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ABSTRACT

Solar steam generation from a porous evaporator is a promising approach for harvesting fresh water. Parasitic heat loss can be reduced by
using a 3D evaporator that extends above the free surface; however, capillary rise constrains the height of such structures to a centimeter
scale. Here, we demonstrate solar steam generation from a synthetic tree, which uses transpiration instead of capillary rise to pump water up
insulating tubes of any desired height. A nanoporous ceramic disk coated with graphite was used for the synthetic leaf, which was attached to
the upper end of a vertical array of plastic tubes. Using a solar still, it was observed that the synthetic tree harvested approximately three
times more condensed water than an equivalent bulk reservoir.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0049904

Water scarcity is becoming a threat to human welfare, affecting
nearly two-thirds of the global population.1 Solar steam generation,2

where water efficiently evaporates from a thermally absorptive and
porous material, can be used for water harvesting when coupled with a
condenser.3–6 Solar steam generators typically evaporate about 2–3
times more water compared to a bulk reservoir. Initial reports on solar
steam generation utilized membranes2–4,7–26 or plasmonic nanopar-
ticles4,27 that floated directly on the free surface, such that parasitic
heat losses were still appreciable.

To further reduce these parasitic heat losses, several recent solar
steam generators utilized three-dimensional porous structures extending
above the free surface.5,6,28–33 Water from the reservoir continuously
wicks up a floating porous column(s) and subsequently evaporates from
a thermally absorptive material. The height above the free surface where
evaporation occurs tends to range from H ! 1–10 cm. This enabled
a solar conversion efficiency as high as g ¼ 98% compared to only
g ¼ 82% for a flat membrane.5 Efficiency is defined as g ¼ jhlv=qsolar,
where hlv is the latent heat of vaporization, j is the evaporative mass
flux, and qsolar is the solar irradiation. Besides floating a tall structure
directly on the free surface, an additional approach is to suspend a pho-
tothermal fabric in the air between two reservoirs.34 This approach
resulted in an efficiency of g ¼ 90%, a dramatic improvement com-
pared to g ¼ 35% when floating the same fabric directly on the water.

While existing three-dimensional solar steam generators have
achieved a near-perfect evaporation efficiency, several inherent

constraints limit their scope of application. One major limitation is the
capillary limit; beyond a critical column height (or length of suspended
fabric), the water cannot wick fast enough to replenish the evaporated
water due to the increased viscous resistance. Indeed, a recent report
observed a nearly threefold decrease in the evaporation rate when
increasing the column height from H¼ 3 cm to 4 cm for this reason.5

While a height of H # 1 cm may be enough to prevent virtually all
parasitic heat losses, much larger heights would be beneficial for appli-
cations involving underground water extraction. When using a seawa-
ter reservoir, another major issue is the accumulation of salt within the
pores of the three-dimensional structure over time.6,29,33,34 While
accumulated salt/brine can be partially removed by having it fall/drip
from the structure at a critical concentration, this is imperfect and in
some cases requires active tilting.6

We hypothesize that both of these constraints to current three-
dimensional solar steam generators, the centimetric capillary limit and
salt contamination, could be bypassed by replacing the capillary action
with transpiration. In natural trees, the transpiration cycle is driven by
a negative water potential generated when water evaporates from the
nanoporous leaves.35–41 This potential then acts across the continuous
water columns within the xylem conduits, generating a hydraulic load
to pump the water. Synthetic trees evaporate water from nanoporous
media (i.e., “leaves”) to generate a negative Laplace pressure, which
can then be used to pump water across microchannels or tubes
attached to the nanopores.42–54 Most synthetic trees are built onto
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silicon chips or only pump water up a single microcapillary tube. A
very recent work proved the concept of a large-scale synthetic tree,
which pumped water up a scalable array of tall, vertically oriented
plastic tubes of millimetric diameter.55 This initial report of a large tree
was limited by a slow, diffusive evaporation rate from the nanoporous
leaf and also did not use a solar still to condense the water vapor ema-
nating from the leaf. A recent perspective paper hypothetically dis-
cusses the appeal of using synthetic trees for solar steam generation,56

as the transpiration cycle promotes the long-range transport of water
from the bulk reservoir to the evaporating interface. However, to date
a transpiration-powered large-scale synthetic tree has never been used
for solar steam generation and water harvesting.

