was firstly evaluated in a lab-made setup (Figure 2-5a), with pure water as the 

source water. The average water production rate, calculated from the slope of the mass 

change curve at the steady-state (Figure 2-5b), was 2.78 kg·m-2·h-1 for 3-stage SSA-MD, 

which is about 4 times the freshwater production rate of the state-of-the-art conventional 

solar stills. The multistage MD device fabricated in this work is comparable to the state-

of-the-art multistage MD devices. 33, 34  

When the SSA material was replaced with the solar cell as a photothermal component in 

the 3-stage PV-MD device and the PV-MD  was not connected to an external circuit, i.e. 

the solar cell was used just as a photothermal material and the absorbed solar energy was 

converted to heat exclusively without any electricity output, the average water production 

rate was 1.96 kg·m-2·h-1 (Figure 2-5c), which is 29.5% lower than that of the 3-stage SSA-

MD device. This significant decrease in clean water production for PV-MD can be 

attributed to its slightly lower solar energy harvesting and much more radiation heat loss, 

which will be discussed later. 

For SSA-MD with a 3-stage structure, after reaching the steady-state, the temperature of 

the conduction layer from top to bottom was 61.8, 55.1, 47.5, and 38.4 oC (Figure 2-5d). 

The corresponding temperature difference between the top surface of the water evaporation 

layer and the bottom surface of the condensation layers in the first, second, and third stage 

of the SSA-MD device was 6.7 oC, 7.6oC, and 9.1 oC, respectively. An MD stage working 

at higher temperature gives higher energy utilization efficiency as reported in numerous 

literature .22, 92, 93 
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The water production rate in the first, second, and third stages of the 3 stages SSA-MD was 

1.07, 0.89, and 0.75 kg·m-2·h-1, respectively (Figure 2-5e and 2-5f). The water production 

rates of the second and third stages were equivalent to 83% and 84% of the first and second 

stages, respectively, indicating a high latent heat recovery rate. It should be pointed out 

that this result does not mean that only ~83% of the latent heat was recycled by the next 

MD stage and the rest was lost. Actually, since the device was well sealed by the PU foam 

in all side surfaces, the heat loss through the side surface is negligible, and therefore the 

heat flux in all these three MD stages is almost the same. The decrease in clean water 

production rate is mainly because of the lower working temperature in the second and third 

stages, which led to a lower clean water production efficiency. 
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Figure 2-6: Electricity and water production evaluation of the photovoltaics-membrane 

distillation (PV-MD) device (insert: Photo image of the solar cell). a J-V curve of the solar 

cell under one Sun illumination (Pmax refers to the maximum power). b The mass change 

rate of the collected water and c clean water production rate at different loads of 3-stage 
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PV-MD with dead-end mode; d the mass change rate of the collected water, e clean water 

production rate, and f electricity generation efficiency under different solar irradiation 

intensity of 3-stage PV-MD with dead-end mode.  

The water production performance of the 3-stage PV-MD was next further investigated by 

connecting the solar cell to an external circuit with different resistances. When the device 

was working under one-sun illumination with pure water as source water, the temperature 

of the solar cell, which is slightly affected by the external resistance, was measured to be 

approximately 58 ̊ C. Since the performance of the solar cell is affected by its working state 

temperature, the J-V curve of the solar cell at the working state (58˚C) was measured under 

one-sun illumination condition with simultaneous clean water and electricity production 

operation (Figure 2-6a). Based on the J-V curve, the largest output power was 138 mW for 

this solar cell, which was achieved under an optimal load of 1.3 Ω with a current of 0.32 A 

and output voltage of 0.43 V. Although the effective working area of the MSMD device 

(4.0 cm × 4.0 cm) was 16 cm2, the effective working area for the solar cell was only 11.9 

cm2 (insert of Figure 2-6a). The energy efficiency of the solar cell under this condition was 

calculated to be 11.6%. 

When the solar cell was connected to resistance with its optimal load (1.3 Ω), the same PV-

MD exhibited a water production rate of 1.79 kg·m-2·h-1 (Figure 2-6b and 2-6c), which is 

8.7% lower than that without electricity output. When the resistance of the load was 

increased to 3.2 and 6.0 Ω, the output power was decreased to 84 and 50 mW, with an 

increase of output voltage to 0.52 and 0.53 V, respectively. The water production rates 

were 1.82 and 1.88 kg·m-2·h-1 for these two cases, respectively (Figure 2-6b and c). These 

results indicate that the water production rate is only slightly affected by the extraction of 
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electricity from the system, which is expected. Overall, the device gave high clean water 

productivity (>1.79 kg·m-2·h-1) given that about 11% of solar energy was extracted from 

the PV-MD device to produce electricity.  

 

Figure 2-7: Linear correlation of the clean water production rate and solar irradiation 

intensity of 3-stage photovoltaics-membrane distillation (PV-MD) in dead-end mode 

The clean water production performance of the 3-stage dead-end PV-MD device under 

solar illumination with different light intensity was also investigated and the results are 

presented in Figure 2-6d-f. The average water production rates under 0.6, 0.8, 1.0, 1.2, and 

1.4 Sun illumination were measured to be 0.92, 1.39, 1.82, 2.31 and 2.65 kg·m-2·h-1, 

respectively (Figure 2-6d and e). The relationship between the clean water production rate 

and solar irradiation intensity was linear (Figure 2-7) and the electricity generation 

efficiency of the solar cell was stable at around 11.1 ~ 11.6% under different solar 

irradiation. These results demonstrate that the PV-MD device possesses excellent clean 

water production and stable electricity generation performance under varying solar 

intensity. 
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Figure 2-8: Reusability evaluation of the photovoltaics-membrane distillation (PV-MD) 

device. In a 3-stage PV-MD device working in dead-end mode: a water production rate in 

different cycles under open-circuit state (blue column) and optimal stage (red column). In 

a 3-stage PV-MD device working in cross-flow mode: b The mass change rates of the 

collected water, c water production rates as a function of water flow rate, d the mass change 

rates of the collected water and water production rates as a function of time.  

One targeted application of PV-MD is to generate electricity and at the same time produce 

clean water from various source water with impaired quality, such as seawater, brackish 

water, contaminated surface water and groundwater. When 3.5% NaCl aqueous solution 

was used as a seawater surrogate, the clean water production rate was 1.77 kg·m-2·h-1 in 

open circuit state and 1.71 kg·m-2·h-1 in the optimal load state (1.3 Ω). These two values 

are both lower than those recorded when pure water was used as source water (Figure 2-

6), which should be attributed to the decrease of the saturation vapor pressure of the 

saltwater.87 For the devices operated at dead-end mode, the salt concentration of the source 

water in the evaporation layer would gradually increase during operation, leading to a slight 
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decrease in the clean water production rate. The concentrated source water inside the 

device can be sucked out of the device by a dry paper via capillary effect. Although not all 

the NaCl salt was removed in this way, the performance of the device could be nearly fully 

recovered in the next operation cycle. Figure 2-8a shows the clean water production rate 

of the dead-end device measured in five operation cycles. In cycle 1, 3, and 5, the solar cell 

was not connected to the external circuit, while in cycle 2 and 4, the solar cell was 

connected to the external circuit. The result clearly demonstrates that this device can be 

regenerated from a salt accumulation state with fully recovered performance.  

In the PV-MD device operated at dead-end mode, the salts from the source water will 

continuously accumulate inside the evaporation layer during operation as mentioned above, 

which may cause failure and damage if salt crystals block the pores of the MD membrane. 

Although the salt can be cleaned out of the device by frequent regeneration operation as 

discussed earlier, it deems not practical for long-term operation and large-scale application. 

Therefore, we further designed a 3-stage PV-MD device that can be operated at cross-flow 

mode to solve the salt accumulation problem (Figure 2-2b). In this device, a source water 

flow layer (recycle layer) was added at the bottom part to recycle the heat for the purpose 

of pre-heating the source water before it enters into the evaporation layer. When the water 

outlet of this 3-stage cross-flow type PV-MD device was blocked, i.e. it was operated in a 

dead-end mode with no water flowing out of the device, the clean water production rate 

was 2.09 kg·m-2·h-1 (Figure 2-8b) with pure water as source water, which is 7% higher than 

that recorded on the dead-end type device under the otherwise same conditions (1.96 kg·m-

2·h-1) (Figure 2-2a). This result suggests that adding a source water flow layer at the bottom 

to recycle the heat can improve clean water productivity.  
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When the water outlet of the 3-stage cross-flow type PV-MD device was opened and the 

flow rate of the source water was controlled to be 5 g·h-1, which is about two times the 

water production rate in the dead-end condition, the clean water production rate was 

slightly decreased to 1.93 kg·m-2·h-1 (Figure 2-8b-c). This can be explained by the fact 

that some sensible heat was carried away by the outgoing water flow at the outlet. When 

the flow rate of the source water was increased to 6 and 7 g·h-1, the clean water 

production rates were further decreased to 1.83 and 1.76 kg·m-2·h-1, respectively. These 

results indicate that the clean water production rate was only slightly affected by the 

flow rate of the source water because the outgoing water contains only a small amount 

of sensible heat. 

The seawater desalination performance of the 3-stage PV-MD device with cross-flow mode 

was then evaluated and is presented in Figure 2-8d. The flow rate of the source water was 

controlled at 5 g·h-1 to avoid continuous salt accumulation inside the device and the device 

exhibited a very stable clean water production rate of 1.65 kg·m-2·h-1 under one-Sun 

illumination in a 3-day continuous test. In this case, a continuous concentrated source water 

stream steadily flowed out of the device, keeping the salt concentration at a steady-state 

inside the device. The salt concentration of the source and concentrated seawater was 3.8 

wt% and 8.7 wt%, respectively. Although the clean water production rate was slightly 

lower when the device was operated under this condition, comparing to dead-end mode, its 

long-term clean water production stability outweighs its slightly reduced rate. 
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Figure 2-9: Salinity of the collected water. a water salinity of the source water and 

desalinated water collected in every cycle (The red line is the World Health Organization’s 

(WHO) guidelines for drinking-water quality). b Mass change and the corresponding rate 

of the collection via a 3-stage PV-MD device working in dead-end mode. c Ion 

concentrations of the heavy-metal contaminated source water and desalinated water by PV-

MD device 

The concentration of Na+ in the collected condensate water in each cycle was always lower 

than 7 ppm, which is only 0.02% of the source water and much lower than the World Health 

Organization (WHO) drinking water standard (Figure 2-9a). In another experiment, PV-

MD with dead-end mode was used to produce clean water from heavy metal-contaminated 

seawater (Figure 2-9b). The PV-MD device exhibited a clean water production rate of 1.69 

kg·m-2·h-1 under one-Sun illumination. The concentrations of the ions in the source water 

and clean water product were measured and shown in Figure 2-9c. For the collected clean 

water, the concentrations of Na+, Ca2+, and Mg2+ decreased to be lower than 4 ppm while 

the concentrations of Pb3+ and Cu2+ decreased to almost zero and 0.02 ppm, respectively. 

All of the ion concentrations are below the WHO drinking water standards.94 These results 

convincingly indicate a perfect desalination performance via the membrane distillation 

process. 
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Figure 2-10: The outdoor test condition and performance. a the photo of the outdoor test 

setup, b mass change of the collected water of the dead-end mode 5-stage photovoltaics-

membrane distillation (PV-MD) and the solar power intensity curve, c UV-Vis-FTIR 

spectra of the solar cell (SunPower), d clean water production performance of the solar cell 

(SunPower) in the 3-stage PV-MD device, e the water production and electricity generation 

performance of the dead-end mode 5-stage PV-MD in the outdoor test on December 02, 

2018, December 03, 2018, and February 25, 2019. 

