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As  the  world  continues  to urbanise,  significant  challenges  are  arising  to environment,  energy  and  water
sustainability  in  cities.  One  of  the most  challenging  consequences  of  increased  urbanisation  is increased
energy  consumption  adversely  affecting  the  quality  of life,  environment  and  public  health.  This moti-
vated  many  researchers  to  find  innovative  methods  to reduce  energy  consumption  in  buildings  for  cooling
practices.  In  this  paper,  a series  of  experiments  was  conducted  to  investigate  the  performance  of  an  evap-
orative layer  of porous  media  and the  effects  of  its  particle  size  on reducing  the  roof  surface  temperature.
To  do  so,  customized  rectangular  Plexiglas  columns  were  packed  with  three  types  of  sand  with  well-
defined  particle  size  distribution  saturated  with  water  with  all boundaries  closed  except  the top,  which
was exposed  to air for evaporation.  The  obtained  results  revealed  the  great  potential  of drying  porous

media  to reduce  the  heat  flux through  roof via  utilizing  a part  of  the  energy  for  liquid  vaporization.  As
particle  size  decreased  the  temperature  of roof  remained  lower  than  the  bare  roof  for  a  longer  time  as  a
result  of  the  presence  of  more  liquid  pathways  connecting  the  receding  drying  front  to  the  evaporation
surface,  which  kept the  surface  wet  for  a  longer  time.  Our  results  present  new  insights  about  the  physical
mechanisms  controlling  the  performance  of  drying  porous  media  to  regulate  roof  surface  temperature.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Increasing energy efficiency is an immediate priority to cut car-
on emissions, secure energy as well as save on energy bills. Over
he past few decades, the improvement of living standards and the
ffordability of air conditioning have led to a considerable increase
n the energy consumption related to space cooling. Additionally,
he so-called urban heat island effect, resulting from increased
rbanisation, contributes to making cities several degrees hotter
han their rural surroundings [1–3]. This increases energy con-
umption for cooling of residential and commercial buildings.
herefore, developing novel approaches to improve cooling energy
fficiency of buildings is essential to meet our low carbon economy
argets. This will become even more important in the near future
ith the increase in climate change, not only in hot, but also in

emperate climates such as in the UK [4,5].

Traditionally, roofs in some mid  and high latitude locations con-

ist of envelope materials (such as clay and asphalt) with a relatively
igh absorption coefficient, transferring large amounts of heat to

∗ Corresponding author at: School of Chemical Engineering and Analytical Science,
oom C26, The Mill, The University of Manchester, Sackville Street, Manchester, M13
PL, UK.

E-mail address: nima.shokri@manchester.ac.uk (N. Shokri).

ttp://dx.doi.org/10.1016/j.enbuild.2016.06.019
378-7788/© 2016 Elsevier B.V. All rights reserved.
the building. This leads to warmer indoor spaces in the summer and
as a result higher demands for air conditioning. Roofs can represent
up to 32% of the horizontal surface of built-up areas [6] and are
important determinants of energy flux and heat transfer through
the building envelopes. The roof offers the greatest opportunities
for improving the cooling of buildings. It is the building element
that is most exposed to the sky. Therefore, significant efforts have
been made to reduce this heat load by improving roof design [7,8].
As a result of such efforts, several methods have been proposed. The
so-called ‘green roof’ is an example of such a design [9,10]. A green
roof is a roof that contains a soil (growing media) and vegetation
layer as its outermost surface, allowing better regulation of building
temperatures [9]. Although use of green roofs provides significant
benefits, not only in energy consumption but also in urban micro-
climatological and environmental terms [11], some disadvantages
have been noted as well. Installation cost is elevated and mainte-
nance of the green roof system, i.e. watering and replacing the old
plants, is required regularly at additional cost. Besides, in terms
of building structure, enhanced structural support is required to
accommodate green roof systems to ensure sufficient capacity to
resist weight load under the soil and vegetation and avoid collapse

[12], further adding to the cost.

