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By using solar energy and sea (or contaminated) water, abundant resources on
Earth, this solar device can generate clean water and electricity simultaneously,
through storing and recycling the steam enthalpy derived from the interfacial solar
steam-generation process. In addition, the integrated capability of thermal
storage can enable electricity generation over an extended period after sunset.
Combining conversion, storage, and utilization, this integrated solar energy
device can provide the basic needs in various off-grid and/or resource-constrained
areas.

Xiugiang Li, Xinzhe Min, Jinlei
Li, ..., Bin Zhu, Shining Zhu, Jia
Zhu

jiazhu@nju.edu.cn

HIGHLIGHTS

Steam enthalpy is stored and
recycled from interfacial solar
steam process

This solar device can produce
water and electricity
simultaneously

The integrated thermal storage
enables power generation after
sunset

This integrated system combines
solar energy conversion, storage,
and utilization

Lietal., Joule 2, 1-8
November 21, 2018 © 2018 Elsevier Inc.
https://doi.org/10.1016/j.joule.2018.08.008



mailto:jiazhu@nju.edu.cn
https://doi.org/10.1016/j.joule.2018.08.008

jjoule.2018.08.008

Please cite this article in press as: Li et al., Storage and Recycling of Interfacial Solar Steam Enthalpy, Joule (2018), https://doi.org/10.1016/

Joule

Cell

Storage and Recycling of Interfacial

Solar Steam Enthalpy

Xiugiang Li,"-? Xinzhe Min,"? Jinlei Li," Ning Xu,! Pengchen Zhu,! Bin Zhu," Shining Zhu,’

and Jia Zhu'3.*

SUMMARY

In this work, it is shown that by storing and recycling steam enthalpy derived
from the solar steam process, we can enable simultaneous generation of clean
water and electricity. Energy-transfer efficiency of solar to steam can reach
72.2% with extra electricity power (with 1.23% efficiency) generated simulta-
neously. With advanced thermal management to further elevate the working
temperature and exciting progress in the fields of thermoelectrics and desalina-
tion, it is expected that the performance of this system can be further improved.
This approach with scalable materials and processes, high energy-transfer effi-
ciency, and integrated storage capability will provide an attractive avenue to
produce electricity and clean water in an individualized manner, particularly
desirable in various off-grid areas.

INTRODUCTION

Clean water and electricity, essential to the daily life of humans, are unfortunately
scarce resources in various parts of the world, especially in developing countries
and remote areas.' Interfacial solar steam generation®*>* has demonstrated great
potential in various fields such as desalination,*”’” waste-water treatment,®’ and
electricity generation.’® In previous studies, high energy-transfer efficiency from so-
lar to steam has been demonstrated through rational designs of material struc-
tures,"" photon management,”'? heat localization,”® and water supply.*? In
most if not all of the previous studies of interfacial solar steam generation, the inter-
nal enthalpy of steam is usually lost to the environment as steam condenses to form
water (Figure 1A). Recently, Zhou's group demonstrated the concept of simulta-
neous generations of steam and electricity (~1 W/m? under one-sun illumination,
~0.1% efficiency) by taking advantage of the evaporation-induced salinity
gradient.’® A significant increase in power generation is expected to open up
tremendous opportunities. In this work, by storing and recycling the internal
enthalpy of steam during steam condensation, we demonstrate simultaneous gen-
eration of clean water (72.2% efficiency) and electricity (~1.23% efficiency) with solar
energy as the only energy input (Figure 1B). In addition, the integrated capability of
thermal storage enables the generation of electricity over an extended period after
the light is extinguished, as illustrated in more detail below.

RESULTS AND DISCUSSION

The storage and recycling of interfacial solar steam enthalpy for simultaneous gen-
eration of clean water and electricity is shown in Figure 1B (the real setup is shown in
Figure S1). This high-temperature steam generated by an interfacial solar steam
generator (as shown in Figure S1A) flows into the area of thermal storage and water
generation, with an aluminum chamber wrapped by a polyurethane foam (as shown

