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Supplementary Figure 1 Structure of the 3-stage photovoltaics-membrane distillation (PV-MD) device. 25 
Operate at a dead-end mode and b cross flow mode. 26 

 27 

Supplementary Figure 2 Energy balance diagram of a multistage membrane distillation (MSMD) device 28 
(left) and a single stage (right). 29 
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 30 

Supplementary Figure 3 IR image of the spectrally selective absorber (SSA) and solar cell and the 31 
results of the emissivity measurement. (Solar cell1 and Solar cell2 are from Sharp and Sunpower, 32 
respectively.)  33 

Supplementary Note 1 34 

The emissivity was measured by using a FLIR A655 infrared camera as follows: the solar cell and SSA 35 
were put on a heating plate and a thermal couple was used to measure the temperatures of them. After 36 
they were heated to a designated temperature, the infrared camera was used to measure the temperature. 37 
The emissivity of the camera software was adjusted to make the temperature of the infrared camera to 38 
match the temperature of the thermal couple. 39 

 40 

 41 

Supplementary Figure 4 Clean water production performance of 5-stage dead-end mode SSA-MD. a 42 
Mass change of the collected water and b clean water production rate as a function of time. 43 
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 44 

Supplementary Figure 5 Photo image of the solar cell (Sharp). 45 

 46 

Supplementary Figure 6 Linear correlation of the clean water production rate and solar irradiation 47 
intensity of 3-stage photovoltaics-membrane distillation (PV-MD) in dead-end mode 48 

 49 

Supplementary Figure 7 Clean water production from seawater contaminated by heavy meatal in the 3-50 
stage dead-end mode PV-MD. a Mass change of the collected water and b clean water production rate as 51 
a function of time.  52 
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 54 

Supplementary Figure 8 Clean water production performance of the 3-stage cross-flow mode PV-MD 55 
device. a The mass change rates of the collected water, b water production rates as a function of water 56 
flow rate, c the mass change rates of the collected water, and d water production rates as a function of 57 
time.  58 

 59 

 60 
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 61 

Supplementary Figure 9 The outdoor test condition and performance. a the photo of the outdoor test 62 
setup, b mass change of the collected water of the dead-end mode 5-stage photovoltaics-membrane 63 
distillation (PV-MD) and the solar power intensity curve, c UV-Vis-FTIR spectra of the solar cell 64 
(SunPower), d clean water production performance of the solar cell (SunPower) in the 3-stage PV-MD 65 
device, e the water production and electricity generation performance of the dead-end mode 5-stage PV-66 
MD in the outdoor test on December 02, 2018, December 03, 2018, and February 25, 2019. 67 

  68 
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Supplementary Note 2 69 

A larger 5-stage dead-end PV-MD device (10 cm × 10 cm) was fabricated with a monocrystalline silicon 70 
solar cell from SunPower and the outdoor test was conducted (Supplementary Figure 9). The solar 71 
absorptance of the solar cell was measured to be 0.86 (Supplementary Figure 9c), which is a bit lower 72 
than the previous solar cell. According to the manual of the solar cell, the maximum electricity generation 73 
efficiency of the solar cell was 22.7% and the voltage and the current at optimal load condition was 0.58 74 
V and 6.0 A, implying its maximal output power of 3.48 W and its optimal load being very small (i.e., 75 
0.097 Ω). It should be mentioned that in large scale applications, several to tens of solar cells are installed 76 
in series to provide a high output voltage, e.g., 5 or 20 V, where the optimal load can be within a more 77 
common resistance range. In this work, only one solar cell was used in our device owing to the size limit 78 
of the PV-MD device and the external load was 0.25 Ω based on facility availability, meaning the solar 79 
cell was not working in its optimal condition. The device was examined for its clean water and electricity 80 
production performance outdoors on the balcony of a student apartment inside KAUST campus, Thuwal, 81 
KSA (22oN 39oE) in winter (December 2, 2018) (Supplementary Figure 9a and 9b). The balcony was 82 
exposed to daily sunlight only after 9:00 am. Therefore, the experiment was carried out from 9:00 am to 83 
19:00 pm. The total solar irradiance in this period was measured by a solar intensity meter and calculated 84 
to be 3.5 kW·m-2 per day, which is a relatively low value due to the winter season condition. In summer, 85 
this value can be tripled. A transparent cover made of poly(methyl methacrylate) (PMMA) was put on the 86 
top of the device to reduce the heat loss caused by the strong wind in that day. The final total clean water 87 
production was 4.7 kg·m-2 and the total output electricity energy was measured by a coulombmeter to be 88 
0.41 kW·m-2. Given the total solar energy of 3.5 kW·m-2 in this test period, the power conversion 89 
efficiency of the solar cell was calculated to be 11.7%. 90 