A larger 5-stage dead-end PV-MD device (10 cm × 10 cm) was fabricated with a 

monocrystalline silicon solar cell from SunPower and the outdoor test was conducted 
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(Figure 2-10). The solar absorptance of the solar cell was measured to be 0.86 (Figure 2-

10c), which is a bit lower than the previous solar cell. According to the manual of the solar 

cell, the maximum electricity generation efficiency of the solar cell was 22.7% and the 

voltage and the current at optimal load condition were 0.58 V and 6.0 A, implying its 

maximal output power of 3.48 W and its optimal load is very small (i.e., 0.097 Ω). It should 

be mentioned that in large scale applications, several to tens of solar cells are installed in 

series to provide a high output voltage, e.g., 5 or 20 V, where the optimal load can be within 

a more common resistance range. In this work, only one solar cell was used in our device 

owing to the size limit of the PV-MD device and the external load was 0.25 Ω based on 

facility availability, meaning the solar cell was not working in its optimal condition. The 

device was examined for its clean water and electricity production performance outdoors 

on the balcony of a student apartment inside KAUST campus, Thuwal, KSA (22oN 39oE) 

in winter (December 2, 2018) (Figure 2-10a and b). The balcony was exposed to daily 

sunlight only after 9:00 am. Therefore, the experiment was carried out from 9:00 am to 

19:00 pm. The total solar irradiance in this period was measured by a solar intensity meter 

and calculated to be 3.5 kW·m-2 per day, which is a relatively low value due to the winter 

season condition. In summer, this value can be tripled. A transparent cover made of 

poly(methyl methacrylate) (PMMA) was put on the top of the device to reduce the heat 

loss caused by the strong wind that day. The final total clean water production was 4.7 

kg·m-2 and the total output electricity energy was measured by a coulombmeter to be 0.41 

kW·m-2. Given the total solar energy of 3.5 kW·m-2 in this test period, the power conversion 

efficiency of the solar cell was calculated to be 11.7%. 
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The outdoor clean water production and electricity generation performance of the 

devices was also evaluated on February 25, 2019, with stronger sunlight intensity and 

the results are shown in Figure 2-10e. The total solar irradiance in the testing period (i.e., 

9:00 am to 19:00 pm) was 4.2 kW·m-2. The large 5-stage dead-end PV-MD device 

delivered a clean water production rate of 6.1 kg·m-2 per day and a total output electrical 

energy of 0.50 kW·h·m-2 with a power conversion efficiency of 11.9%. As discussed 

earlier, the power conversion efficiency of the solar cell is significantly dependent on 

the load of the external circuit, the reduced power conversion efficiency was caused by 

the high resistivity of the load (0.25 Ω), which is much higher than the optimal load 

(0.097 Ω). Furthermore, as can be seen in Figure 2-10b, when the intensity of the sunlight 

was below 180 W/m2, the clean water production rate was nearly zero, which may be 

ascribed to the extremely low-temperature gradient in the device under this condition. 
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Table 2-1: Performances of solar still reported in the literature 

Year 

Evaporation rate/kg·m-

2·h-1 

Efficiency 

Solar 

intensity/kW·m-2 
Steam 

generation 

Electricity 

generation 

This 

work 

1.79 (collection rate) 

2.78 (collection rate) 

126% 

195% 

11.55% 

0 

1 

1 

201736 1.15 75% ~0.1% 1 

201895 34.8 72% 1.23% 30 

201835 1.39 90% ~0.01% 1 

201834 3.27 - 0 

0.9 (electrical 

heating) 

201833 1.02 72% 0 1 

201896 1.59 85% 0 1 

201897 1.12 81% 0 1 

201898 5.10 80% 0 4 

201899 2.50 95% 0 1 

2018100 1.30 72% 0 1 

201827 11.8 85% 0 10 

2018101 1.24 83% 0 1 

201887 2.04 99% 0 1 

2018102 1.32 88% 0 1 

2018103 6.60 92% 0 5 



59 

 

 

2018104 1.08 74% 0 1 

2017105 1.13 78% 0 1 

2017106 1.70 85% 0 1 

2017107 3.00 66% 0 3 

2017108 1.00 82% 0 1 

2017109 12.1 87% 0 10 

2017110 1.18 76% 0 1 

2017111 1.55 91% 0 1 

2017112 0.90 65% 0 1 

2017113 11.80 85% 0 10 

2017114 3.46 72% 0 3 

2017115 1.25 86% 0 1 

2017116 14.02 83% 0 12 

2017117 11.22 81% 0 10 

2017118 1.48 78% 0 1 

201724 1.32 84% 0 1 

2017119 1.62 83% 0 1 

2016120 1.45 80% 0 1 

2016121 13.50 64% 0 12 

2016122 11.80 83% 0 10 

2016123 5.20 90% 0 4 

2016124 1.25 82% 0 1 

2016125 5.70 90% 0 4 
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2015126 1.50 80% 0 1 

2015127 5.60 78% 0 4.5 

2015128 0.92 58% 0 1 

2014129 13.20 85% 0 10 

     

 

2.4 Discussion 

In the MSMD device, the latent heat released during the vapor condensation process in 

each MD stage is reused as the energy source for the next MD stage. Therefore, the heat 

generated by the photothermal component is thus reused for multiple evaporation-

condensation cycles. As a result, the clean water production rates of both 3-stage SSA-MD 

and PV-MD, e.g., 2.78 and 1.96 kg·m-2·h-1, are several times higher than that of 

conventional solar stills and even break the theoretical limit of perfectly full utilization of 

solar irradiation of one Sun intensity within the conventional one-stage device. The large 

clean water production rate is a great advantage of this type of newly developed multi-

stage MD device comparing to conventional solar stills (Table 2-1).  

The energy balance scheme of this PV-MD device is different from the conventional solar 

stills and conventional membrane distillation devices (Figure 2-3). When it is exposed 

under sunlight with an intensity of qS, most of the solar energy is captured by the solar cell 

(qA) depending on its solar absorptance (α), and the rest is lost as the reflected sunlight. 

The total energy obtained from sunlight (one Sun condition) by SSA and PV (Sharp) is 

thus calculated to be 930 and 870 W·m-2, respectively. Part of the captured solar energy is 
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converted to electricity (qe) for PV-MD, depending on the efficiency of the solar cell (η), 

which is generally in the range of 10-20% for a commercial solar cell. The rest of the 

absorbed solar energy is converted to heat (qh). Their relation can be described as follows: 

𝑞𝐴 = 𝛼 × 𝑞𝑆                                                                 (2-2) 

𝑞𝑒 = 𝜂 × 𝑞𝐴                                                            (2-3) 

𝑞ℎ = 𝑞𝐴 − 𝑞𝑒                                                               (2-4) 

Some of the heat energy is directly lost from the top surface of the solar cell by thermal 

radiation, thermal conduction and air convection. Because of the extremely low thermal 

conductivity of air (0.01~0.04 W·m-1·K-1), thermal radiation is the main pathway, which 

can be calculated by the Stefan-Boltzmann equation:  

𝐸 = 휀𝜎(𝑇𝐶𝑒𝑙𝑙
4 − 𝑇0

4)                                                        (2-5) 

Where ε is the emissivity of the material, 𝜎 is the Stefan-Boltzmann constant, TCell is the 

temperature of the material, and T0 is the temperature of its surroundings. The emissivity 

of the solar cell (Sharp) used in this work is 0.940 (Figure 2-4b and c), which is similar 

to most commercial solar cells but is much higher than the SSA material used in this 

work (0.123). When the 3-stage device is exposed under one Sun illumination, the solar 

cell or the SSA material is quickly heated up to 58.4 and 61.8˚C during operation, 

respectively. Accordingly, the heat loss from the top surface via thermal radiation is 

estimated by the Stefan-Boltzmann equation (Equation (2-5)) to be 219 W·m-2 for PV-

MD and 33 W·m-2 for SSA-MD. For the PV-MD, there is also 90 W·m-2 energy 

converted to electricity and is therefore extracted from the system. Consequently, the 

energy power that can be utilized for the MSMD component of PV-MD and SSA-MD 
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in clean water production is 561 W·m-2 and 907 W·m-2. This estimation helps us 

understand why the SSA-MD device gives a much higher clean water production rate 

than the PV-MD device as presented previously. It also clearly reveals that the emissivity 

of the top surface is the key parameter that affects the heat utilization efficiency of the 

MSMD device, implying that if the emissivity of the solar cell can be reduced, the clean 

water production performance may be significantly improved. Actually, the high 

emissivity of the commercial solar cells is an intentional design,88, 89 because it promotes 

the waste heat discharged from the solar panels to their surroundings, and therefore 

lowers down the temperature of the solar panels. However, it is possible to significantly 

decrease the emissivity of the solar panels without affecting its solar-to-electricity 

conversion efficiency.130, 131 In other words, the clean water production rate of PV-MD 

can be further increased in the future by making solar cells with smaller emissivity. 

In each MD stage, the heat energy solely comes from its previous stage through the top 

heat conduction layer. Part of the heat can be lost to the outer environment from the side 

surfaces of the device, which, however, should only account for a negligible share in this 

work based on the following considerations. (1) The PU foam on the side surface possesses 

a very small thermal conductivity (0.022~0.033 W·m-1·K-1) and relatively large thickness 

(> 1cm); (2) the area of the side faces is much smaller than the cross-section area of the 

device, especially when the size of the device is larger than 10 x 10 cm and the height of 

each stage is only 0.5 cm.  

During the membrane distillation process, since the heat loss from side faces is negligible, 

almost all the heat that comes into the evaporation layer is finally transferred into the 

condensation layer, and then conducted to the next MD stage. For each MD stage, the heat 
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transfer from the evaporation layer to the condensation layer is mainly composed of two 

pathways. In the first pathway, the heat (QI) is transferred as the latent heat of water vapor 

through the water evaporation-condensation process. This is a simultaneous heat transfer 

and mass transfer process. The mass transfer process in this pathway is responsible for 

clean water production. In the second pathway, the rest of the heat (QII) in the evaporation 

layer is directly transferred to the condensation layer via thermal conduction without any 

mass transfer. Only the first pathway contributes to the clean water production and the 

second pathway is considered as a waste of thermal energy. The heat utilization efficiency 

(ηheat) can be defined as the percentage of the total heat transferred through the first pathway. 

𝜂ℎ𝑒𝑎𝑡 =
Q𝐼

𝑄𝐼+𝑄𝐼𝐼
                                                                     (2-6) 

The total heat transfer flow of the 3-stage SSA-MD device is estimated to be 907 W·m-2 

as discussed above. The heat flow by the first pathway (QI) can be estimated from the 

clean water production rate for each stage following the Equation. 

𝑄𝐼 = 𝑚 × 𝐿𝑉                                                                     (2-7) 

Where m refers to the clean water production rate, Lv refers to the latent heat of the water 

evaporation, which is calculated following an empirical formula from literature.132 As 

mentioned before, the clean water production rate of the first, second, and third stage in the 

3-stage SSA-MD device is 1.07, 0.89 and 0.75 kg·m-2·h-1 and the working temperature of 

each stage is calculated to be approximately 58, 51 and 43oC (Figure 2-5d). Accordingly, 

the heat flux in the first pathway (QI) for the first, second, and third stage is 710, 595, and 

506 W·m-2, equivalent to heat utilization efficiency (ηheat) of 78%, 66%, and 56%, 

respectively.  
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In another word, although the same amount of the heat energy (907 W·m-2) is transferred 

from the evaporation layer to the condensation layer at all stages, assuming the heat loss 

through the side surface is zero, a higher portion of the energy is transferred through the 

first pathway when the MD stage is working at a higher temperature, which agrees well 

with literature .84, 92, 93 On the other hand, more heat is transferred through the second 

pathway in the lower stages working at lower temperatures. The heat flux through the 

second pathway in the first, second, and third stages is estimated to be 197, 312, and 401 

W·m-2, respectively. Since the thermal conductivity of the MD membrane is only slightly 

affected by the temperature, larger heat flux through the second pathway corresponds to a 

larger temperature difference between the top and bottom of the MD stage, which is 

corroborated with the results recorded in this work. The temperature difference between 

the top and bottom thermal conduction layer for the first, second, and third stage in the 3-

stage SSA-MD device is 6.7, 7.6, and 9.1oC, respectively. 

Broadly speaking, water and electricity can also be simultaneously produced by such 

hybrid systems as photovoltaic-reverse osmosis (PV-RO) and organic Rankine cycle-

photovoltaic reverse osmosis (ORC-PV RO).133, 134 Although these systems can produce 

clean water with a much higher water production rate of around ~250 m3/day, they typically 

have a much higher barrier-to-entry with a very high up-front capital expenditure 

investment, which limits their applications to de-centralized water production at small to 

medium scales. Besides, electricity produced in these systems is typically fully consumed 

by the RO processes. In comparison, all of the electricity generated in the PV-MD system 

is available to feed into the commercial grid plus free clean water production. 
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Due to various reasons, near half of the world population is living near the sea135. One 

possible and emerging solution for PV plants is to build them in the sea land. For example, 

the world’s biggest floating solar farm has just been put in operation in the Queen Elizabeth 

II reservoir in UK 136 and similar floating solar farms are going to be built on seawater at 

various places in the world137. If the PV-MD can be used in these projects, a significant 

amount of clean water can be produced from seawater without electricity consumption, 

unlike conventional desalination processes (e.g., RO, MED, MSF).  

In addition, almost all the deserts in the Middle East, North Africa, Southwest Africa, West 

Australia, and South America are close to the sea and the majority of the human population 

in these areas lives near the seashore. Therefore, access to the seawater is not a big problem 

in these desert areas for the PV-MD. 