Here, we show that a synthetic tree can serve as a three-
dimensional solar steam generator that bypasses the capillary limit
entirely, by using transpiration to elevate the water to the evaporating
interface. By embedding the upper ends of an array of insulating verti-
cal tubes into a nanoporous disk, we can completely thermally decou-
ple the evaporating interface from the bulk reservoir. Water
evaporating from the nanoporous “leaf” is replenished by virtue of its
negative Laplace pressure, which continuously pumps more water
from a bottom reservoir up the tube array. The evaporation rate of the
synthetic leaf was enhanced by spraying it with graphite and using a
solar lamp. When using a solar still to collect the vapor, we found that
the graphite-coated synthetic tree could evaporate and re-condense
three times more water compared to a bulk reservoir under the same
conditions. While fresh water was used for this preliminary study, a
recent report indicates that our transpiration-based approach could
also filter out salt at the intake by optionally attaching a filter.57

A synthetic tree was fabricated by embedding one end of a 19-
tube array within a 7mm thick nanoporous ceramic disk. The com-
mercially available disk (Soilmoisture Equipment Corp), serving as the
synthetic leaf, exhibited an average nanopore diameter of 160nm, a
porosity of / ¼ 0.32, and a cross-sectional area of Aleaf ¼ 22.9 cm2.
Each of the 19 plastic tubes, imitating the xylem conduits, exhibited an
inner diameter of D¼ 3.175mm and a height of H¼ 6 cm. Given that
water ascent is powered by transpiration instead of capillary rise, it is
important to note that these dimensions were arbitrary choices. We
have previously shown that the tubes can be at least 3 m tall if
desired.55 Similar to this previous report, recesses were drilled into the
nanopores to embed the tubes and the seams were sealed with a water

resistant epoxy. To enhance the thermal absorptivity of the synthetic
leaf, for a subset of trials, the leaf was spray-coated with graphite.

A solar still was made by cutting and bonding acrylic sheets
(McMaster-Carr, 8560k213). The dimensions of the solar still were a
triangular cross section with a 18 cm height and a 30 cm base, with an
extruded width of 16.5 cm. A rectangular hole was cut into the sloped
roof of the solar still, to accommodate a 16.5$ 4.5 cm2 cold plate
(McMaster-Carr, 35035K32) attached to a circulating chiller (Thermo
Scientific, Accel 500 LT). In other words, we elected to use an actively
cooled solar still to enhance the vapor-to-liquid conversion efficiency.
The solar lamp (VIVOSUN Intertek 400588) was attached to a hori-
zontal bar that was positioned 54.5 cm above the base of the solar still.
A previous report using the same lamp estimated an irradiance of
qsolar ! 433W/m2 on an aluminum sheet placed about 30 cm beneath
the lamp.58 The side of the solar still that encompassed the cold plate
was externally wrapped in Mylar film to minimize heating from the
solar lamp. The reservoir of bulk water, synthetic tree (in a subset of
experiments), and the collection tray (Fig. 1) were placed in the cham-
ber using the hinged door. The seams of the door were then sealed
with paraffin to minimize the leakage of water vapor building up
within the solar still.

The cold plate was set to T ¼ 15.36 0.4 %C, which corresponds
to 1 %C beneath the dew point with respect to the ambient air outside
of the chamber. This small difference between the cold plate tempera-
ture and the external dew point ensured that any appreciable conden-
sation would be due to an internal supersaturation building up within
the solar still. This was confirmed by a control experiment, where the
water reservoir and synthetic tree were removed from the solar still,
such that no excess water vapor was supplied to the chamber. After
3 h of testing without any water in the solar still, no appreciable con-
densation formed on the surface of the cold plate.