The outdoor clean water production and electricity generation performance of the devices was also 91 
evaluated on February 25, 2019 with a stronger sunlight intensity and the results are shown in 92 
Supplementary Figure 9e. The total solar irradiance in the testing period (i.e., 9:00 am to 19:00 pm) was 93 
4.2 kW·m-2. The large 5-stage dead-end PV-MD device delivered a clean water production rate of 6.1 94 
kg·m-2 per day and a total output electricity energy of 0.50 kW·h·m-2 with a power conversion efficiency 95 
of 11.9%. As discussed earlier, the power conversion efficiency of the solar cell is significantly dependent 96 
on the load of the external circuit, the reduced power conversion efficiency was caused by the high 97 
resistivity of the load (0.25 Ω), which is much higher than the optimal load (0.097 Ω). Furthermore, as 98 
can be seen in Supplementary Figure 9b, when the intensity of the sunlight was below 180 W/m2, the 99 
clean water production rate was nearly zero, which may be ascribed to the extremely low temperature 100 
gradient in the device under this condition. 101 

 102 

 103 
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 104 

Supplementary Figure 10 Vapor pressure of water as a function of temperature. 105 

 106 

 107 

Supplementary Figure 11 Thermal modeling results of the PV-MD device. a The water production rate 108 
and solar cell temperature as a function of the number of the stage, b water production rate of each stage 109 
in the dead-end mode PV-MD with 1 to 10 stages structure. The solar absorptance and emissivity of the 110 
solar cell was set to 0.10 and 0.93, respectively.   111 

 112 

  113 
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Supplementary Note 3 114 

A simplified thermal model is established for the PV-MD device based on the following assumptions: (1) 115 
the heat loss from side surfaces of the device is negligible owing to the low conductivity of the PU foam; 116 
(2) the latent heat of the water evaporation is constant and the sensible heat is negligible;(3) clean water is 117 
used in the model (4) the temperature at the bottom of the device is equal to the temperature of the 118 
ambient environment, which is constant at 25 oC.  119 

The energy balance between different stages can be calculated using the following equation: 120 

α × 𝑞𝑠 − 𝑞𝑒 − 𝐸 = 𝐽𝑏𝑜𝑡𝑡𝑜𝑚 × 𝐿𝑣 +
𝑘×∆𝑇𝑏𝑜𝑡𝑡𝑜𝑚

𝛿
=∙∙∙∙∙∙= 𝐽𝑖 × 𝐿𝑣 +

𝑘×∆𝑇𝑖

𝛿
=∙∙∙∙∙∙= 𝐽𝑡𝑜𝑝 × 𝐿𝑣 +

𝑘×∆𝑇𝑡𝑜𝑝

𝛿
        (1) 121 

Where qs refers to the incoming solar energy, α is the solar absorptance of solar cell, qe is the captured 122 

solar energy that is converted to electricity, E is the thermal radiation energy loss, 𝐽𝑏𝑜𝑡𝑡𝑜𝑚, 𝐽𝑖 and 𝐽𝑡𝑜𝑝 are 123 

the water production rate in the bottom, ith and top stage, Lv is the latent heat of the water evaporation and 124 
is assumed to be constant in this case, k and 𝛿  are the thermal conductivity and thickness of the 125 

hydrophobic porous membrane, ∆𝑇𝑏𝑜𝑡𝑡𝑜𝑚 , ∆𝑇𝑖  and ∆𝑇𝑡𝑜𝑝  are the temperature difference between the 126 

evaporation layer and condensation layer in the bottom, ith and top stage.  127 

The thermal radiation energy loss can be calculated in the following equation: 128 