Other examples of alternative roofs include roof ponds and
evaporation-based roof cooling systems [7,13]. While no porous

dx.doi.org/10.1016/j.enbuild.2016.06.019
http://www.sciencedirect.com/science/journal/03787788
http://www.elsevier.com/locate/enbuild
http://crossmark.crossref.org/dialog/?doi=10.1016/j.enbuild.2016.06.019&domain=pdf
mailto:nima.shokri@manchester.ac.uk
dx.doi.org/10.1016/j.enbuild.2016.06.019
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Fig. 1. Experimental setup. The container filled with dyed water was  used to measure the potential evaporation rate. The container packed with sand particles (labelled as
“Roof  with sand”) was  used to investigate the performance of drying porous media in reducing the surface temperature compared to the bare roof (the middle column).
A  thermal camera was fixed on top of the roof covered with drying porous media. Metal halide lamps were used to heat the containers. Two pyranometers were used to
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easure the radiation flux (they were positioned parallel to the roofing surfaces t
quipped with thermocouples at the surface and bottom of the column. Additionall
he  thermocouples, heat flux sensors and the pyranometers were recorded using a 

edium is used in these evaporative roof systems, latent heat of
vaporation remains the main mechanism used to cool the build-
ng roof [14], as with green roofs. Crawford and da Silva [13], among

any others, studied the capability of a roof-based evaporative
umping system to lower thermal loadings imposed on the inte-
ior of a building to reduce energy consumption as a result of air
onditioning. Jain [15] presented thermal models to evaluate the
erformance of various passive cooling roof systems including bare
oof, wetted roof surface, and evaporative cooling using water pond
ith movable insulation and concluded that a roof pond with mov-

ble insulation offers an efficient method for roof cooling.
There are many papers that investigated evaporation-based

green or otherwise) roof cooling systems and a comprehensive
eview is beyond the scope of the present paper. But in general,
he effectiveness and viability of these types of roofs depend very
trongly on the local settings such as local climate, native vegeta-
ion, and water availability [1,16,17]. It should be also noted that
he very concepts of these types of roofs are designed for regions
ith abundant rainfall and water resources, and with native vege-

ation species that produce high cooling by evapotranspiration (in
he case of green roofs). Considering the rising temperature trends
ven in temperate cities (e.g. London), it is important to develop
nnovative, sustainable and cost-effective approaches capable of
ooling buildings under a variety of conditions.

Recently, there have been some efforts to evaluate the perfor-
ance of porous materials to be used on roofs (without vegetation)

o create an effective system for reducing heat flux through
uildings by utilizing their moisture absorption and evaporation

apabilities [12]. A robust explanation and quantitative tool to pre-
ict the performance of a given drying porous media on reducing
he heat flux through buildings are still missing due to a lack of deep
hysical understanding of how the thermal performance of drying
ture the flux normal to these surfaces). The column packed with sand grains was
at flux sensor was buried in the middle of the sand column. The data measured by
gger connected to a PC.

porous media is affected by their transport properties, the proper-
ties of the evaporating fluid, and the external boundary conditions
[18–22].

Typically the evaporation rate from initially saturated porous
media is relatively high and is controlled by the atmospheric
condition, the so-called stage-1 evaporation. During this period,
liquid water is transported toward the evaporation surface via the
capillary induced liquid flow connecting a receding drying front,
marking the interface between the saturated and unsaturated zone
[23], to the evaporation surface where liquid vaporization takes
place supporting the evaporative demand. At a certain drying front
depth or surface water content, the liquid continuity between the
drying front and the evaporation surface is ruptured as a result
of the interplay among the upward capillary force and the down-
ward gravity and viscosity forces. Consequently the liquid meniscus
recedes from the surface to a level below the surface forming an
overlying thin dry layer. This marks the end of stage-1 evaporation
[24]. When all liquid meniscuses are disrupted, a new vaporiza-
tion plane forms very close to the surface which marks the onset
of the so-called stage-2 evaporation. During this period, liquid is
transported from the saturated zone to the new vaporization plane
formed inside the porous medium followed by liquid vaporization
at that level and vapour diffusion through the overlying dry layer
[25]. Stage-1 and stage-2 evaporation are limited by the atmo-
spheric conditions and the transport properties of porous media,
respectively [26–28].

In the present paper, a novel approach was  proposed to reduce
the energy consumed for cooling buildings by utilizing drying

porous materials (with no vegetation) on roofs. By consuming a
part of the radiative energy received at the roof surface for liquid
vaporization, the evaporative porous layer reduces the heat flux
through the roof, as well as the convective heating of the outdoor
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mentioned earlier, during this period the drying process is domi-
Fig. 2. Particle size distribution of different sands used in the experiments.

pace that results in the urban heat island effect [29]. The main
ppeal of this approach compared to green roofs is that brackish
r salt water can be used for evaporation (it can thus be used in
ry coastal areas), no maintenance of vegetation is required, and
he roof depth can be quite small since it does not need to sup-
ort a root layer (posing lesser constraints on the built structure).
herefore, motivated by the importance of developing low-energy
ethods for cooling buildings, the specific objectives of the present

aper are a) to evaluate the application of drying porous media
n moderating the temperature of irradiated surfaces under labo-
atory conditions and b) to investigate the effects of particle size
n the performance of the drying porous media for this purpose.
his paper is a first step in a larger effort aimed at developing such
vaporative roofs.