Prior to running an experimental trial, a pot of distilled water
was boiled for 3 h on a 300 %C hot plate to degas the water. This pot
was then sealed and left overnight to allow the water to return to room
temperature. For experiments additionally utilizing a synthetic tree,
the tree was constructed by embedding and sealing the top ends of 19
plastic tubes with a ceramic nanoporous disk, using a protocol identi-
cal to a previous report [Fig. 2(a) and 2(b)].55 To fit within our small-
scale solar still, each tube was 6 cm tall, but this could be extended to a
tree height of many meters if desired.55 The free ends of the tube array

FIG. 1. (a) Schematic and (b) photograph
of the experimental setup, where the syn-
thetic tree was placed above a water res-
ervoir within a solar still. Water was
pumped from the reservoir to the synthetic
leaf across 19 vertical plastic tubes (each
with an inner diameter of 3.175mm), by
virtue of the leaf’s negative Laplace pres-
sure. The leaf was uncoated for one set of
experiments and sprayed with a thermally
adsorptive graphite coating for another
set. A control experiment simply removed
the tree but retained the bulk reservoir
(the leaf and reservoir both exhibited the
same 22.9 cm2 area). The inset shows a
close-up of the synthetic tree.
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were passed through the snug holes of a neoprene lid, with the bottom
4.3 cm of the tube height being beneath the lid and 1.7 cm above. For
the case of a thermally absorptive leaf, the top face of the nanoporous
ceramic disk was uniformly sprayed with a graphite coating (Grainger
Industries, 4JB39) after the tree was fabricated. Using the same pot of
boiling water, the tree was fully submerged and boiled for 3 h after
pre-boiling the water for 1 h [Fig. 2(c)]. This was done to ensure that
the tubes and nanopores of the tree were fully charged with degassed
water. As with the control reservoir, the reservoir containing the tree
was allowed to cool overnight to room temperature prior to running
an experiment. After cooling, a plastic reservoir was submerged into
the pot of water and was held about the free ends of the tubes. The
nanoporous leaf was then removed from the water and raised about
5 cm above the free surface of the plastic reservoir, such that roughly
1 cm of the 6-cm-long tubes was still submerged. The top of the lid
featured a neoprene ring that supported the neoprene lid bound to the
xylem conduits [Fig. 2(d)].

The solar lamp and circulating chiller were powered on 30min
prior to an experimental trial. To determine what cold plate tempera-
ture would correspond to 1 %C below the dew point of the outer

laboratory environment, the ambient temperature and relative humid-
ity were recorded with a hygrometer. Tests were carried out for three
different cases: a control case of a bulk water reservoir only, an
uncoated synthetic tree extending from the same water reservoir, and
finally a synthetic tree featuring the more thermally absorptive leaf.
For any given setup, the water mass within the reservoir was measured
before and after running a 3 h trial using a digital mass balance
(OHAUS Scout, Model STX1202). Similarly, the collection tray was
measured before (i.e., tare value) and after each trial to determine the
amount of harvested water. The mass fluxes shown in Fig. 3 were
obtained by assuming a fixed rate of evaporation/condensation
throughout the duration of a 3 h trial.

Figure 3 compares the performance of the solar still under the
three different experimental conditions. In Fig. 3(a), the averaged mass
flux of water evaporating from within the solar still is shown.
The fluxes were je ¼ 0.32 kg m&2 h&1 for the uncoated tree and
0.37 kg m&2 h –1 for the black coated tree, as opposed to only je
¼ 0.14 kg m&2 h –1 for the control case of bulk water. In other words,
compared to bulk water, the evaporation rate was increased by a factor
of 2.24 for the uncoated synthetic tree and 2.61 for the coated tree.