Actually, only in middle Asia and North America, the deserts are located in land-locked 

areas. Even in some of these areas, salty water/wastewater is massively produced by 

industry. For example, in the north and west parts of China where there is a very high 

freshwater stress, coal-burning power plants produce a lot of brine wastewater (> 2 

billion m3/year). The device reported in this work can be used for water recovery from 

the brine wastewater to contribute to water reuse in these regions where solar irradiation 

is abundant and freshwater is very scarce. 
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3. Integrated Solar-driven PV Cooling and Seawater Desalination with Zero 

Liquid Discharge  

3.1 Introduction 

The photovoltaic-membrane distillation (PV-MD) system presented in Chapter 2 shows a great 

promise in the management of the water-energy nexus because freshwater and electricity can be 

produced simultaneously in an integrated system. However, there still remain some problems that 

need to be tackled. (1) The PV-MD working in cross-flow mode produces some concentrated 

seawater that needed to be treated; (2) It is widely accepted that the evaporation has the ability of 

refrigeration, however, the multistage membrane distillation (MSMD) device on the backside of 

the PV panel shows a poor refrigeration ability.27, 81-83 The operational temperature of the PV in 

the PV-MD system is as high as ~58 oC, which is only ~3 oC lower than the PV working alone.138 

A higher temperature is detrimental to the electricity generation of PV. It was reported that the 

increase in the PV temperature would result in a decline in its open-circuit voltage (Voc), fill factor, 

and power output at rates of 2-2.3 mV/oC, 0.1-0.2%/oC, and 0.4-0.5%/oC, respectively.15-18 

Additionally, every 10 oC rise in PV temperature causes a doubled aging rate.139 Therefore, it is of 

significance to reduce the PV temperature. 

In this work, we further developed a photovoltaic-membrane distillation-evaporative crystallizer 

(PV-MD-EC) device for highly efficient clean water production, electricity generation, salt 

crystallization as well as PV cooling. Herein, the PV panel works as the only energy source which 

converts solar energy into heat and electricity. The generated heat is utilized by the underlying 

multistage membrane distillation (MSMD) component for desalination, which consists of an 
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evaporation layer, a hydrophobic membrane, a condensation layer, and a thermal conduction layer. 

A thermal model was developed to optimize this design and screen the hydrophobic membrane. 

The simulation indicates that a thinner hydrophobic membrane with higher porosity can increase 

the clean water production rate and reduce the solar cell temperature. As a result, we select a 

hydrophobic membrane with the thickness of 0.1 mm and porosity of 0.86 to fabricate a 5-stage 

PV-MD-EC device and a higher clean water production rate (~2.45 kg/m2 h for seawater 

desalination) and lower PV operational temperature (~47.8 oC) were achieved simultaneously. 

Thanks to the lower PV temperature, a higher electricity generation efficiency (13.9~14.0 %) was 

realized in the PV-MD-EC system with respect to that of the PV panel working alone (12.9%). 

Considering that there remains some low-grade heat at the bottom condensation layer and some 

concentrated seawater produced owing to the cross-flow design, an evaporative crystallizer was 

designed on the backside of the MSMD to evaporate the concentrated seawater. In particular, zero 

liquid discharge (ZLD) can be achieved in this system.  

3.2 Theoretical model  

3.2.1 Membrane Coefficient   

Since the driving force of the vapor transportation across the membrane is the vapor pressure 

difference between the evaporation layer and condensation layer, it is assumed that the vapor flux 

is proportional to the vapor pressure disparity and the membrane coefficient is defined as the ratio 

of the vapor flux to the vapor pressure difference across the membrane. It is given by: 

J = 𝐶𝑚 × ∆P                                                                      (3-1) 
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Where J refers to the vapor flux, which can be regarded as clean water production rate. Cm is the 

membrane coefficient, which is mainly related to the parameters of the membrane such as pore 

size, porosity, thickness, and tortuosity. 

The calculation of the membrane coefficient needs to be based on the assumption that vapor passes 

through the hydrophobic membrane according to 3 contributions: Knudsen region, continuum, and 

transition region.22 This relates the mass transport with the collisions between molecules and 

molecules with the membrane. The Knudsen number (Kn), which is defined as the ratio of the 

mean free path (λ) of the gas to the pore size (dp), provides a guideline in determining which 

mechanism is active inside the membrane pores. The mean free path of the vapor can be calculated 

as follows140: 

λ =
𝑘𝐵𝑇

√2𝜋𝑝𝑑𝑒
2                                                                       (3-2) 

Where 𝑘𝐵 , p and 𝑑𝑒  are Boltzmann constant, average pressure within membrane pores and 

collision diameter (2.641 Å for water vapor). The λ was estimated to be around 0.13 μm at 40 

oC.141 Although, the mean free path is related to the temperature, this value is used as a reference 

in the following discussion. 

For Kn>1 or dp<λ (Knudsen region), the membrane pore size is smaller than the mean free path of 

vapor molecules, and thus molecule-pore wall collision is dominant. The membrane coefficient 

can be calculated as follows142: 

𝐶𝑚 =
2 𝑟

3𝜏𝛿
(

8𝑀

𝜋𝑅𝑇
)

1/2
                                                              (3-3) 
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Where 𝜏, 𝛿, 휀 and 𝑟 are tortuosity, thickness, porosity, and uniform pore size of the membrane, M 

is the molecular weight of the vapor. The tortuosity of the membrane is given by Macki-Meares, 

where143: 

τ =
(2− )2

                                                                  (3-4) 

For Kn<0.01 or dp>100λ (continuum region), the membrane pore size is 100 times larger than the 

mean free path of the vapor, which means that molecule-pore wall collision is negligible and 

ordinary molecular diffusion is used to describe the mass transport in continuum region22. The 

membrane coefficient is calculated as follows:  

𝐶𝑚 =
𝜏𝛿

𝑃𝐷

𝑃𝑎

𝑀

𝑅𝑇
                                                                 (3-5) 

Where Pa is the air pressure within the membrane pore, D is the diffusion coefficient, and P is the 

total pressure inside the pore. The diffusivity of water vapor through the stagnant air inside the 

pore is given by22, 144: 

PD = 1.895 × 10−5𝑇2.072                                                    (3-6) 

When the pore size falls between λ and 100λ (0.01<Kn<1 or 100λ>dp>λ), there exists a transition 

region where a combined Knudsen/continuum diffusion mechanism affect the gas transport as 

collisions between molecules and molecules with membrane take place simultaneously. It can be 

calculated as follows34: 

𝐶𝑚 = [
3

2

𝜏𝛿

𝑟
(

𝜋𝑅𝑇

8𝑀
)

1/2
+

𝜏𝛿 𝑃𝑎

𝑃𝐷

𝑅𝑇

𝑀
]

−1

                                           (3-7) 

3.2.2 The Establishment of the Theoretical Model 

The theoretical model is based on the following assumptions: 1) the temperature at the bottom of 

the device is 5 oC higher than room temperature (25 oC); 2) the heat loss in the side surface is 
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negligible; 3) the latent heat and sensible heat of the water is constant; 4) the electricity generation 

efficiency of the solar cell is constant. Since part of the solar energy is lost by thermal radiation 

and reflection, the energy used for water desalination can be calculated as follows: 

𝑞ℎ = α𝑞𝑠 − 𝜂𝑞𝑠 − 𝐸                                                       (3-8) 

Where qh and qs are the heat utilized for water desalination and solar energy intensity, α and 𝜂 are 

the solar absorptance and electricity generation efficiency of the solar cell. E is the thermal 

radiation energy loss. Thermal radiation energy loss can be calculated by Stefan-Boltzmann law72: 

E = φσ(T𝑠
4 − 𝑇𝑟

4)                                                        (3-9) 

Where φ and σ are emissivity of the material and Stefan-Boltzmann constant. Ts is the solar cell 

temperature and Tr is the room temperature. 

The heat can be transferred across the membrane through 2 pathways: thermal convection and 

thermal conduction. In terms of thermal conduction, the heat transfer is calculated according to 

Fourier’s law: 

𝑞𝑑 = 𝑘 ×
∆𝑇

𝛿
                                                                      (3-10) 

Where qd refers to the heat transferred by thermal conduction, ∆𝑇 is the temperature gradient, 𝛿 is 

the thickness of the membrane and k is the thermal conductivity of the membrane. It was reported 

that the thermal conductivity of the hydrophobic membrane is better to be calculated based on the 

volume-average of both resistances (fibers and the gas) using the following equation22: 

𝑘 =
1

𝜀

𝑘𝑔
+

1−𝜀

𝑘𝑚

                                                                       (3-11) 
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Where 휀 refers to the porosity of the membrane, kg and km are the thermal conductivity of the gas 

and fiber. In the PV-MD-EC system, the gas inside the hydrophobic membrane is vapor and air, 

and their thermal conductivity is in the same magnitude. For example, at room temperature, the 

thermal conductivity of the water vapor and air are 0.020 and 0.026 W/m k, which is much lower 

than that of PTFE (0.25 W/m k).145, 146 Therefore, in the theoretical model, it is reasonable to 

assume that the thermal conductivity of the mixed gas is equivalent to the thermal conductivity of 

the air.  

In thermal convection, it is the evaporation and condensation process, which takes place on the 2 

sides of the hydrophobic membrane. On the evaporation side, the heat is consumed by evaporation, 

and the vapor is generated. Then, the generated vapor diffuses across the membrane and condenses 

on the condensation side, releasing the latent heat of the vapor. The heat transfer in this process 

can be regarded as the thermal convection. The diffusion of the vapor is driven by the vapor 

pressure difference between the evaporation side and the condensation side, which is related to the 

temperature gradient. The vapor pressure can be calculated by Antoine equation68: 

lnp = A −
𝐵

𝐶+𝑇
                                                                 (3-12) 

Where p is the vapor pressure, A, B and C are constant and T is temperature. The heat transferred 

by thermal convection can be calculated by the following equation: 

𝑞𝑐 = 𝐽 × 𝐿𝑣                                                                  (3-13) 

Where qc is the heat transferred by thermal convection, 𝐿𝑣 is the latent heat of the vapor. 

The relation between water production performance and heat transfer in each stage can be built 

based on the above equation: 



72 

 

 

α × 𝑞𝑠 − 𝜂𝑞𝑠 − 𝐸 = 𝐽𝑡𝑜𝑝 × 𝐿𝑣 +
𝑘×∆𝑇𝑡𝑜𝑝

𝛿
=∙∙∙∙∙∙= 𝐽𝑖 × 𝐿𝑣 +

𝑘×∆𝑇𝑖

𝛿
=∙∙∙∙∙∙= 𝐽𝑏𝑜𝑡𝑡𝑜𝑚 × 𝐿𝑣 +

𝑘×∆𝑇𝑏𝑜𝑡𝑡𝑜𝑚

𝛿
     (3-14) 

The temperature polarization effect in the evaporation layer and condensation layer needs to be 

taken into account owing to its low thermal conductivity. Since the evaporation layer and 

condensation layer is filled by water and the flow rate of the water is very low, it’s reasonable to 

use the thermal conductivity of water as the thermal conductivity for these 2 layers. As a result, 

the polarization temperature in the evaporation layer and condensation layer can be calculated as 

follows: 

∆𝑇𝑒 = ∆𝑇𝑐 =
𝛿𝑒×(α×𝑞𝑠−𝜂𝑞𝑒−𝐸)

𝑘𝑒
                                        (3-15) 

Where ∆𝑇𝑒 and ∆𝑇𝑐  are the polarization temperature of the evaporation layer and condensation 

layer, 𝛿𝑒 and 𝑘𝑒 are the thickness and thermal conductivity of the evaporation layer. 

The above equation was programed in LabView to calculate the solar cell temperature and clean 

water production rate under a given condition. 
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Figure 3-1: Structure of the device: a. multistage membrane distillation (MSMD) and the 

evaporative crystallizer (EC); b. integrated photovoltaics-membrane distillation-evaporative 

crystallizer (PV-MD-EC) device. 