. Experimental considerations

All experiments were conducted in the Multiphase Flow and
orous Media research laboratory in the School of Chemical Engi-
eering and Analytical Science at The University of Manchester. An
xperimental setup was developed to investigate the thermal per-
ormance of drying porous media, in terms of moderation of the roof
urface temperature and reducing heat fluxes towards the indoor
pace. The experimental station is illustrated in Fig. 1.

Three samples of quartz sand differing in particle size distribu-
ion referred to as coarse, medium and fine sand were used to pack
he customized Plexiglas containers (150 mm in height, 250 mm in
idth and 250 mm in length). Fig. 2 shows the particle size distri-

ution of the sand samples used in our experiments (provided by
he manufacturer).

The container was packed with sand grains saturated with water
ollowing the procedure described in Grapsas and Shokri [30]. To

easure the evaporation rate, the containers were mounted on dig-
tal balances (with accuracy of 0.1 g) connected to a computer to
ecord the mass every 5 min  during the experiments. The container
as closed from all boundaries except the top, which was exposed

o air for evaporation. The container packed with sand grains was
quipped with thermocouples specifically designed to measure soil
emperature (105E Type E Thermocouple, Campbell Scientific) with
he accuracy of 0.5 ◦C. The thermocouples were placed at the surface
nd bottom of the sand pack to measure the temperature at these
wo locations every 5 min  during the course of the experiment. The
ata were recorded using a datalogger (CR1000, Campbell Scien-
ific). In addition, a thermal camera (FLIR T650sc, FLIR Systems,
nc.) with a thermal sensitivity (at 30 ◦C) of less than 30 mK and

 resolution of 640 × 480 pixels was fixed above the packed sand to
ecord the dynamics of temperature evolution at the surface every

0 min. A square heat flux sensor (35.1 mm by 35.1 mm)  with a
hickness of 2.8 mm (Wuntronic GmbH, Germany) and accuracy of
% connected to the datalogger was placed in the middle of the sand
 Buildings 127 (2016) 521–528 523

pack to measure the heat flux during the evaporation process every
5 min.

In addition to the container packed with sand grains, in each
round of the experiment, two more containers (with the same
dimensions as mentioned above) were used to measure the poten-
tial evaporation rate and the temperature at the bare roof as
illustrated in Fig. 1. A thermocouple was placed on the surface of
the bare roof (covered by roofing felt) to record dynamics of the
roof temperature during the experiment. To measure the potential
evaporation rate, the 3rd container was  mounted on a digital bal-
ance (to record the mass every 5 min), filled with dyed water (3 mL
per litre), and connected to a Mariotte siphon (also mounted on the
same balance) that maintained the water surface in the container
at a fixed height [31].

To simulate the solar radiation, three metal halide bulbs were
used (EYE Color Arc PAR36, Iwasaki Electronic Co., Japan), which
were fixed on customized stands facing toward the contain-
ers as illustrated in Fig. 1. Two pyranometers (Hukseflux, The
Netherlands) were used to measure the shortwave radiation from
the bulbs. The pyranometers were connected to the datalogger to
record the data every 5 min  during the course of the experiment.
Special attention was given to establish equal radiation to the con-
tainers by adjusting the position and height of the solar lights until
similar radiation data were recorded by the two  pyranometers.

Using the described experimental station, three rounds of exper-
iments were conducted with the fine, medium and course sand. The
obtained results are explained next.

3. Results and discussions

3.1. Evaporative mass losses

The data measured by the balance were used to calculate the
cumulative mass loss and the evaporation rate during each round
of the experiment. Fig. 3 illustrates the obtained results.

During the experiments, we  did not control the air speed,
ambient temperature, or relative humidity. The average ambient
temperature during the experiments with the coarse, medium and
fine sand was  27.8, 29.4 and 30.1 ◦C, respectively and the average
relative humidity during the experiment with the medium and fine
sand was 20% and 17%, respectively (unfortunately due to a tech-
nical problem, we  could not continuously measure the ambient
relative humidity during the experiment with the coarse sand, but
we expect it to be in the same range and the differences have min-
imal impact on our results). The measured ambient temperature
and relative humidity were obviously different from the outdoor
values as the experiments were conducted in laboratory.