FIG. 2. Diagrams depicting the assembly
of the synthetic tree. (a) The tree was
composed of a nanoporous ceramic disk
(leaf), an array of 19 plastic tubes (xylem
conduits), and a Neoprene lid. (b) Each
tube was inserted into a recess drilled into
the top face of the leaf and the seam was
sealed air-tight with an epoxy. (c) Prior to
running an experiment in the solar still,
the assembled tree was pre-filled with
degassed water by submerging it in a pot
of boiling water. (d) The primed tree was
held above a reservoir within the solar still
to demonstrate the solar steam generation
and subsequent water harvesting from the
condenser. The negative Laplace pres-
sure (PL) generated within the leaf is used
to overcome the Darcy (PD), Poiseuille
(PP), and hydrostatic (PG) pressure drops.

FIG. 3. Comparisons of the (a) evaporation mass flux, (b) condensation mass flux, and (c) conversion efficiency (g ¼ jc=je) for bulk water, our synthetic trees, and floating
stainless steel meshes from a previous work.3 The mass fluxes for the stainless steel meshes were normalized by multiplying their actual values by 0.36, to account for the dif-
fering solar irradiance between setups. In this way, the evaporation flux for the bulk water control case was made equivalent across both setups. Each value for our experiment
is an average of three trials and the error bars indicate one standard deviation.
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Additionally, we compare our results to a previous report by Zhang
et al., which used a classical solar steam generator within a solar still.3

The floating membrane from this previous report was comprised of a
stainless steel mesh coated with polypyrrole (a photothermal polymer)
and fluoroalkylsilane (to render hydrophobic).3 To account for the dif-
fering solar irradiance of our setup to that of Zhang et al., we multi-
plied the flux measurements of the latter by a factor of 0.36 such that
the bulk water control case now exhibits an equivalent evaporation
flux. This is consistent with the fact that Zhang et al. used 1 sun for
their irradiance, whereas the irradiance of our lamp is less than half a
sun. It can be seen that our uncoated synthetic tree evaporated nearly
twice as much water as the uncoated stainless steel mesh, while our
photothermal tree evaporated slightly more water compared to the
photothermal mesh. This result confirms that using a synthetic tree
for solar steam generation can result in superior evaporation rates
compared to a floating photothermal membrane and also bypasses the
capillary limit to allow the evaporating interface to be elevated far
above the water supply.

This increase in water evaporating within the solar still when
using a synthetic tree also resulted in a substantive increase in the
mass flow rate of condensate harvested by the solar still [Fig. 3(b)].
Specifically, jc ¼ 0.087 kg m&2 h&1 for the solar still containing only
bulk water vs jc ¼ 0.24 kg m&2 h&1 and 0.27 for the uncoated and
coated trees, respectively. This corresponds to the condensation rate
increasing by a factor of 2.75 for the solar still containing the uncoated
tree and a factor of 3.06 for the coated tree. Our solar still harvested
nearly an order of magnitude more water compared to the previously
reported solar still that used a floating photothermal membrane.3 We
attribute this primarily to the different heat sink used: We employed a
liquid-cooled plate, whereas the previous report simply used a fan, and
secondarily to the slightly enhanced evaporation rate of our tree result-
ing in more water vapor within the solar still.

A conversion efficiency was defined as the ratio of evaporated
vapor to harvested condensate: g ¼ jc=je. The average efficiency of
each setup was g ¼ 62%, 75%, and 72% for the bulk water, uncoated
tree, and coated tree, respectively [Fig. 3(c)]. We attribute the higher
conversion efficiency of the trees (compared to the bulk) to their
higher evaporation rate. This can be rationalized by considering the
diffusion equation governing the condensation rate on the cold plate:
jc ¼ Dðc1 & cpÞ=L, where jc is the mass flux of condensing water, D
is the diffusivity of water vapor in air, c1 is the concentration of water
vapor above the evaporating interface, cp is the concentration of satu-
rated water on the cold plate, and L is the characteristic diffusive
length scale at the cold plate. The value of cp is constant across all
experiments due to the fixed temperature of the cold plate. Therefore,
assuming L is also of the same order for all experiments, the only dif-
ference between the bulk water and the trees is the evaporation rate,
which would influence c1 within the solar still. Increasing c1
increases jc / ðc1 & cpÞ by an even larger amount, which explains
why the increase in evaporation rate for the trees results in a dispro-
portionately larger increase in the resulting condensation rate. In com-
parison, the previously reported solar still with a photothermal
membrane only had an efficiency of g ¼ 16%, which as already men-
tioned is primarily due to the differing heat sink.