Context & Scale

Interfacial solar steam generation
has recently demonstrated great
potential in various applications,
from desalination and distillation
to catalysis. However, in most
previous studies the steam
enthalpy was typically lost to the
environment during condensation
without any utilization. In this
work, we demonstrate that
through designs and integrations
of materials and systems, steam
enthalpy can be stored and
recycled for power generation (at
efficiency of 1.23%), in addition to
72.2% solar-to-vapor efficiency. In
addition, the integrated capability
of thermal storage can enable
electricity generation over an
extended period after the light
source is turned off. Combining
solar energy conversion, storage,
and utilization, this method based
on low cost and scalable graphite/
nonwoven films provides a
complementary system to
produce clean water and
electricity, the basic needs in
various resource-constrained
areas.
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Figure 1. Schematic of the Condensation Processes of Interfacial Solar Steam Generation

(A) Traditionally, steam condenses to form water with enthalpy lost to the environment.

(B) Storage and recycling of interfacial solar steam enthalpy for simultaneous generation of clean
water and electricity.

in Figure S1B) for thermal insulation. Because of the heat exchange between high-
temperature steam and the chamber, steam will be condensed to produce clean
water at the outlet of the chamber, while the energy in the steam is reserved in
the chamber to maintain it at a high temperature. The temperature gradient formed
between this chamber and the room-temperature environment can then be used
for electricity generation by using the thermoelectric modules (based on Bi,Tes
materials; for more details see Experimental Procedures).

The device performance depends on the properties of the solar absorber.
Currently there are mainly two categories of nanomaterials for solar steam gener-
ation, namely carbon-based and plasmonic-based absorbers. Here, graphite/
nonwoven film is selected as a solar absorber of interfacial solar steam generation
mainly because it has efficient absorption, excellent stability and foldability, and
can be fabricated through a scalable and cost-effective process. All of these fea-
tures are detailed below. The graphite/nonwoven absorber can be conveniently
fabricated by spraying the ethanol solution of graphite toward a piece of pre-
heated nonwoven material (for more details see Experimental Procedures); corre-
sponding optical images of nonwoven fabric (10 cm X 5 cm) before and after
spray-coating are shown in Figures 2A and 2C. The corresponding scanning elec-
tron microscopy (SEM) images are shown in Figures 2B and 2D, which demonstrate
clearly the graphite particles (size about a few hundred nanometers) on nonwoven
fibers. This graphite/nonwoven film has efficient and broadband absorption, with
about 98% weighted absorption (by standard AM 1.5G solar spectrum) from
250 nm to 2,500 nm (Figure 2E). Another unique property of this graphite/
nonwoven film is that it can maintain its integrity when immersed in water and
even after shaking for a long time (Figures 2F and 2G), which is beneficial for
practical applications. Moreover, the absorber can be easily folded because of
the flexible nonwoven substrates (as shown in Figure S2), advantageous for
large-scale carriage and deployment.

The mass change over time under different solar concentrations is shown in Fig-
ure 3A. In the beginning, the mass change is not obvious within first few minutes
(for example, 2 min under illumination of 30 kW/m?) because of the initial inner
condensation of steam in the solar steam-generation device. Thereafter it starts to
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Figure 2. Solar Absorbers Based on Graphite/Nonwoven

A and B) Optical image (A) and SEM image (B) of nonwoven material.
C and D) Optical image (C) and SEM image (D) of graphite/nonwoven.
E) Absorption spectrum of graphite/nonwoven from 250 to 2,500 nm.
F) Optical image of graphite/nonwoven in water.
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G) Optical image of graphite/nonwoven in water after shaking 50 times.

show the nearly linear mass change over time under 30 kW/m?, which is orders of
magnitude shorter than that of the traditional bulk water heating (around 20 min,
see Figure S3). That is a direct indication of much reduced heat loss for interfacial
heating and therefore reduced time to reach a steady state. As shown in Figure 3B,
the temperature of steam can reach a steady state after 666 s, 146's,40's, and 32 s
under 8, 17, 22, and 30 kW/m?, respectively, which is also an indication of reduced
time response of interfacial heating. The formula n = mhy/P;, is used for calculating
the solar-to-steam efficiency (n), where m is the mass flux, h.y is total liquid-vapor
phase-change enthalpy (phase-change enthalpy + sensible heat), and P, is the
received power density of the solar irradiation on the absorber surface.'® As shown
in Figure 3C, the evaporation rates (obtained from the slope of the mass change
curves at steady state) are 4.2, 15.5, 24.3, and 34.8 kg/m2 h under 8, 17, 22, and
30 kW/m?, respectively, and corresponding efficiencies are 36.4%, 64.7%, 73.3%,
and 81.7%, respectively. It should be noted that this efficiency is achieved in a
semi-closed system that is different from earlier reported efficiency in an open sys-
tem (for more details see Supplemental Note 1). This increased trend of efficiency
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Figure 3. Interfacial Solar Steam Generation

(A) Mass change over time of interfacial solar steam generator under different solar irradiations.
(B) Temperature of output steam over time under different solar irradiations.