3.3 Materials and Methods 

3.3.1 Materials 

1 mm thick stainless-steel mesh with the porosity of 86% and pore size of 15 μm  used as 

evaporation and condensation layer was supplied by Furun. The 0.1 mm thick hydrophobic 

membrane (PTFE) membrane was supplied by Zhejiang Kertice Hi-tech Fluor-material Co., LTD, 

with a pore size of 1.00 μm and the porosity of 84%. The epoxy glue used to seal the device was 

supplied by ALTECO CHEMICAL PTE LTD. The thermal conduction layer and the pipe with the 

inner diameter of 0.7 mm and the outer diameter of 0.9 mm used for water transport were made by 

316L stainless steel. The solar cell was provided by Shunfen New Energy and the non-woven 

fabrics for evaporative crystallizer were provided by Kimberly-Clark. Seawater was obtained from 

the Red Sea. 
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3.3.2 Device Assembly 

The porous stainless steel mesh was used in the evaporation layer and condensation layer as filling 

materials. The stainless steel mesh with a size of 40x40 mm and thickness of 1 mm, PTFE 

hydrophobic membrane with the size of 55x55 mm, and 1 mm thick stainless steel sheet with a 

size of 50x50 mm were firstly assembled as shown in Figure 3-1a. Then two stainless steel pipes 

were inserted into the opposite sides of each evaporation layer and 1 stainless steel pipe was 

inserted into the other side of the condensation layer. Equal amount of resign (A) and hardener (B) 

of the epoxy glue were mixed thoroughly until a uniform color is formed and then filled into the 

empty space between the stainless steel sheet and membrane. The MSMD component can be 

obtained after the glue is fully cured (24 h). In addition, as the glue is black, to avoid the 

photothermal effect of the glue, the glue on the top was covered by white tape. For EC, the non-

woven fabrics were cut into the size of 40x150 mm with 3 parts: a tail (40 mm), evaporation center 

(40 mm), and wick. The evaporation center was glued to the stainless steel as follows: a piece of 

plastic wrap with a size of 50x50 mm was placed on a piece of stainless steel sheet with a size of 

70x70 mm and then the stainless steel was heated up to 180 oC by a heating platform. After that, 

the evaporation center part of the non-woven fabrics was pressed on the surface of the plastic wrap 

and kept for 20 seconds. The PV-MD-EC system was integrated as Figure 3-1b. 

3.3.3 Clean Water Production and Electricity Generation Evaluation. 

The flow rate of the tubing pump (Baoding Chuang Rui Precision Pump Co., Ltd) was calibrated 

by the electrical balance. Solar irradiation was provided by a solar simulator (Newport 94043A) 

with a standard AM 1.5 G spectrum optical filter. The produced clean water was collected by a 

100 ml quartz cup and its weight was monitored by an electrical balance. The source water of the 

EC was supplied by another cup, which was monitored by an electrical balance. The temperature 
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of the solar cell, EC, and ambient was detected by thermal couples. J-V curve of the solar cell was 

measured by a Keithley 2400 series source meter. When seawater was used as source water, the 

seawater was firstly pretreated by filtration, and then a small amount of NTA and scale inhibitor 

were added to form a solution with the concentration of 10 ppm and 5 ppm, respectively. In the 

first cycle, seawater was directly utilized as source water of EC. In the following four cycles, the 

source water of EC was composed by mixing small amounts of seawater with the concentrated 

brine produced from previous cycle (at the ratio of 1:2). The flow speed of the seawater was 

controlled at 3.5 kg/m2 h and each cycle was kept at least for 8 hours, then the source water flow 

speed was controlled at 0.3 kg/m2 h and kept for 12 h in dark. 

3.3.4 Characterization 

The UV-Vis-NIR diffuse reflectance spectra of the solar cell were measured by an Agilent Cary 

5000 spectrometer, with BaSO4 powder as reference. The concentrations of the ions were detected 

by Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES). 

3.4 Results 

3.4.1 Structure of the PV-MD-EC Device 

The structure of the PV-MD-EC device is depicted in Figure 3-1, which is integrated by the solar 

cell, MSMD, and EC. Solar energy is absorbed by the solar cell and converted into electricity and 

heat. To efficiently utilize these heat, a multistage membrane distillation component was designed 

on the backside of the solar cell, in which the latent heat of the water vapor can be recycled by 

several times to enhance its freshwater productivity. Each stage consists of 4 parts: a thermal 

conduction layer, an evaporation layer, a hydrophobic membrane, and a condensation layer. At the 

operating state, the feed water is transported into the evaporation layer by a mechanical pump or 
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gravity, and evaporated by getting heat from the solar cell or the vapor condensation in the upper 

stage. The generated vapor passes through the porous hydrophobic membrane and then condensed 

in the condensation layer to produce clean water. This evaporation-condensation process is driven 

by the vapor pressure gradient between the evaporation layer and condensation layer, which is 

triggered by their temperature disparity. To avoid the crystallization and accumulation of the salt 

in the evaporation layer, the device is designed to work in a cross-flow mode, in which the 

concentrated source water, produced after evaporation, flows out before reaching saturation. The 

produced concentrated source water can be then wicked into the EC and get evaporated. When the 

evaporation rate of the EC is higher than the concentrated source water discharge, zero liquid 

discharge can be achieved.  

 

Figure 3-2: The results of the theoretical model in transition region. The effect of the membrane 

thickness (a-b), membrane porosity (c-d), and membrane pore size (e-f) to the clean water 

production rate and photovoltaic temperature in the photovoltaic-membrane distillation-

evaporative crystallizer (PV-MD-EC) system. 
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3.4.2 Theoretical Model and Membrane Screening. 

From a theoretical point of view, in such a design, adding more stages can certainly increase the 

water production rate, but a higher solar cell temperature would be resulted in. On the other hand, 

reducing the thickness of the hydrophobic membrane would decrease the vapor diffusion 

resistance, but reduce the temperature difference between the evaporation layer and condensation 

layer in the same stage, which is the driving force behind the vapor mass flux.  

In addition, increasing the porosity and pore size of the hydrophobic membrane can reduce the 

vapor diffusion resistance, thus rendering a higher water production rate, but their effects on the 

solar cell temperature remain unclear and call for further investigation. Therefore, we developed a 

thermal model to ascertain the roles of these parameters in determining both cell temperature and 

water production rate and to further identify the optimized ones for PV-MD-EC. 

The results of the modeling indicate that both the water production performance and the solar cell 

temperature are greatly affected by the thickness of the hydrophobic membrane (𝛿) (Figure 3-2 a-

b), with a smaller thickness leading to a higher water production rate and lower solar cell 

temperature. The membrane porosity has a significant effect on the water production rate but little 

effect on the solar cell temperature (Figure 3-2 c-d), with a larger porosity reducing the solar cell 

temperature slightly while increasing the water production rate considerably. When the pore size 

is smaller than the mean free path of vapor (0.13 μm)142, the pore size shows a clear effect on the 

water production rate and solar cell temperature, with an increasing pore size resulting in a higher 

water production rate and lower solar cell temperature (Figure 3-2 e-f). When the pore size is 

slightly higher than the mean free path of vapor, a steep drop in the water production rate and a 

sharp increase in solar cell temperature can be observed. Further increasing the pore size only 

slightly increases water production rate and decreases solar cell temperature. More details will be 

presented later in the discussion section. As a result, in this work, we chose a commercial 

polytetrafluoroethylene (PTFE) hydrophobic membrane with the thickness of 0.1 mm, porosity of 

0.86, and pore size of 1.0 μm. It is worth pointing out that, based on the simulation results, the 

optimized membrane pore size should be slightly lower than the mean free path of vapor (0.13 

μm), which is difficult to be achieved in reality. Instead, with other factors considered, the 

hydrophobic membrane with the pore size of 1.00 μm was chosen, because, compared to the 

optimized pore size of 0.13 μm, it reduces the water production rate by only ~3% and increases 
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the solar cell temperature by only around ~1oC. As a proof-of-concept, 5 stages of MSMD 

component was employed to strike a good balance between the water production rate and solar 

cell temperature in this work. 

 

 

Figure 3-3: Schematic illustration of the evaporative crystallizer (EC) and the crystallization 

process of the salt in EC. 

3.4.3. The Design of Evaporative Crystallizer 

The EC is made by non-woven fabrics, with its central part adhering directly underneath the bottom 

of MSMD component and its tail part unattached (Figure 3-1 and 3-3). The source brine water is 

wicked by and transported along the fabrics all the way to the end of the tail part driven by a 

combined capillary and transpiration effect. Due to edge preferential crystallization, the salt is 

accumulated on the tail part of the fabrics, which facilitates and simplifies the salt collection. It 

has been shown that the interfacial evaporation of real seawater on a porous substrate causes the 
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blockage of the porous material due to salt scaling issue, resulting in a reduced evaporation rate. 

To this end, the seawater needs to be pretreated by adding small amounts of nitrilotriacetic acid 

(NTA, 10 ppm), which is known as a crystallization inhibitor and aims to prevent the blockage. 

Therefore, small amounts of NTA was also added into the seawater. 

As shown in Figure 3-3, after 6 hours illumination at one sun in lab conditions, the salt started to 

accumulate on the tail. At the 12th hour, there was more salt on the tail and some salt accumulation 

appeared on the joint between the EC center and tail. More importantly, the crystallized salt can 

fall off from the EC automatically under gravity as evidenced by the disappearance of the 

crystallized salt in the marked area from 6 hour to 18 h. In the next 18 hours (7th to 24th hours), 

the crystallized salts were mainly accumulated on the ground near the tail. From the cross view, it 

clearly shows that most of the salts were accumulated near the tail part. This suggests that a 

container can be installed under the tail to facilitate and simplify the collection of the crystallized 

salt. These results successfully demonstrated that the design of the EC can center the crystallized 

salts on its tail part, facilitating the collection of the salts.  
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Figure 3-4 Water production and electricity generation evaluation of PV-MD-EC. (a) 

Experimental setup (1 Solar simulator, 2 PV-MD-EC device, 3 feedwater container and pump, 4 

evaporative crystallizer (EC) and salt collector, 5 clean water collector and electrical balance, 6 

concentrated brine container and electrical balance, 7 residual water collector and computer, 8 

resistance and thermal couple). (b) The water production and evaporation performance of the PV-

MD-EC under one sun illumination and (c) J-V curve of the solar cell in PV-MD-EC system at 

different feed water flow rate; (d) the corresponding temperature profile. 

3.4.4 Simultaneous Production of Clean Water and Electricity. 

The clean water production performance, PV temperature, and electricity generation efficiency of 

the PV-MD-EC system were firstly evaluated in a lab-made experimental setup (Figure 3-4a) with 

pure water as source water. A mechanical pump was used to pipe the source water into the device 

and the solar cell was connected to a 15 Ω resistor, allowing a maximum power output of the solar 
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cell. Additionally, the J-V curve of the solar cell was measured by connecting the solar cell to a 

Keithley 2400 series source meter. As shown in Figure 3-4b, When the flow rate of the feedwater 

was 5 kg/m2 h, the PV-MD-EC device exhibited a water production rate of 3.85 kg/m2 h and the 

evaporation rate of the EC was measured to be 1.54 kg/m2 h. In this case, it can be calculated that 

the flow rate of the water that flows out from the device was 1.15 kg/m2 h, which is lower than the 

evaporation rate of EC, indicating that zero liquid discharge can be achieved. When the flow rate 

was increased to 8 and 11 kg/m2 h, the water production rate was decreased to 3.67 and 3.51 kg/m2 

h, respectively. The evaporation rate of EC was 1.47 and 1.38 kg/m2 h for these two cases, 

respectively. These results indicate that the water production rate is only slightly affected by the 

feedwater flow rate. This can be attributed to the much lower specific heat of water (~4.2 kJ/kg K) 

compared to its latent heat (~2257kJ/kg).  

When the solar cell was working alone, it exhibited a temperature of around 61.2oC with an 

electricity generation efficiency of 12.9% (Figure 3-4c). For the solar cell in the PV-MD-EC device, 

the temperature at the flow speed of 5, 8 and 11 kg/m2 h were measured to be 44.3, 43.1 and 42.9oC 

(Figure 3-4d), respectively, which is much lower than that of the solar cell working alone or 

conventional PV-MD device (~58oC). The lower solar cell temperature should be attributed to the 

selection of the hydrophobic membrane with lower thickness and higher porosity as advised by 

the theoretical model. It needs to point out that all the experiments were conducted when the 

ambient temperature was maintained at around 24oC. In addition, the temperature of the EC was 

only 5oC higher than ambient temperature due to its high evaporation rate. The electricity 

generation efficiency in these three cases were increased to be between 14.0~14.2%, which should 

be attributed to its reduced temperature. These results demonstrate that the PV-MD-EC device can 

realize a higher clean water production rate and lower solar cell temperature simultaneously and 
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more importantly, the electricity generation efficiency can be increased by over 8%. By controlling 

the flow rate of the feedwater, zero liquid discharge can be also achieved. 

 

 

Figure 3-5: Durability evaluation of the photovoltaics-membrane distillation-evaporative 

crystallizer (PV-MD-EC). a Clean water production rate and evaporation rate in different cycles, 

b corresponding temperature and electricity generation efficiency of the PV, c water salinity of the 

source water and collected water, d Mass change of the buffered seawater, and collected clean 

water. 
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3.4.5 Seawater Desalination.  