𝐸 = 𝜀𝜎(𝑇𝐶𝑒𝑙𝑙
4 − 𝑇0

4)                                                             (2) 129 

Where ε is the emissivity of the material, 𝜎  is the Stefan-Bolzmann constant, TCell is the solar cell 130 
temperature, and T0 is the temperature of its surroundings. 131 

The temperature polarization effect in each evaporation layer and condensation layer should be taken into 132 
account owing to the low thermal conductivity of water. The heat into the device coming from the AlN 133 

layer in the first stage of the PV-MD device is (α × 𝑞𝑠 − 𝑞𝑒 − 𝐸). The heat flux from the evaporation 134 
layer in the first stage to the condensation layer in the last stage should be close to this value because the 135 
sensible heat of the water can be reasonably neglected in this case. Given the porosity of the QGF 136 
membrane (94%), 94% volume of the evaporation layer is occupied by water, and therefore it’s 137 
reasonable to directly use the thermal conductivity of water for the evaporation layer. It should be 138 
mentioned that the temperature polarization in condensation layer and evaporation layers are the same as 139 
they are made of the same materials with the same structure.  140 

As a result, the temperature gradient in the evaporation layer and condensation layer can be calculated 141 
using the following equation: 142 

∆𝑇𝑒 = ∆𝑇𝑐 =
𝛿𝑒×(α×𝑞𝑠−𝑞𝑒−𝐸)

𝑘𝑒
                                                         (3) 143 

Where ∆𝑇𝑒 and ∆𝑇𝑐 are the polarization temperature of the evaporation layer and condensation layer, 𝛿𝑒 144 

and 𝑘𝑒 are the thickness and thermal conductivity of the evaporation layer. 145 

For the water production rate of the ith stage, it can be calculated by the following equation1: 146 

𝐽𝑖 = 𝐶𝑚 × (𝑃𝑖𝑒 − 𝑃𝑖𝑐)                                                             (4) 147 

Where Cm refers to the membrane coefficient of the hydrophobic membrane, which is constant in this 148 
case for different stages, 𝑃𝑖𝑒  and 𝑃𝑖𝑐  are the saturated vapor pressure of the evaporation layer and 149 
condensation layer in the ith stage. The vapor pressure (P) can be calculated by Antoine equation2: 150 
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𝑙𝑛𝑃 = 𝑍 −
𝐵

𝐷+𝑇
                                                                    (5) 151 

Where T is temperature and Z, B and D are constants (18.41 for Z, 3903.66 for B and 231.60 for D). The 152 
calculated result of P as a function of T for water is shown in Fig. S10. As seen, with an increasing 153 
temperature, the vapor pressure of water increases sharply, indicating that a higher vapor pressure 154 
difference can be achieved with the same temperature difference (i.e., 𝑇𝑖𝑒 − 𝑇𝑖𝑐) when the temperature is 155 
higher.  156 

A LabView module was programed and used to calculate the temperature of top surface of a PV-MD 157 
device with a given stage number, preset solar absorptance and thermal emissivity of the solar cell, based 158 
on the above described thermal model. The temperature of each conduction layer and the clean water 159 
production rate of each stage of the device with 3 to 10 stages are calculated in this work using an 160 
iterative method.  161 