As mentioned earlier, the stage-1 evaporation is controlled by
the external conditions. The slight differences and fluctuations
observed in the measured evaporation rates during stage-1 in
our experiments are due to the fluctuation in air speed, ambient
temperature and relative humidity. Also this implies that when
extrapolating to the performance in the outdoors, the influence
of higher air speeds would be to increase evaporation and further
boost the effectiveness of the evaporative roofs. One can estimate
this increase to be about 25% based on the relation between the
Penman and Priestly-Taylor evaporation models, where a factor of
0.25 is used to model the contribution of the wind advection term.

According to Fig. 3(a), in all cases the slopes of the cumulative
mass loss curves were initially high and equal (indicating a high
evaporation rate which corresponds to the stage-1 evaporation). As
nated by the capillary induced liquid flow from the drying front (the
interface between saturated and unsaturated zone) to the surface
maintaining a high evaporation rate despite the receding drying
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Fig. 3. (a) The measured cumulative evaporative losses during the experiments with
the roofs filled with the coarse, medium and fine sand. The finer the particles, the
longer the duration of stage-1 evaporation. (b) The evaporation rates measured
during drying of the coarse, medium and fine sands placed over the roofs. Note
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Fig. 4. (a) Radiation flux toward the bare roofs measured by the pyranometers dur-
ing  the experiments with the coarse, medium and fine sand as illustrated in the
legend. (b) The radiation flux toward the roof filled with sand particles scaled by the
radiation flux received by the bare roof. The closeness of the value of this relative
radiation flux to 1 indicates equal radiation toward the two  containers (i.e. bare roof
and the one filled with drying porous media).
hat  the drying rate was  scaled by the measured potential evaporation rate from

he container filled with water. This dimensionless rate is referred to as “Relative
vaporation rate”.

ront. As shown in Fig. 3, in all three cases investigated in the present
ork, the stage-1 evaporation is followed by a transition period

nd stage-2 evaporation. This figure clearly illustrates the effect of
he texture of the porous media on the drying behaviour such that
he medium with finer pores exhibits longer stage-1 evaporation.
he relative evaporation rate in Fig. 3(b) was calculated by scal-

ng the measured evaporation rate in each case by the potential
vaporation rate measured from the container filled with water.

Similar behaviour was observed in other studies [24,25]. Stage-1
vaporation ends when the upward capillary force transferring the
iquid to the surface for vaporization is balanced by the downward
ravity and viscous forces. The latter is negligible in sandy media
ue to the large pore sizes [24]. In porous media with finer pores
uch as clay, the upward capillary force maintains the hydraulic
ontinuity over longer distances, prolonging the stage-1 evapora-
ion (for more discussions about the effects of pore size distribution
n the prolongation of stage-1 evaporation see Or et al. [30] and ref-
rences therein). Fig. 3 illustrates the influence of the pore size on
he dynamics of the transition from stage-1 to stage-2 evaporation.
he results show a sharper and shorter transition period as particle
ize (and probably the width and tale of the pore size distribution)
ecreases.

Different drying dynamics as influenced by the particle size
istribution reflect different liquid phase distribution through the
rying porous media. This will influence the temperature distribu-
ion as well as heat flux through the drying porous media, as will
e discussed in the next section.

.2. Thermal signatures during drying of porous media
Fig. 4(a) presents the recorded radiation flux by the pyranome-
er located in front of the bare roof in each round of the experiment
nd Fig. 4(b) shows the radiation flux recorded by the pyranometer
laced in front of the container packed with sand grains scaled by
Fig. 5. Evolution of the surface temperature of the bare roof measured during the
experiments with coarse, medium and fine sand. The observed temperature fluctu-
ation is due to the fluctuation of the ambient conditions.

the radiation flux received by the bare roof. The recorded radiation
flux is not similar to the values typically observed in outdoor spaces.
In our experiments the radiative flux was  limited by the capacity of
the metal halide lamps used in our experiments. However this dif-
ference in the radiative fluxes does not influence the process and
physics explained in this paper. Although slight differences were
observed between the radiation flux toward the bare roof in each
round of the experiment (due to the slightly different environmen-
tal conditions), the scaled radiation flux in Fig. 4(b) is very close to
1 in all cases. This indicates an equal amount of radiation to the two
containers used in each round of the experiment and enables us to
accurately evaluate the effects of the presence of a drying porous
medium together with the effect of its particle size distribution on
the roof surface temperature.