One of the main target applications of the PV-MD-EC system is to desalinate seawater. 

Therefore, the seawater (from the Red Sea) was used as source water and 5 cycles were 

conducted to investigate the stability of the device. Before desalination, the scale inhibitor (5 

ppm) and NTA (10 ppm) were added into the seawater to avoid the scale in MSMD and prevent 

blocking of the salt in EC, respectively. The solar cell was connected to a 15 Ω resistor as an 

output load. Considering that the evaporation rate of the EC is higher than the concentrated brine 

discharge rate, certain amount of seawater was added to the concentrated brine before water 

evaporation on EC to ensure a continuous operation, namely making sure that EC would not go 

completely dry. To realize ZLD, the flow rate of the seawater was controlled by the mechanical 

pump at 3.50 kg/m2 h during the experiment process. The PV-MD-EC device was irradiated 

under one sun irradiation for 8 hours, as shown in Figure 3-5. In the 5 cycles, the device showed 

an uncompromised clean water production rate at the range of 2.35~2.45 kg/m2 h and an 

evaporation rate of 1.30~1.45 kg/m2 h. It can be calculated that the concentrated seawater 

production rate is around 1.15~1.25 kg/m2 h, which is a little lower than the evaporation rate of 

the EC, indicating that ZLD can be achieved. Moreover, the PV exhibited a slightly higher 

temperature at 46.6~47.8 oC, and a slightly lower electricity generation efficiency at 13.9~14.0% 

accordingly. Overall can be explained by the lower saturated vapor pressure of seawater, which 

will be discussed later. To further demonstrate the ZLD ability of the PV-MD-EC system, the 

outlet of the MSMD was connected to the source water container of the EC and the produced 

concentrated seawater was directly used by the EC as source water. Small amounts of seawater 

were mixed with the concentrated seawater as buffered seawater in advance to make sure that 

the container has enough water for the EC. The mass change of the collected clean water and 
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the buffered seawater is shown in Figure 3-5d. The buffered seawater showed a declining mass 

change trend with an average rate of around 0.19 kg/m2 h and the clean water production rate 

was averaged to be 2.42 kg/m2 h. This result successfully demonstrates the ZLD ability of the 

PV-MD-EC system. The quality of the collected clean water was evaluated by ICP-OES and 

the ion concentrations of the source water and clean water product were shown in Figure 3-5c. 

The concentrations of Ca2+, Na+, K+, and Mg2+ in the collected clean water decreased by orders 

after desalination (lower than 4 ppm), which are much lower than WHO drinking water 

standards. These results convincingly proved that the PV-MD-EC device is capable to achieve 

highly efficient electricity generation and clean water production under a lower PV temperature. 

3.5 Discussion 

In the PV-MD-EC system, the total amount of the solar energy absorbed by the solar cell depends 

on the solar cell’s solar absorptance (α) while the amount of electricity generated by the solar cell 

is related to the electricity conversion efficiency of the solar cell. Given that the solar cell in the 

PV-MD-EC has a solar absorptance of 0.89 and electricity conversion efficiency of around 14% 

as presented earlier, the heat generated by the solar cell is thus calculated to be 750 W m-2 under 

one sun illumination. The solar cell is heated up to an equilibrium temperature of ~47oC when the 

5-stage PV-MD-EC device is illuminated under one sun according to the experimental results. 

Some of the heat is lost to the thermal radiation by the solar cell surface, which is calculated to be 

124 W m-2 using Stefan-Bolzman’s law.147 As a result, the remaining energy available for the 

MSMD component to desalinate water is 626 W m-2. This energy balance calculation helps reveal 

that the water production rate in such a system can be further enhanced by increasing the solar 

absorptance and reducing the emissivity of the solar cell if enhancing water production is preferred 

over electricity generation in the PV-MD-EC. 
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The design of the EC marries the reuse of the low-grade heat of vapor condensation in the bottom 

stage with the treatment of the concentrated brine, realizing ZLD in the PV-MD-EC system. By 

adding a small amount of commercial scale inhibitor (5 ppm), which is widely used in seawater 

desalination plants, solubility of the salts in seawater, can be enhanced. The current price of the 

scale inhibitor used in this work is $1.19/kg and its cost to the seawater desalination by PV-MD-

EC is calculated to be $0.006/t assuming its concentration of 5 ppm. In addition, the current price 

of the nitrilotriacetic acid (NTA) is $2.69/kg (the prices above comes from Alibaba) and its cost 

to the PV-MD-EC seawater desalination is $0.027/t, assuming a NTA concentration of 10ppm. 

The benefit of adding these chemicals into seawater is that the scale of the salt in the device can 

be prevented even when the seawater is at a high concentration.148-151 Given these low cost and 

non-toxicity, the use of the chemicals in the PV-MD-EC is justified.152  

When the seawater was applied as feedwater, the device exhibited a lower water production rate 

and higher PV temperature. This is caused by the seawater’s higher saturated vapor pressure in 

comparison to pure water. As a result, a higher temperature is needed to drive the seawater 

evaporation and the required temperature disparity between the evaporation layer and 

condensation layer in each stage is thus larger with respect to the case when pure water is used as 

feedwater. The higher PV temperature is resulted in accordingly. 

It is envisioned that the PV-MD-EC system has potential to open the doors to the next generation 

PV farm, where electricity generation, freshwater production with ZLD, and salt crystallization 

can be achieved simultaneously within the same land. In such a plant, solar energy is the only 

energy source to drive these multiple processes which work synergistically. One looming concern 

with large-scale PV farm is local heat island effect as less incoming solar energy is reflected back 

to the atmosphere and more heat is generated. It has been reported that the local temperature of 
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PV farm can be 3~4oC higher than wildlands at night.153 It is expected that the heat island effect 

can be reduced when PV-MD-EC is used to replace the conventional PV panel due to lower PV 

temperature as well as the heat consumed by water desalination and brine water evaporation.  

Various sources water, such as seawater, polluted groundwater, brackish water, industrial brines 

can be used as feedwater for desalination. The freshwater produced is generally at high quality 

because it is produced by vapor condensation, and can be used for many purposes, such as drinking, 

cooking, industrial distilled water, PV panel washing, irrigation, etc. With significant amount of 

freshwater produced by PV-MD-EC, the PV farm can be built in the arid regions near the coast for 

sheep grazing, desert agriculture and horticulture.154 On the same token, the PV-MD-EC can 

deliver much needed fresh water crucial to restoration of pre-damaged and fragile ecosystem in 

these areas. In addition, the salts in the feedwater are collected as one end product, which increases 

the economic competence of the PV-MD-EC system. 
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4. Solar Desalination by Flexible Paper-based Multistage Membrane 

Distillation 

4.1 Introduction 

Making the photovoltaic-membrane distillation-evaporative crystallizer (PV-MD-EC) device 

flexible and more affordable is able to broaden its application in some special situations including 

camping, hiking, and even earthquake. Moreover, water scarcity is not limited in the regions with 

a high population density.53, 54 To some extent, remote regions and rural regions are likely to face 

more severe water scarcity issue, as they are generally underserved by grid infrastructure.58, 155, 156 

This demands a portable and inexpensive device for desalination. Since flexible PV is 

commercially available, to fabricate a flexible PV-MD-EC device, the key is to design and 

fabricate a flexible MSMD. Furthermore, as the most important part of the PV-MD-EC, the design 

and fabrication of the multistage membrane distillation component (MSMD) is crucial to lowering 

the price of the whole device. However, a trade-off exists between the energy efficiency and the 

cost of the MSMD, as higher energy efficiency is at the cost of more stages applied, which needs 

more materials accordingly. Therefore, we are aiming to utilize some inexpensive materials to 

fabricate an inexpensive and flexible MSMD device in this work. 

Paper, as a common commodity in daily life, has shown fascinating functionality in fabricating a 

flexible and portable device in various fields including microfluidic devices157-159, sensors160-162, 

batteries163-165, and supercapacitor166-168. As one of the most ancient products, paper is essentially 

derived from woods, bamboo, or grass and is ubiquitous, flexible, inexpensive, and lightweight. 

Thereby, it holds great promise to be used as a basic material to develop a flexible MSMD device. 
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The most striking advantage of paper is that it can be easily modified, which allows it to be tailored 

to special applications. To this end, it is able to combine the advantages of paper-based materials 

including flexibility, low-cost, and lightweight with the advantages of MSMD. 

In this chapter, we developed a novel strategy to fabricate a flexible and portable MSMD device 

with the recycled copy paper as key materials. To be specific, the hydrophilic recycled copy 

paper (R-paper) was used as the filling materials in the evaporation layer and condensation layer, 

allowing the transport of water by capillary effect. Paper is generally made by the assembly of 

cellulose fibers and is inherent hydrophilic owing to the hydroxyl groups. However, commercial 

copy paper shows an initial hydrophobicity because it is generally modified by the hydrophobic 

barrier coatings169, hindering its application in MSMD. Herein, we present a simple method to 

recycle the used copy paper and it turns to be hydrophilic after recycling. Additionally, the fibers 

assembled more loosely in the R-paper, facilitating the water transport. The paper-based 

multistage membrane distillation (P-MSMD) device was fabricated using R-paper as 

photothermal material, evaporation layer, and condensation layer. The new device shows great 

flexibility and the height of the whole system is only 2 cm, which is much thinner than the 

conventional integrated solar-assisted desalination system (generally higher than 50 cm)170. 

Thanks to the recycling of the latent heat, the clean water production rate reaches up to 3.61 

kg/m2 h in an 8-stage device for seawater desalination, which is comparable with the state-of-

the-art solar-assisted seawater desalination technology. 
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4.2 Materials and Methods 

4.2.1 Materials 

The used copy paper was obtained from the lab and originated from the Premium Copy Paper 

(ROCO), the polypropylene (PP) membrane with a thickness of 0.1 mm and a pore size of 1 μm 

was provided by Zhejiang Kertice Hi-tech Fluor-material Co., LTD. The non-woven fabric used 

as strips was provided by Kimberly-Clark. The poly(ethylene vinyl acetate) (EVA) film was 

obtained from Shixing. The glue was purchase from Jinghong. The Nitrilotriacetic acid was 

purchased from Huixin and the anti-fouling reagent (BT-006) was purchased from Yayi. The 

pyrrole and ammonium persulfate are purchased from Sigma-Aldrich. 

4.2.2 Recycle of the Paper 

Firstly, 3 pieces of used paper were immersed in water (1 L) for 3 days at room temperature, 

allowing the paper to be fully wetted. Then, the resulted paper and water were moved to a juicer 

(Midea) and chopped up to obtain the pulp. After that, 250 mL of pulp was added into a sieve (with 

the diameter 8 inches and pore size of 45 μm), followed by 30 min of ultrasonication. When the 

pulp was uniformly dispersed, the sieve was lifted out of the ultrasonic cleaner and hold for 1 

minute, allowing the water inside the sieve to flow down through the pores. The recycled paper 

(R-paper) can be obtained after the sieve was kept at room temperature for 3 days. 

For the P-paper, the R-paper was firstly cut into the size of 5 cm x 5 cm and was wetted by dropping 

1 mL ammonium persulfate water solution (10 wt%) on the paper. After dried at 50 oC for 1 hour, 

5% pyrrole ethanol solution was dropped on the resulted paper. The polypyrrole modified paper 

(P-paper) was obtained after drying for another 1 hour at 50 oC. 
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4.2.3 Device Assembly 

The P-MSMD device was assembled as follows: a piece of P-paper was sandwiched by a piece of 

EVA film (9 cm x 9 cm) and a pieced of PP membrane (7 cm x 7 cm). A long strip (7 cm x 2 cm) 

made by non-woven fabrics was inserted between the P-paper and PP membrane to serve as an 

inlet and a short strip (3 cm x 2 cm) was inserted in the opposite side to serve as an outlet. Next, a 

piece of R-paper (5 cm x 5cm) was placed on the PP membrane as a condensation layer and then 

covered by another piece of EVA film (9 cm x 9 cm). The outlet of the condensation layer was 

fabricated by inserting a piece of the strip (7 cm x 2 cm) between the R-paper and the PP membrane. 

After that, some glue was used to seal the gap between the EVA films. The above procedure is to 

fabricate one stage, and more stage can be fabricated by repeating the above procedure except that 

the P-paper in the evaporation layer was replaced by R-paper. The evaporative cooler was 

fabricated by gluing a piece of R-paper to the bottom of the device. 