Taking a 3-stage device as an example, T3e is firstly assigned a number that a little higher than room 162 
temperature (e.g., 25.01oC) and the water production rate in the 3rd stage is then calculated by 163 
Supplementary Equation 4 and 5 since T3c is equal to room temperature. The total energy input into the 3rd 164 
stage (q3) is calculated by Supplementary Equation 1, based on which the polarization temperature (∆𝑇𝑐 165 

and ∆𝑇𝑒) can be calculated by Supplementary Equation 3 for the 3rd stage.  166 

The T2c is subsequently obtained by adding the polarization temperature (∆𝑇𝑐 + ∆𝑇𝑒 ) to T3e. Now, 167 
assuming T2e is a bit higher than T2c (e.g., T2c + 0.01), Supplementary Equation 1 is then used to calculate 168 
the energy input into the 2nd stage (q2). If q2 is not equal to q3, T2e is increased by 0.01 and q2 is calculated 169 
again until q2 is equal to q3. Thereafter, T1e is similarly calculated and the temperature of the top surface 170 
of the solar cell can be calculated by adding ∆𝑇𝑒 to T1e. After obtaining the top surface temperature, the 171 

power of the heat loss via thermal radiation can be calculated and subsequently the total heat flow into the 172 
MSMD device (α × 𝑞𝑠 − 𝑞𝑒 − 𝐸) is calculated based on Supplementary Equation 1. If (α × 𝑞𝑠 − 𝑞𝑒 − 𝐸) 173 

is not equal to q3, T3e is increased by 0.01 and the whole computation cycle for all parameters is 174 
performed again until (α × 𝑞𝑠 − 𝑞𝑒 − 𝐸) is reasonably close to q3 (i.e., |(α × 𝑞𝑠 − 𝑞𝑒 − 𝐸)-q3|<1) where 175 
the values of all parameters are obtained. 176 

Supplementary Figure 11a presents the simulated water production rate and solar cell temperature as a 177 
function of the total stages of PV-MD device. As seen, the PV-MD device shows an increased water 178 
production performance along with increasing number of total stages, which agrees well with the 179 
experimental results of this work and others3.  180 

However, our model results show that the solar cell temperature increases monotonically as the number of 181 
the total stages increases. It is also indicated that the emissivity of the solar cell can significantly affect 182 
the water production performance of the device. The PV-MD with a high emissivity (0.93) shows a 183 
considerably poorer water production performance than the one with low emissivity (0.10). The 184 
difference is widened as the number of stages increases (Supplementary Figure 11a). For example, with 185 
the number of stages is greater than 7, the water production rate of the device with an emissivity of 0.93 186 
is >40% less than that with an emissivity of 0.10.  187 

The difference can be explained by thermal radiation at the solar cell. As the number of the stages 188 
increases, the solar cell temperature increases accordingly which results in a higher thermal radiation 189 
energy loss as shown in Supplementary Equation 2. However, our results imply that reducing the 190 
emissivity of the solar cell can be considered as an effective strategy to further improve the water 191 
production performance of PV-MD device.  192 
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Supplementary Figure 11b presents the water production rate of each stage in the PV-MD device with a 193 
high emissivity of 0.93. Clearly, the water production rate of each stage decreases from top to bottom 194 
stages in such device, although the total water production rate by the entire device increases 195 
monotonically. This follows that the effectiveness of lower stages would be lower than upper stages 196 
within the same device. Given the same fabrication cost of each stage, there ought to be a break-even total 197 
number of stages for such a device beyond which further increase in the number of stages would not be 198 
cost-effective.      199 

Furthermore, from the solar cell point of view, both of its lifetime and electricity generation efficiency 200 
will be adversely affected as the cell temperature increases as a result of the increased stage number.  201 

Based on the above discussions, the number of stages in a PV-MD device should be limited to a certain 202 
value due to holistic considerations of device fabrication cost, solar cell efficiency, and water production 203 
rate.  204 

  205 

 206 

 207 

  208 
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Supplementary Table 1 Performances of solar still reported in literature. 209 