The latent heat dumped into the condenser can be estimated
from conservation of energy: Qlh ¼ agqsolarAleaf , where a is the solar
absorptivity of the evaporating interface. Crudely approximating

a ! 1 for our graphite-coated leaf, an average vapor-to-liquid
conversion efficiency of g ¼ 0.72, an irradiance of approximately
qsolar ! 0.36 suns (360W/m2), and a leaf area of Aleaf ¼ 22.9 cm2,
results in Qlh ! 0.6W. Of course, the cold plate additionally had
a cooling power associated with maintaining its temperature at
T ! 15 %C in a room temperature ambient.

The experimental measurements of je can be used to estimate the
suction generated by a synthetic tree, which equals the sum of viscous
losses across the nanoporous disk, viscous losses across the vertical
tubes, and the hydrostatic pressure of the liquid columns within the
tubes.55 Darcy’s Law can be used to estimate the viscous pressure drop
across the nanoporous disk: DPD ¼ ðQtÞ=ðjAÞ, where Q is the volu-
metric flow rate, t ¼ 3.5mm is the thickness of nanopores extending
from the top of the tube array to the bottom face of the leaf, A is the
cross-sectional area of the disk (diameter 54mm), and j is the intrin-
sic permeability. In turn, j ¼ ður2poreÞ=ð8lsÞ, for the nanoporous
disk, where u ! 0:32 is the porosity, rpore ! 80nm is the average
pore radius, s ! 3.5 is the tortuosity, and l is the water’s viscosity.55

The Poiseuille equation can be used to estimate the viscous pressure
drop across the tubes: DPP ¼ ð8QHlÞ=ðpNR4Þ, where H ¼ 6 cm is
the height of the tubes, R ¼ 1.59mm is the tube radius, and N is the
number of the tubes in parallel. Finally, the hydrostatic pressure drop
is simply DPG ¼ qgH.

In addition to the three positive pressure drops across the tree, a
negative Laplace pressure is generated from the concave menisci
within the nanoporous leaf

PL ¼ &
2c cos h
rpore

; (1)

where c is the surface tension of the water-air interfaces and h is the
contact angle; each meniscus makes with the side walls of its pore.
This Laplace pressure is used to overcome the total pressure drop
across the tree

jPLj ¼ DPtotal ¼ DPD þ DPP þ DPG: (2)

For mass to be conserved, the evaporation mass flow rate from a
synthetic tree must equal the liquid mass flow rate up the tree.
Therefore, the experimental measurement of _me can be used to define
the liquid volumetric flow rate across the tree as Q ¼ _me=q. Plugging
the proper value for Q into the Darcy and Poiseuille equations, we
solve Eq. (2) for PL.

Figure 4 graphs the individual pressures drops as well as the mag-
nitude of the Laplace pressure (jPLj ¼ DPtotal), for both the uncoated
and coated trees. For either tree, the average Darcy pressure drop was
an order of magnitude larger than the hydrostatic pressure drop across
the tubes, which in turn was six orders of magnitude larger than the
viscous pressure drops across the tubes. The calculated suction pres-
sure to overcome these pressure drops was PL !& 4.41 kPa for the
plain tree and PL!& 5.02 kPa for the coated tree.