4.2.4 Clean Water Production Measurements 

The device works in two modes in this work, namely dead-end mode and cross-flow mode. In 

dead-end mode, the P-MSDM device was held by a table-like bracket, which is obtained by a 3D 

printer and the source water container was placed lower than the P-MSMD device. The water was 

pumped into the evaporation layer by capillary effect and the outlet was blocked by EVA film. 

Another container, which was placed on an electrical scale was put under the outlet of the 

condensation layer to collect the produced clean water. The mass change was monitored by the 

electrical scale and record by the computer. The illumination of the sunlight was provided by a 

solar simulator (Newport 94043A) with a standard AM 1.5 G spectrum optical filter. After the 

illumination, the device was rinsed by lifting the source water container to be higher than the 

device, allowing the water to flow across the evaporation layer and drop out from the outlet. 
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In the cross-flow mode, eight pieces of strips with the size of 15 cm x 2 cm were connected to 

the outlet of the evaporation layer, and the height difference between the water level of the 

source water container and the end of the strip is controlled at 12 cm. Another process is similar 

to the case of dead-end mode. Additionally, seawater was pretreated by filtration and the 

subsequent addition of NTA (10 ppm). 

4.3.5 Characterization 

The concentrations of the ions were measured by Inductively Coupled Plasma Optical Emission 

Spectrometer (ICP-OES). The surface morphology of the papers was obtained by filed-emission 

scanning electron microscopy (SEM, Zeiss Merlin). The UV-Vis-NIR diffuse reflectance spectra 

were recorded by an Agilent Cary 5000 spectrometer. The IR image was taken by FLIR A655 

infrared camera. 

4.3 Theoretical Model 

The theoretical model is based on the following assumptions: 1) the width of the strip is equivalent 

to the length of the evaporation layer to simplify the transport of the water across the evaporation 

layer; 2) the effect of the temperature on the viscosity, surface tension of the water is not taken 

into account; 3) the distance between the evaporation layer and the source water container is 3 cm. 

4) The strip and the evaporation layer are made by the same materials and its thickness and porosity 

are 0.5 mm and 0.9, respectively. Since the paper is composed by massive fiber assemblies, which 

has the ability to propel the water flow without the assistance of external forces and this process is 

known as capillary effect. The speed of water transport across the fiber assemblies is suggested to 

be essentially related to the nature of the fibers as well as the structure of the assemblies. In the 

obtained paper, the water transport occurs in the complex pore structures and it can be represented 
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by a capillary tube flow mode. The combination of the surface tension and adhesive forces between 

the water and wall provide the driving force, which can be calculated by Yong-Laplace equation171, 

172: 

 ∆p =
2𝛾 cos 𝜃

𝑟
 (4-1) 

Where 𝛾 is the surface tension, 𝜃 is the contact angel, ∆p is the driving force and r is the radius. 

Moreover, the flow rate in the horizontal direction can be calculated according to Poiseuille’s 

equation173: 

 
𝑑𝐿

𝑑𝑡
=

𝑟2∆𝑃

8𝜂𝐿
 (4-2) 

Where dL/dt is the velocity of the water flow, ∆𝑃 is the driving force (includes Laplace pressure 

and gravitational force), 𝜂 is the viscosity of the liquid, 𝐿 is the total length of the water transport, 

and t is time. When the water flows from the source water container to the evaporation layer, it 

can be divided into 2 steps: 1) source water flows upward from source water container to the 

evaporation layer by h, 2) then flows in horizontal direction across the evaporation layer. In the 

first step, gravitational force need to be taken into account, leading to the following differential 

equation:172: 

𝑑𝐿

𝑑𝑡
=

𝑟2

8𝜂𝐿
(

2𝛾 cos 𝜃

𝑟
− 𝜌𝑔𝐿) (4 − 3) 

Where 𝜌 is the density of water, g is the gravitational acceleration. Upon integration, the basic 

equation of capillary rise can be obtained: 

 𝑡1 = ∫
8𝜂𝐿

𝑟2(
2𝛾 cos 𝜃

𝑟
−𝜌𝑔𝐿)

ℎ

0
dL =

8𝜂

𝜌𝑔𝑟2 (
2𝛾 cos 𝜃

𝜌𝑔𝑟
× 𝐿𝑛

2𝛾 cos 𝜃

2𝛾 cos 𝜃−𝜌𝑔𝑟ℎ
− ℎ) (4-4) 
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The premise of the water transport across the fiber assembly is that h needs to be lower than the 

maximum height (hmax) of the water drawing up in vertical and it is given by Jurin's laws172: 

 ℎ𝑚𝑎𝑥 =
2𝛾 cos 𝜃

𝜌𝑔𝑟
 (4-5) 

In the second step, the water transport in horizontal direction at the length of 𝑙. The water flow rate 

can be calculated by the following equation: 

 
𝑑𝐿

𝑑𝑡
=

𝑟2

8𝜂𝐿
(

2𝛾 cos 𝜃

𝑟
− 𝜌𝑔ℎ) (4-6) 

Since ℎ is constant, the transport time in the second step can be calculated as follows: 

 𝑡2 = ∫
8𝜂𝐿

𝑟2(
2𝛾 cos 𝜃

𝑟
−𝜌𝑔ℎ)

𝑙+ℎ

ℎ
dL =

4𝜂(𝑙2+2𝑙ℎ)

2𝛾 rcos 𝜃−𝜌𝑔𝑟2ℎ
 (4-7) 

Then, the average water flow rate can be calculated as follows: 

 𝑣𝑎𝑣𝑒 =
𝜌𝑤𝛿 (𝑙+ℎ)

𝑙2×(𝑡1+𝑡2)
 (4-8) 

Where 𝑣𝑎𝑣𝑒 is the average flow rate, 𝑤 is the width of the strip, 𝛿 is the thickness of the strip and 

휀 is the porosity of the fiber assemblies. It is worth pointing out that the water flow rate across the 

fiber assemblies calculated above is the maximum flow rate. The flow rate can be gradually 

decreased to 0 when the pores were fully occupied by water. Under illumination, the evaporation 

of the water inside the pores creates a negative pressure, leading to a continuous water transport. 

When the evaporation rate is lower than the maximum average water flow rate, the consumed 

liquid water in the evaporation layer can be supplied by such passive transport timely. Otherwise, 

the evaporation rate would be constrained. Therefore, the theoretical maximum water flow rate 

can be used to design the device. In particular, when the device works in the cross-flow mode, the 

water in the evaporation layer flows downward to the end of the strip, and then drip out from the 

pores driven by gravitational force. 
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Figure 4-1: Schematic illustration of the recycling of paper and structure of the flexible multistage 

membrane distillation device. (a, b) Preparing pulp by pulping the used copy paper; (c) the recycled 

paper after drying; (d) the prepared black paper modified by Polypyrrole; (e) an example of 2–

stage flexible paper-based MSMD. 

4.4 Results 

4.4.1 Recycle of the Paper and the Structure of the Multistage Membrane 

Distillation Device. 

The recycling procedure of the paper is depicted in Figure 4-1a-d. The used paper was firstly mixed 

with water and kept at ambient temperature for 3 days, allowing the paper to be completely wetted. 

The resulted mix was then chopped up by a juicer to form the pulp, followed by 30 min of 

ultrasonication treatment in a sieve. R-paper was obtained after filtration and drying at room 

temperature for 3 days and was used as the evaporation layer, condensation layer and evaporative 

cooler. In the top stage, the evaporation layer is also designed to serve as photothermal material to 

harvest solar energy. To this end, the polypyrrole (PPy) modified paper (P-paper) was prepared 

from R-paper by the subsequent ammonium persulfate (10% water solution) absorption and 
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pyrrole oxypolymerization. PPy endows the paper with high solar absorption, allowing the top 

evaporation layer to possess the ability to harvest solar energy. The structure of the P-MSMD 

device is depicted in Figure 4-1e. In each stage, the thermal conduction layer, evaporation layer, 

hydrophobic membrane, and condensation layer are integrated in sequence. The thermal 

conduction layer is made by a transparent poly(ethylene vinyl acetate) (EVA) film with a thickness 

of 0.06 mm. Although the thermal conductivity of the EVA film is as low as 0.24 W/m K174, its 

thermal resistance can be dramatically reduced by its extremely low thickness. For instance, the 

temperature gradient across the EVA film can be calculated According to Fourier’s law175: 

∆T =
𝑄×𝛿

𝑘
                                                                (4-9) 

Where ∆T is the temperature gradient, Q is the heat flux, 𝛿 is the thickness of the film and k is the 

thermal conductivity. It can be calculated that the temperature gradient between the 2 sides of the 

EVA film is only 0.25 oC when the heat flux across the EVA film is equivalent to one sun intensity 

(1000 W/m2). The benefits of EVA film include its super flexibility, high transparency, and anti-

corrosion from seawater.176, 177 Additionally, it also offers an advantage over metal-based thermal 

conductive sheets like stainless steel sheet in terms of weight because it possesses a much lower 

density and thickness.178 These merits make the EVA film become an ideal material to be used as 

the thermal conduction layer in the P-MSMD. A porous PP membrane was selected as the 

hydrophobic layer, which allows the diffusion of the vapor but inhibits the permeation of the liquid 

water 179-181. 

In the top stage, the evaporation layer, which is made by P-paper, is sandwiched by the EVA film 

and PP membrane and the sunlight can be absorbed by the P-paper due to the transparency of the 

EVA film. The water inside the pores can be evaporated under the irradiation of sunlight, then 
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passes through the porous hydrophobic membrane, and ultimately condenses in the condensation 

layer. The condensation process releases the latent heat of the vapor, which can be conducted to 

the next stage as the heat source to power another evaporation-condensation process. Besides the 

top stage, other evaporation layers are made by R-paper. The driving force of the evaporation-

condensation process is the vapor pressure difference between the evaporation layer and 

condensation layer, which is a function of the temperature according to the Antoine equation.182 

Consequently, the evaporation-condensation process is essentially induced by the temperature 

disparity between the 2 sides of the hydrophobic membrane. The pores of the hydrophobic 

membrane provide the pathway for the water vapor and at the meanwhile prevent the permeation 

of the liquid water to the condensation layer. Moreover, some strips, which are made by non-

woven fabrics, were used as the inlet of the evaporation layer and the source water can be wicked 

into the evaporation layer by capillary effect and transpiration effect. Considering the 

accumulation of the salt in the evaporation layer, an outlet was designed on the opposite side of 

the inlet, allowing the evaporation layer to be rinsed by the flowing water. A similar strip was also 

designed in the condensation layer as an outlet to discharge the condensed water, which is driven 

by capillary effect and gravity. 

In terms of the whole device, the multiple evaporation-condensation processes is essentially driven 

by a temperature disparity between a hot side and cold side, in which the photothermal component 

works as the hot side and an evaporative cooler was designed to serve as the cold side. The context 

without a stable cooler, meaning that the heat is dissipated to ambient by low efficient thermal 

conduction and natural convection, would give rise to a higher hot side temperature, leading to a 

higher thermal radiation energy loss. As a result, the P-MSMD device would show a lower clean 

water production rate. With this regard, an evaporative cooler, made by R-paper, was designed 
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beneath the bottom condensation layer to dispose of the residual low-grade latent heat of the 

bottom stage by evaporating the source water.  

 

Figure 4-2: The wettability of the paper and their UV-Vis-NIR spectrum. (a1-3) the contact angle 

of water on raw copy paper, recycled paper (R-paper), and polypyrrole modified R-paper (P-paper); 

(b) the UV-Vis-NIR spectrum of the paper; (c) SEM image of the copy paper, (d) R-paper, and (e) 

P-paper. 

The hydrophilicity of the paper is of significance in the P-MSMD device, as both of the source 

water and produced clean water is transported by the capillary effect which is correlated to its 

hydrophilicity. The contact angle of water on paper was measured and the results are shown in 

Figure 4-2a. The raw copy paper exhibited an initial hydrophobicity with a contact angle of 105o 

and around 118 seconds later, the water was absorbed by the paper, indicating that the paper can 
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turn to be hydrophilic after immersed in water. However, the slow transport rate makes it 

impossible to be a good candidate as the materials in the evaporation layer or condensation layer, 

because the evaporation rate will be constrained once the evaporation rate is higher than the water 

supply rate in the evaporation layer. For the R-paper, in one second after the water was dropped 

on the R-paper, it was completely adsorbed, indicating that the paper changed from hydrophobicity 

to hydrophilicity by the recycle process, which should be attributed to the removal of the 

hydrophobic pigments from the raw commercial copy paper. Additionally, after the R-paper was 

modified by PPy, the obtained P-paper exhibited comparable hydrophilicity with respect to R-

paper, and only in 1 second, the water was completely absorbed, indicating that the PPy 

modification has little effect on the hydrophilicity of the R-paper. The SEM images of the copy 

paper obtained R-paper and P-paper are shown in Figure 4-2 c-e. The raw copy paper is assembled 

by fibers in a compact while in the R-paper and P-paper, the fibers are assembled more loosely. 