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 

20174 1.15 75% ~0.1% 1 

20185 34.8 72% 1.23% 30 

20186 1.39 90% ~0.01% 1 

20183 3.27 - 0 0.9 (electrical heating) 

20187 1.02 72% 0 1 

20188 1.59 85% 0 1 

20189 1.12 81% 0 1 

201810 5.10 80% 0 4 

201811 2.50 95% 0 1 

201812 1.30 72% 0 1 

201813 11.8 85% 0 10 

201814 1.24 83% 0 1 

201815 2.04 99% 0 1 

201816 1.32 88% 0 1 

201817 6.60 92% 0 5 

201818 1.08 74% 0 1 

201719 1.13 78% 0 1 

201720 1.70 85% 0 1 

201721 3.00 66% 0 3 

201722 1.00 82% 0 1 

201723 12.1 87% 0 10 

201724 1.18 76% 0 1 

201725 1.55 91% 0 1 

201726 0.90 65% 0 1 

201727 11.80 85% 0 10 

201728 3.46 72% 0 3 

201729 1.25 86% 0 1 

201730 14.02 83% 0 12 

201731 11.22 81% 0 10 

201732 1.48 78% 0 1 

201733 1.32 84% 0 1 

201734 1.62 83% 0 1 

201635 1.45 80% 0 1 

201636 13.50 64% 0 12 

201637 11.80 83% 0 10 

201638 5.20 90% 0 4 

201639 1.25 82% 0 1 

201640 5.70 90% 0 4 

201541 1.50 80% 0 1 

201542 5.60 78% 0 4.5 

201543 0.92 58% 0 1 

201444 13.20 85% 0 10 

     

 210 
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Supplementary Note 4 211 

Broadly speaking, water and electricity can also be simultaneously produced by such hybrid systems as 212 
photovoltaic-reverse osmosis (PV-RO) and organic Rankine cycle-photovoltaic reverse osmosis (ORC-213 
PV RO).45,46 Although these systems can produce clean water with a much higher water production rate of 214 
around ~250 m3/day, they typically have a much higher barrier-to-entry with a very high up-front capital 215 
expenditure investment, which limits their applications to de-centralized water production at small to 216 
medium scales. Besides, electricity produced in these systems is typically fully consumed by the RO 217 
processes. In comparison, all of the electricity generated in the PV-MD system is available to feed into 218 
commercial grid plus free clean water production. 219 

Due to various reasons, near half of the world population is living near the sea 220 
(10.1371/journal.pone.0118571). One possible and emerging solution for PV plants is to build them in the 221 
sea land. For example, the world’s biggest floating solar farm has just been put in operation in Queen 222 
Elizabeth II reservoir in UK (https://www.ciel-et-terre.net/essential_grid/floating-solar-system-qe2-223 
633765-kwp/) and similar floating solar farms are going to be built on seawater at various places in the 224 
world (https://www.popularmechanics.com/science/energy/a18197171/netherlands-to-build-a-solar-farm-225 
that-will-float-in-the-ocean/). If the PV-MD can be used in these projects, significant amount of clean 226 
water can be produced from seawater without electricity consumption, unlike conventional desalination 227 
processes (e.g., RO, MED, MSF).  228 

In addition, almost all the deserts in Middle East, North Africa, Southwest Africa, West Australia, and 229 
South America are close to the sea and the majority of the human population in these areas lives near the 230 
seashore. Therefore, the access to the seawater is not a big problem in these deserts areas for the PV-MD. 231 

Actually, only in middle Asia and North America, the deserts are located in land-locked areas. Even in 232 
some of these areas, salty water/wastewater are massively produced by industry. For example, in the north 233 
and west part of China where there is a very high fresh water stress, coal-burning power plants produce a 234 
lot of brine wastewater (> 2 billion m3/year). The device reported in this work can be used for water 235 
recovery from the brine wastewater to contribute to water reuse in these regions where solar irradiation is 236 
abundant and fresh water is very scarce.  237 

 238 

 239 
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