These values can be non-dimensionalized by P*L ¼ PL=PL;max,
where PL;max ! & 1.82MPa is the maximum possible Laplace pressure
corresponding to h ! 0% in Eq. (1). The non-dimensional pressures
were only P*L ! 0.0024 for the uncoated tree and P*L ! 0.0028 for the
coated tree. This indicates that the transpiration rate is firmly in the
evaporation-limited regime, as opposed to a pressure-limited flow.55

In other words, dramatically higher transpiration rates are possible by
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increasing the heat input into the leaf, without running the risk of dry-
out. Another implication of the low value of P*L is that, if desired, the
tube height H connecting the water reservoir to the evaporating inter-
face could be increased by orders of magnitude if desired.

The transpiration limit for any tree geometry corresponds to the
critical mass flow rate, _mmax, where the maximum sustainable Laplace
pressure (PL;max) is required to satisfy Eq. (2). An expression for _mmax

is obtained by combining Eqs. (1) and (2), plugging in the expressions
for DPD; DPP, and DPG, and substituting Q ¼ _m=q,

_mmax ¼ q
2c cos h
rpore

& qgH

 !
t

jA
þ 8Hl

pNR4

! "&1
: (3)

Plugging in all of the aforementioned values to the variables and
assuming h ! 0%, we obtain _mmax ¼ 9.78$ 10&5 kg/s for our current
tree geometry. Experimentally, our coated tree exhibited an average
evaporation (i.e., transpiration) rate of _m ¼ 2.38$ 10– 7kg/s, only
0.24% of the maximum possible transpiration rate. The transpiration
limit can also be conceptualized as a maximum tree height for a given
transpiration rate

Hmax ¼
2c cos h
rpore

&
_mt

qjA

 !
8 _ml

pqNR4 þ qg
! "&1

: (4)

Even when assuming an aggressive transpiration rate of _m
¼ 10–5kg/s (nearly two orders of magnitude higher than our experi-
mental rate), we obtain a maximum tree height ofHmax ! 167 m.

In contrast, the maximum thickness of a conventional solar
steam generator, comprised of a floating porous structure, is con-
strained by the capillary limit. An expression for tmax can be estimated
by balancing the Laplace pressure against the Darcy pressure

tmax ¼
2c cos h
rpore

 !
qjA

_m

! "
: (5)

For a hypothetical scenario of a floating porous structure exhibit-
ing the same pore radius and permeability as the nanopores of our
synthetic leaf, we obtain tmax ! 3.4 cm for the same transpiration rate

of _m ¼ 10–5kg/s. The ratio of the maximum height of the evaporating
interface for a synthetic tree vs a bulk porous structure is, therefore, an
astounding Hmax=tmax# 4866. This validates that our transpiration-
based approach to evaporation can pump the water against gravity to
dramatic heights, making it attractive for underground water extrac-
tion or perhaps even for pumped storage hydropower.

In summary, we placed a transpiration-powered synthetic tree
within a solar still to enhance solar steam generation and water
harvesting. Replacing capillary action with transpiration enabled a
three-dimensional solar steam generator that thermally decoupled the
evaporating surface from the bulk reservoir while also bypassing the
capillary limit. A synthetic tree, comprised of a thermally absorptive
nanoporous leaf connected to insulating vertical tubing, was shown to
harvest three times more water compared to a bulk reservoir. While
other solar steam generators have demonstrated a similar enhance-
ment in evaporating and re-condensing water, the height of these sys-
tems was constrained to only a few centimeters due to the capillary
limit. In contrast, here the rehydration of the evaporating interface is
provided by transpiration up millimetric tube conduits, enabling a
height rise of many meters if desired. We expect that our tree-based
solar steam generator will, therefore, be of interest for applications in
underground water extraction and purification. Future research could
focus on fabricating taller trees (by having the tubes exit the solar still),
utilizing multiple synthetic leaves to increase the area over which evap-
oration occurs, or incorporating desalination membranes at the tube
inlets to prevent salt buildup within the tree when using ocean water.

This work was supported by the National Science Foundation
CAREER Award (No. CBET-1653631).
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