The loosely assembled fibers provide a larger pore size, leading to a higher water flow rate across 

the paper. Details about the effect of the pore size on the water transport will be discussed later.  

4.4.2 Solar Absorptance of the P-paper 

The UV-Vis-NIR absorption spectrum of the obtained R-paper and P-paper was collected and 

shown in Figure 4-2b. The P-paper exhibited a high light absorption between the wavelength of 

300~2500 nm while the R-paper delivered a weak light absorption. Simply using the absorption is 

not able to directly evaluate their ability to harvest solar energy, because the solar spectrum is not 

uniformly distributed (shown in the grey part in Figure 4-2b). Generally, solar absorptance (α) was 

employed to estimate the ability of the material to harvest solar energy and it is defined as a weight 

fraction between absorbed radiation energy and incoming solar radiation energy. The equation is 

as follows: 
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α =
∫ 𝐼(𝜆)𝐴(𝜆)𝑑𝜆

2500
300

∫ 𝐼(𝜆)𝑑𝜆
2500

300

                                                                (4-10) 

Where 𝐼(𝜆) and 𝐴(𝜆) are the light intensity and absorption at the wavelength of 𝜆. The solar 

absorptance of the R-paper and P-paper is calculated to be 0.96 and 0.17 respectively. On the other 

hand, the absorption of the porous material can be affected by its working state (dry or wet) due to 

the different refractive index of the air, water, cellulose, and PPy. Therefore, the absorption of the 

wet P-paper was also measured and a slightly higher solar absorptance at 0.97 was found. 

Moreover, in the P-MSMD device, the P-paper was covered by a piece of transparent EVA film, 

and part of the sunlight can be reflected or absorbed by the EVA film. It is noteworthy that as long 

as the sunlight is not reflected, the sunlight absorbed by the EVA film can be also utilized by the 

P-MSMD system. Therefore, the solar absorptance of the P-MSMD system was equivalent to the 

solar absorptance of the wet P-paper covered by EVA film. After the wet P-paper was covered by 

the EVA film, the solar absorptance was measured to be a little lower, at 0.89. 
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Figure 4-3: Clean water production performance of the P-MSMD device. (a) experimental setup 

(b) mass change of the collected clean water from P-MSMD at different stages under one sun 

illumination; (c) the relation between the production rate and the number of stages; (d-g) IR image 

of the photothermal layer in P-MSMD device. 

4.4.3 Clean Water Production Performance. 

The clean water production performance of the P-MSMD device was firstly evaluated by a home-

made experimental setup under one-sun irradiation with pure water as source water, as shown in 

Figure 4-3a. The source water was pumped into the evaporation layer by capillary effect and 

transpiration effect and at the meanwhile the other side was blocked by EVA film, meaning that 

the device was working in dead-end mode. For the evaporative cooler, the strip was also connected 

to the source water container, wicking the source water to the evaporative cooler. The mass change 
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of the collected clean water was monitored by an electrical balance and presented in Figure 4-3b. 

The average clean water production rates of 2-stage, 4-stage, 6-stage, and 8-stage P-MSMD 

devices (calculated from the slope of the mass change curve) were 1.81, 2.95, 4.10, and 5.15 kg/m2 

h, respectively. A linear relation between the clean water production rate and the number of stages 

of the P-MSMD can be found (Figure 4-3c). Besides, the clean water production rates per stage of 

the 2-stage, 4-stage, 6-stage, and 8-stage P-MSMD device were calculated to be 0.91, 0.74, 0.68, 

and 0.64 kg/m2 h, respectively, indicating that further addition of stages resulted in a lower clean 

water production rate per stage. The temperature of the top photothermal evaporation layers was 

monitored by an infrared camera (IR). As presented in Figure 4-3 d1-g1, all of them show an 

uneven temperature distribution, varying at the range of 40~60 oC, which should be resulted from 

the low thermal conductivity of the wet P-paper. For example, the porosity of the paper was 

measured to be around 0.9, meaning that 90 % of the space was occupied by water and thus it is 

reasonable to assume that the thermal conductivity of the wet paper is equivalent to that of water 

(0.6 W/m K). The area, in which the temperature is higher than 50 oC, was marked in Figure 4-3 

d2-g2, and it presented an increasing proportion with the increment in the amounts of stages, 

indicating that the photothermal evaporation layer at more stages has a higher temperature. As a 

result, more heat was lost by thermal radiation, leading to a lower clean water production rate per 

stage. These results agree well with previous theoretical research. 
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Figure 4-4: Seawater desalination performance of the P-MSMD device working in dead-end mode. 

(a) schematic illumination of the P-MSMD device working under solar irradiation; (b) Mass 

change of the collected clean water from P-MSDM device using seawater as source water and the 

corresponding clean water production rate; (c) the rinsing process of the P-MSMD device by raw 

seawater; (d) The image of the P-paper in the top photothermal layer (top evaporation layer) and 

(e) R-paper in the evaporative cooler after seawater desalination; (f) The image of the P-paper 

placed on the EVA film after seawater evaporation 

4.4.4 Seawater Desalination in Dead-end Mode. 

The P-MSMD device is aiming to be applied to desalinate various quality impaired water such as 

brine, seawater, and brackish. Seawater, which is one of the most abundant water resources on the 

earth, was used as source water to evaluate the seawater desalination ability of the P-MSMD device. 

In the working state (Figure 4-4a), seawater is wicked into the evaporation layer and then get 
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evaporated, leaving the salt behind. As a result, the salt concentration in the evaporation layer will 

go higher and ultimately get crystallized. It was reported that when the porous hydrophilic 

membrane was used to evaporate seawater, the pores would be blocked by the crystallized salts 

owing to its compact accumulation inside the pores, which hinders the water transport and renders 

a lower evaporation rate. Moreover, the re-dissolution of the crystallized salt would be difficult. A 

similar blockage would also take place in the P-MSMD system and threaten the seawater 

desalination performance of the device. To this end, small amounts of Nitrilotriacetic acid (NTA, 

10 ppm), which has been proved to be capable of making the salt loosely crystallized on the surface 

of the porous membrane owing to its ability to modify the habit of the salt crystallization, was 

added into seawater before desalination. Moreover, the addition of NTA facilitates the re-

dissolution of the crystallized salts. From the environmental point of view, the NTA can be easily 

decomposed spontaneously in several days, and thereby, the utilization of the NTA would not raise 

environmental concern.183 In this case, seawater was pretreated by dissolving 10 ppm NTA. The 

seawater desalination performance of the 8-stage P-MSMD device was evaluated under one-Sun 

irradiation for 8 hours. Interestingly, no salts can be found on the surface of the P-paper in the top 

photothermal evaporation layer while large amounts of salts were observed on the edge area of the 

R-paper in the evaporative cooler (Figure 4-4 d-e), indicating that in the evaporation layer, the salt 

crystallization took place inside the pores of the paper but on the edge of the paper in the 

evaporative cooler. Additionally, when the P-paper was placed on a piece of EVA film and 

illuminated by sunlight, similar to the evaporative cooler, the crystallized salts were accumulated 

on the edge area of the P-paper (Figure 4-4f), indicating that the edge-preferential crystallization 

can also take place in the P-paper. This rules out that the disparity in the crystallization behavior 

between the evaporation layer and evaporative cooler is caused by their material difference. Since 
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the paper in the evaporation layer is sandwiched by the EVA film and the hydrophobic membrane 

while the paper in the evaporative cooler lays on the EVA film, the different crystallization 

behavior should be ascribed to their different evaporation space. These results demonstrate that 

the addition of the NTA contributes to preventing the blockage of the evaporative cooler but fails 

to prevent the blocking of the evaporation layer. 

For the clean water production performance, as shown in Figure 4-4b, the 8-stage P-MSMD device 

working at the dead-end mode exhibited a continuously reduced clean water production rate from 

4.34 kg/m2 h to 1.39 kg/m2 h during the 8-hour illumination. The average clean water production 

rate was calculated to be 2.62 kg/m2 h. With respect to the case with pure water as source water, 

the device shows a lower initial clean water production rate, which should be attributed to the 

lower saturated vapor pressure of the seawater.  

 

Figure 4-5: The temperature of 8-stage P-MSMD device working in dead-end mode when 

seawater was used as source water: (a) Temperature of a certain point in the photothermal layer 

and (b) the IR image at the end. 
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To remove the salt inside the pores, the evaporation layer was rinsed by seawater. As presented in 

Figure 4-4c, the source water container was lifted to be higher than the device, allowing seawater 

to flow across the evaporation layer, followed by flowing out from the outlet on the other side. 

The salt inside the pores can be redissolved and taken away by the flowing water. It is worth 

pointing out that the paper in the evaporative cooler does not need to be rinsed as the salt was 

accumulated on the edge area and fell off by gravity. After rinsing overnight, the source water 

container was placed back to its original position and the seawater desalination test was conducted 

again (second cycle). As shown in figure 4b (red line), the recovered device exhibited a slightly 

compromised clean water production rate and averaged to be around 2.50 kg/m2 h, indicating that 

the seawater desalination performance can be recovered by the rinsing procedure. Moreover, the 

temperature of a certain point in the top photothermal layer (Figure 4-5) was monitored. Although 

such a point does not represent the temperature of the whole photothermal layer, their temperature 

trends are synchronous owing to thermal conduction. As shown in Figure 4-5, the temperature 

increased largely from ambient temperature to 53.1 oC in 8 hours. The IR image of the 

photothermal layer was also taken at the end and it delivered a maximum temperature of 69.4 oC, 

which is much higher than the scenario with pure water as source water. The rising in the 

temperature should be attributed to the gradual pore blockage of the evaporation layer because 

when the pores were occupied by the crystallized salts, the seawater transport and evaporation 

would be prevented. Consequently, a higher temperature was resulted, leading to more thermal 

radiation energy loss. This explains the continuous reduction in the clean water production rate 

when the seawater was used as source water. Overall indicate the challenge of seawater treatment 

in the MSMD device and it is of significance to address the issue of the salt accumulation in the 

evaporation layer. 
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Figure 4-6: Seawater desalination performance of the P-MSMD device working in cross-flow 

mode. (a) experimental setup of the P-MSMD device working in cross-flow mode; (b) The water 

transport across the paper in the 8-stage P-MSMD device under the crossflow mode; (c) Mass 

change of the collected clean water and the corresponding production rate when seawater was used 

as source water under one-sun illumination; (d) temperature of a certain point in the photothermal 

layer and (e) the IR image; (f) Clean water production rate in 5 cycles; (g) Mass change of the 

collected water from P-MSMD at different stages; (h) Ion concentration in the collected water and 

raw seawater. 
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4.4.5 Seawater Desalination in Cross-flow Mode.  

Although the seawater desalination performance of the P-MSMD device can be recovered by using 

a conventional gravity-driven rinsing method, it suffers the drawbacks of the continuous fading in 

clean water production rate and the inconvenient rinsing treatment. With this in mind, we further 

developed a cross-flow mode for the P-MSMD device, as shown in Figure 4-6a. In this context, 

some strips were connected to the outlet of the evaporation layer and the height of their ends was 

lower than the water level of the source water container. The source water was firstly wicked into 

the evaporation layer and then dripped down from the end of the strip on the other side. The driving 

force of this process is provided by Laplace pressure and the height difference between the water 

level and the end of the strip, which is also known as the siphon effect. The mass change of the 

collected source water and the corresponding rate are shown in Figure 4-6b. In dark, the system 

exhibited a stable water discharge rate and was calculated to be around 2.93 kg/m2 h. Once the 

light was switched on, the water discharge rate decreased dramatically, at <1.5 kg/m2 h, and in the 

next 8 hours, it delivered a descending trend owing to the decreasing water level of the source 

water container. The average water discharge rate under illumination was averaged to be around 

0.88 kg/m2 h, which is much lower than that in dark. This significant decrease in water discharge 

rate can be ascribed to the evaporation of the source water in the transport process. After the light 

was turned off, the water discharge rate was increased back to 2.72 kg/m2 h. Furthermore, a slight 

liquid level dropping was observed in the source water container, at around 0.5 cm, which 

interprets the sustained decline in the water discharge rate. The mass change of the collected water 

and the corresponding clean water production rate is presented in Figure 4-6c. In the cross-flow 

mode, the device exhibited a stable clean water production rate during the 8-hour illumination and 

averaged to be 3.61 kg/m2 h, which is much higher than the average clean water production rate 
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when the device worked at dead-end mode. It is worth pointing out that the water discharge rate 

in dark is not equivalent to the sum of water evaporation rate and water discharge rate under 

illumination, because evaporation of water from the pores creates negative pressure, providing an 

extra driving force to pull the water from the source water container. Therefore, the sum of the 

water evaporation rate and water discharge rate under illumination is higher than the water 

discharge rate in dark. Such passive water transport is similar to the transpiration of the plant. 