(C) Dependence of evaporation rate and corresponding efficiency on optical concentrations. Error
bars indicate the SD of the measurements.

(D) Concentrations of various metal ions before and after treatment (the blue line refers to the WHO
standards for drinking water).

with increased power input is consistent with previous studies,”'® and can be
ascribed to the decreasing ratio of heat loss under higher illumination (for more de-
tails about thermal analysis see Supplemental Note 2). As shown in Figure S4, the
evaporation rates with integrated thermal storage are 3.0, 14.5, 21.7, and
31.6 kg/m2 h under 8, 17, 22, and 30 kW/m?, respectively, with corresponding effi-
ciencies of 26.5%, 60.5%, 70.0%, and 74.7%, respectively. The clean water can be
collected once the steam is condensed, even directly from contaminated water sour-
ces. As an example of demonstration, water contaminated with rich Pb2*, Cu®*, and
Cr®*ions, common heavy metal pollutants, is used. As shown in Figure 3D, the result
shows that the output water (the Pb?*, Cu?", and Cr** ion concentration 0.007,
0.338, and 5 x 104 mg/L, respectively) can reduce the metal ion concentrations
by two orders of magnitude, and meet the World Health Organization (WHO) drink-
ing water standard (Pb?*: 0.01 mg/L; Cu®*: 2 mg/L; Cr®*: 0.05 mg/L).*®

With the chamber temperature of the thermal storage area maintained at 100°C and
room temperature (25°C), the thermoelectric module can be used for electricity
generation. The output of the thermoelectric module is highly dependent on the
temperature difference on its two sides. Once the light source is turned on, both
the open-circuit voltage and short-circuit current will first increase as the chamber
temperature increases until reaching the steady state at around 100°C, as shown
in Figures 4A and 4B (corresponding temperatures of hot side and cool side are
shown in Figure S5). With the increased solar power illumination, a larger amount
of steam will be generated to transfer more condensation latent heat to the
thermoelectric module, therefore further enhancing the open-circuit voltage and
short-circuit current, up to 3.87 V and 0.55 A under 30 kW/m?.
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Figure 4. Performance of Electricity Generation

(A) Open-circuit voltage over time under different solar irradiations.

(B) Short-circuit current over time under different solar irradiations.

(C) Maximum output power of the thermoelectric device under different solar irradiations.

(D) Optical image of an operating electric fan and an illuminating light-emitting diode powered by
interfacial solar steam generation. A movie showing simultaneous generations of electricity and
clean water is provided in Video S1.

Figure 4C shows the output power of the thermoelectric device under different solar
irradiations. We found that the maximum output power was achieved when external
resistance is about 6 Q and output poweris 1.7, 135.7, 363.0, and 574 mW under 8,
17,22, and 30 kW/m?, respectively, with corresponding output power density of 0.9,
69.2,185.2, and 292.9 W/m?, respectively. The formula n = Po/P;, is used for calcu-
lating the power generation efficiency (1), where P and P;, are the output energy of
power generation and input energy of solar. It can be seen that the maximum effi-
ciency can reach 0.98% under 30 kW/m? (energy analysis is detailed in Supplemental
Note 2). The efficiency can be further enhanced by increasing the steam temperature
using techniques such as superheated steam (for more details see Supplemental
Note 3). It can be seen that the open-circuit voltage and short-circuit current can
reach to 4.15 V and 0.61 A, while the maximum efficiency can reach 1.23% under
30 kW/m? (comparison with solar cell-based technology is detailed in Supplemental
Note 4). Therefore various applications can be supported, such as continuous oper-
ation of an electric fan (1 W) and 28 light-emitting diodes (total power 1.5 W), as
shown in Figure 4D. Given advanced thermal management to further increase the
steam temperature and exciting progress in the field of thermoelectrics and solar
desalination, it is expected that the performance of this system can be further
improved (more analysis is provided in Supplemental Note 5).

In addition to simultaneous generation of purified water and electricity, another
unique feature of this device is that it has integrated thermal storage, which can
enable power generation over an extended period without sunlight. After the light
source is turned off, the polyurethane foam-wrapped aluminum chamber with ther-
mal capacity will release sensible heat to maintain electricity generation, as shown in
Figures 4A and 4B (for a movie of continuous generation of electricity without
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sunlight, see Video S2). The duration of the extended period can be tuned by
thermal capacity or mass of chapter materials (for more analysis see Supplemental
Note 6), which can be used to reduce the influence of intermittent illumination
such as rolling cloud cover (for more details see Supplemental Note 7). The perfor-
mance is expected to be further promoted by employing phase-change materials
that can tune the mismatch between solar illumination and power usage.

Conclusions

This work shows that by storing and recycling steam enthalpy derived from the so-
lar steam process, we can enable simultaneous generation of clean water and elec-
tricity. The results showed that the energy-transfer efficiency of solar to steam can
reach 72.2% with extra electricity power (with 1.23% efficiency) generated simulta-
neously (a comparison with solar cell-based technology is provided in Supple-
mental Information). With advanced thermal management to further elevate the
working temperature and exciting progress in the field of thermoelectrics and solar
desalination, it is expected that the performance of this system can be further
improved (for more analysis see Supplemental Information). This approach with
scalable materials and processes, high energy-transfer efficiency, and integrated
storage capability will provide an attractive avenue through which to produce elec-
tricity and clean water in an individualized manner, particularly desirable in various
off-grid areas.

EXPERIMENTAL PROCEDURES

Fabrication of Solar Absorbers (Graphite/Nonwoven Film)

Graphite particles with diameter of about 30 nm were dispersed in ethanol solution
at the concentration of 5 mg/mL followed by 2 hr of ultrasonication. The graphite
solution was then sprayed through a commercial airbrush (nozzle diameter
0.3 mm; Ustar CD-601, Taiwan) toward the preheated nonwoven to produce
graphite/nonwoven film.

Interfacial Solar Steam-Generation Device

Hydrophilic nonwoven-wrapped polystyrene foam (about 2 cm thick, as water supply
layer and thermal insulation layer) was floated on the surface solution in a beaker with
an insulation layer. A graphite/nonwoven film was placed on the surface of
nonwoven-wrapped polystyrene foam. A transparent quartz plate covered the up-
per surface of the beaker while a thermal insulated tube was connected inside the
beaker.

Electricity Generation Setup

As shown in Figure S1, the commercial thermoelectric module (Bi,Tes, length 8 cm,
width 4 cm, height 3.4 mm, ZT about 1 at ~373 K) was selected as the power gener-
ation device. The cool side was connected to a cooling fin placed in water and the
hot side was connected to a two-end open insulation chamber.

Characterizations

The morphologies and structures of the solar absorber (graphite/nonwoven) were
characterized by a scanning electron microscope ( Dual-beam FIB 235; FEI Strata).
The absorption of graphite/nonwoven was measured from 200- to 2,500-nm wave-
length using a UV-visible spectroscope (UV-3600; Shimadzu). The concentration of
heavy metal ions was characterized by ICP-OES (0.1 mg/L accuracy, PTIMA 5,300
DV; PerkinElmer Instruments).
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Simultaneous Generations of Electricity and Clean Water

The device was irradiated by a xenon lamp (HSX-F300; Excelitas). The temperature
of the steam was recorded by thermocouples (placed in insulated tube, as shown in
Figure STA, Tq). The temperature of the hot side of the thermoelectric module
was recorded by thermocouples (placed in an aluminum chamber, as shown in
Figure S1B, T, and T3). The mass change was monitored by electronic analytical
scale, recorded in real time by the computer (with RS-232 serial ports) and used to
determine the mass change of solar steam generation. The open-circuit voltage
and short-circuit current was recorded by a multimeter. The power line was obtained
by changing the external resistance.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures, 11 fig-
ures, and 2 videos and can be found with this article online at https://doi.org/10.
1016/j.joule.2018.08.008.
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