The temperature of a point in the photothermal layer was also recorded, as shown in Figure 4-6d. 

It kept a lower and more stable temperature change with a slightly increasing trend from ambient 

temperature to 37.1 oC in 8 hours. The corresponding IR image (Figure 4-6e), which was measured 

at the end, also delivered a lower maximum temperature of 58.2 oC with respect to the case of 

dead-end mode. The following cycle was conducted in the same condition as the first cycle. As 

shown in Figure 4-6f, the clean water production rate of the P-MSMD device working at the cross-

flow mode in the 5 cycles changed slightly at the range of 3.57~3.66 kg/m2 h, exhibiting excellent 

durability. The seawater desalination performance of the P-MSMD device at different amounts of 

the stage was also measured (Figure 5d) and the clean water production rates were 1.37 kg/m2 h 

for 2-stage, 2.32 kg/m2 h for 4-stage and 2.90 kg/m2 h for 6-stage, respectively, all of which is 

lower than the case that pure water was used as source water. This is attributed to the lower 

saturated vapor pressure of the saltwater. The ion concentrations of the collected water and source 

water were measured by ICP-OES and the results are shown in Figure 4-6h. For the collected clean 

water, the ion concentration is lower than 10 ppm, meaning that the collected water meets the 

drinking water guideline of the World Health Organization (WHO). 
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Figure 4-7: The image of the larger 8-stage P-MSMD (10cm x 10 cm) device and the outdoor 

experimental setup. (a) The picture of the P-MSMD device in unfolded state and (b) in a folded 

state; (c) The home-made support that mounts the P-MSMD device; (d)The outdoor experimental 

setup; (e) The time-dependent mass change of the collected water in the outdoor test and the solar 

intensity change. 

A larger 8-stage P-MSMD device (10 cm x 10 cm) was also fabricated for the outdoor test. As 

presented in Figure 4-7a~b, the P-MSMD device is easy to be rolled up, manifesting good 

flexibility which can further increase its competitiveness, because its application can be extended 

to some special situations including camping, hiking, and some other outdoor activities. The 

outdoor experiment was conducted on the campus of King Abdullah University of Science and 

Technology (Thuwal, Saudi Arabia) on Nov. 25, 2019. Similar to the working state of PV panel, 

the device was mounted towards the south at the tilt of around 22o to harvest more solar energy 

and it was realized by home-made support, which was obtained from a 3D printer. The 
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experimental setup is shown in Figure 4-7c. A solar power meter was mounted at the same 

orientation and tilt as the P-MSMD device and was used to record the solar intensity. In addition, 

the electrical scale was placed in a box to get a stable testing condition. The time evolution of the 

mass change and the solar intensity is presented in Figure 4-7e. The solar intensity starts to increase 

from 9:07, reaching the maximum intensity of 815.3 W/m2 at 13:55. By integration, the total solar 

power was calculated to be 5.06 kWh/m2. With a bit of lag, the produced water starts to flow out 

from the outlet at 09:30. The lag between the starting time of illumination and the clean water 

production is because that the P-MSMD device needs to be warmed up and part of the produced 

water was initially adsorbed by the paper in the condensation layer. In total, the large 8-stage P-

MSMD device delivered a clean water production rate of 16 kg/m2 per day even when it is in 

winter, which is enough for the demands of drinking water for at least 4 adults per day. 

 

Figure 4-8: Large scale device design: (a) the schematic illustration of the simplified water 

transport; (b) The effect of the pore radius of the fiber assemblies to the maximum height that 

water climbs; and (c) the average flow rate. 
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4.5 Large Scale Device Design 

The design of large-scale devices should sufficiently consider the wicking rate of water because 

such passive wicking effect is less effective and its rate is able to be lower than the evaporation 

rate. This requires a full understanding of the water transport by wicking effect in the porous 

hydrophilic materials. Therefore we further simulate the effect of the pore size of porous 

hydrophilic material used in the evaporation layer to the maximum flow rate of the source water 

from the source water container to the evaporation layer (Figure 4-8a). This simulation can also 

provide the guideline to select the porous hydrophilic material in the design of a device with a 

larger size (e.g. design a device with the size of 0.5x0.5 m).  

It is firstly assumed that the height difference between the evaporation layer and source water 

container is 3 cm. The premise to form the passive flow is that the driving force (Laplace pressure) 

should be high enough to wick the water upward from the source water container to the evaporation 

layer. The maximum height that the water can rise in porous hydrophilic material can be calculated 

according to Jurin’s law. As shown in Figure 4-8b, the maximum height can be affected by the 

pore radius of the hydrophilic material with increasing the pore radius reducing the maximum 

height. This gives the maximum pore radius of the porous hydrophilic material and when the pore 

radius is 489 μm, the maximum height is 3 cm, indicating that the pore size of the material should 

be lower than 489 μm. The flow rate of the water can be calculated according to Poiseuille’s 

equation. As shown in Figure 4-8c, the flow rate can be increased by increasing the pore radius, 

reaching a maximum flow rate of 9.05 kg/m2 h at the pore radius of 245 μm. Then, it is decreased 

with further increasing the pore radius. Since the evaporation rate in each stage is generally lower 

than 1.00 kg/m2 h, it is reasonable to use 3.00 kg/m2 h as a guideline for the selection of the pore 

radius of the porous hydrophilic material. When the pore radius is between 45 and 445 μm, the 
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flow rate is higher than 3.00 kg/m2 h, indicating that the suitable pore radius is between 45 and 

445 μm. Furthermore, the width of the strip can be moderately reduced as the maximum flow rate 

much larger than the evaporation rate. 

4.6 Conclusion 

In this chapter, we developed a flexible paper-based multi-stage membrane distillation device (P-

MSMD), and highly efficient solar water desalination was achieved by utilizing the recycled paper 

as the main material in the P-MSMD device. In the seawater desalination, a stable clean water 

production rate of 3.61 kg/m2 h was realized by developing a newly designed cross-flow operation 

mode, which avoids the salt accumulation in the device. The theory behind the water flow across 

the device was further investigated to help the design of large scale devices. Developing such a 

flexible P-MSMD device can make the solar water distillation device become portable, flexible, 

and light-weight so that its application can be further extended to some other situations such as 

hiking and camping. 
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5. Conclusions and Future Perspective 

5.1 Conclusions 

Recent decades highlight the importance to utilize the renewables to promote an amicable water-

energy nexus but limited progress has been made. With this regard, in this dissertation, we firstly 

developed a photovoltaic-membrane distillation (PV-MD) device, in which electricity and clean 

water can be produced simultaneously with solar energy as the only energy source. This was 

realized by designing a multistage membrane distillation (MSMD) component on the backside of 

the PV panel. The solar energy can be absorbed by the PV panel and converted into electricity and 

heat. The underlying MSMD component can efficiently utilize the heat to produce freshwater from 

seawater owing to the recycle of the latent heat and a clean water production rate of 1.64 kg·m-2·h-

1 can be achieved in a 3-stage device, which is much higher than conventional solar still. Although, 

freshwater and electricity can be produced by the PV-MD device, there still remains some 

challenges in the PV-MD device that demands to be solved. For example, some concentrated 

seawater is produced from the MSMD, which needs further treatment. The temperature of the solar 

cell in the PV-MD device is still as high as ~58oC, which can lead to photovoltaic heat island effect. 

Furthermore, the low-grade latent heat of vapor condensation in the bottom stage is tough to be 

reused and therefore is dissipated into the ambient air by heat sink, which may enhance the heat 

island effect. 

Aiming at these challenges, we further designed a photovoltaic-membrane distillation-evaporative 

crystallizer (PV-MD-EC), in which an evaporative crystallizer (EC) was designed beneath the 

MSMD to utilize the low-grade latent heat of the vapor condensation in the last stage for the 
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evaporation of the produced concentrated seawater, realizing zero liquid discharge. To reduce the 

solar cell temperature, a thermal model was established for the selection of the optimized 

hydrophobic membrane in MSMD component. We found that employing a thinner hydrophobic 

membrane with a higher porosity would enhance the clean water production performance and in 

the meanwhile, decrease the PV temperature. Therefore, a thin (0.1 mm) and highly porous (0.86) 

commercial PP membrane with a pore size of 1.00 μm was rationally selected to fabricate a 5-

stage PV-MD-EC device and it exhibited a much higher clean water production rate (~2.45 kg/m2 

h for seawater desalination) and lower PV operational temperature (~47.8 oC). As a result, a higher 

electricity generation efficiency was obtained in the PV-MD-EC device, at 13.9~14.0%, which is 

higher than that of PV working alone (12.9%). Additionally, zero liquid discharge was achieved 

in this system because the evaporation rate of the EC is higher than the concentrated seawater 

production rate.  

In the fabrication of the MSMD component, a trade-off exists between the clean water production 

performance and the cost of the system because a higher clean water production rate is at the 

expense of more stages added, which enhances the material costs. Therefore, we developed some 

inexpensive material to fabricate the MSMD in Chapter 4. In this design, the flow of the source 

water across the evaporation layer or condensation layer is driven by wicking effect, which needs 

the material in these two layers to be hydrophilic. To this end, a low-cost and hydrophilic recycled 

copy paper (R-paper) was prepared from commercial copy paper by a simple pulping method, 

which is well suited as evaporation layer and condensation layer. Additionally, the R-paper was 

further modified by the polypyrrole (P-paper), which exhibited an uncompromised hydrophilicity 

and excellent light absorption. The obtained P-paper was used as evaporation layer in the top stage. 

Since the thermal conduction layer was replaced by a transparent poly(ethylene vinyl acetate) 
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(EVA) film, the P-paper in the top stage can also serve as photothermal component to harvest solar 

energy, which allows it to be used as a single unit for water desalination. Furthermore, the whole 

device showed excellent flexibility, which allows it to be used as a portable desalination device. 

In an 8-stage paper-based multistage membrane distillation device (P-MSMD), the clean water 

production rate reached up to 3.61 kg/m2 h for seawater desalination, which is comparable with 

the state-of-the-art solar-assisted seawater desalination technology. 

In all, this study developed an integrated PV-MD-EC device, which utilizes the waste heat of the 

PV panel to produce fresh water. It is able to wisely manage the relationship between water usage 

in electricity generation and the electricity consumption in freshwater production. By establishing 

a theoretical model, the freshwater production rate was optimized and at the meanwhile, a lower 

operational PV temperature was resulted, leading to a higher electricity generation efficiency. 

Moreover, zero liquid discharge can be achieved by the design of an evaporative cooler under the 

PV-MD device. Finally, the material cost was greatly decreased by employing recycled copy paper, 

allowing the device to be used in poor regions. The technology developed in this dissertation is 

able to make contributions to the water-energy nexus and shows some potential to become a niche 

in the future. 

 

5.2 Perspective 

The most striking feature of this technology is its ability to provide off-grid freshwater and 

electricity at the point of consumption. It also provides advantages over conventional desalination 

or electricity generation technologies in terms of environmental friendliness because solar energy 

is the only energy source. Due to its low barrier of entry, it is well suited to providing both 
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electricity and freshwater in a decentralized manner for point of-consumption locations, especially 

off-grid communities, and communities with small- to medium-sized populations even with 

challenging economic conditions. Additionally, the PV-MD-EC system can be also installed at 

barren land in arid and semi-arid areas, especially deserts, to avoid the occupation of fertile 

agricultural land. Moreover, the shade of the PV panels has been found to be capable of reducing 

surface water evaporation rates while the PV panels also decrease wind speeds. As a matter of fact, 

flourishing grass is a common sight under PV panels in desert areas due to the small amount of 

freshwater produced by dust removal processes on regular PV panels. We believe that establishing 

PV-MD-EC along with coastal deserts, in deserts with brackish or even hypersaline subsurface 

groundwater (e.g., the Judea Desert in Egypt), and in deserts by saltwater lakes would make 

growing plants in PV-MD-EC farms possible, thanks to the significant amount of freshwater 

produced. Additionally, the plants under PV-MD-EC panels can be used for grazing of herds of 

sheep or other livestock. Thus, setting up PV-MD-EC farms in deserts would bring agriculture to 

arid and semi-arid regions and will green barren lands.  
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