Although the radiation flux in each round of the experiment was
relatively constant (as shown in Fig. 4), the ambient temperature,

air speed, relative humidity, and also potentially ambient radiation,
were not constant in our experiments, causing some fluctuations in
the recorded bare roof temperature by the thermocouple as illus-
trated in Fig. 5. The attribution of the fluctuations to environmental
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F  sand (bottom row) at different times from the onset of the experiments. The numbers at
t ture (◦C). Results show that after the same amount of mass loss from the coarse, medium
a ansition from stage-1 to stage-2 evaporation (see Fig. 3).
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Fig. 7. The measured temperature at top and bottom of the container packed with
drying coarse (a), medium (b) and fine (c) sand referred to as “treated roof” in the
ig. 6. Surface temperature of the coarse (top row), medium (middle row) and fine
he  top indicate the evaporative mass losses. The colour map indicates the tempera
nd  fine sand (1.4 kg), the surface of the coarse sand is warmer due to the earlier tr

onditions is supported by the clear diurnal cycle in the tempera-
ure plots.

The temperature of the bare roof in each round of the exper-
ment served as a reference to evaluate the performance of the
rying porous media with a given particle size distribution in mod-
rating the surface temperature. In other words, the measured
emperature profiles through the drying porous media are scaled
y the recorded temperature of the bare roof in each round of the
xperiment, enabling us to evaluate the influence of the particle
ize on the performance of the drying porous media.

The temperature profiles through each drying container were
ifferent due to the different drying behaviour of the porous media
s influenced by the particle size distribution. Fig. 6 illustrates the
patial and temporal distribution of temperature at the surface of
he drying porous media during evaporation under the same cumu-
ative evaporative mass losses (hence at different times for the
ifferent experiments).

Fig. 6 shows that the surface temperature is higher as the parti-
le size increases as a result of the earlier transition from stage-1 to
tage-2 of evaporation. In other words, as particle size increases, the
apillary length sustaining the hydraulic connections between the
eceding drying front and the surface (where evaporation occurs
uring stage-1) shortens, which results in an earlier disconnection
f the hydraulic pathways between the saturated zone at the bot-
om and the surface. When the liquid connections are disrupted, the
vaporation surface dries out resulting in higher temperatures, and
his disconnection happens earlier in coarser sand both in terms of
ime and in terms of accumulated evaporative loss. This is why
nder the same cumulative evaporative water losses, the surface
emperature of the container packed with coarser sand is higher as
llustrated in Fig. 6.

Fig. 7 shows the evolution of the temperature at top and bottom
f the container packed with the drying porous media together with

he associated temperature of the bare roof.

The results show that in all cases, the temperature at the roof
nderlying drying sand packs is less than the bare roof up to a cer-
ain time, after which the presence of the porous medium has a

legend. Also presented is the measured temperature at the surface of the bare roof
(i.e.  the container without porous media).
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Fig. 8. Evolution of the temperature at the surface and bottom of the treated roof
filled with coarse, medium and fine sand presented in (a), (b) and (c), respectively.
The  temperature was  scaled by the temperature of the bare roof (using the values
in ◦C). Results show that the temperature of the treated roof (the roof filled with the
drying porous media) is lower than the bare roof as long as the evaporation process
remains during stage-1 evaporation. Due to the longer stage-1 evaporation in the
case of fine sand, the effectiveness of the fine-textured material to moderate the
roof surface temperature is improved.
26 S.M.S. Shokri Kuehni et al. / Ener

egligible effect on reducing the roof temperature. Additionally,
ig. 7 shows that the finer the particle size of the drying porous
edium, the longer is the period over which the surface tempera-

ure is less compared to the bare roof. This result can be interpreted
n the light of the drying curves shown earlier.

Another interesting feature to note in Fig. 7 is that for the evapo-
ative roofs the temperature at the top of the roof is lower than the
emperature at the bottom. This indicates that evaporation in this
ase in fact manages not only to reduce the inward heat flux, but
lso to reverse the flux such that the roof exterior would be cooling
he building. An indication of this cooling is that the temperature at
he bottom is slightly lower than the measured room air tempera-
ure (which varied from about 28–30 ◦C); the bottom surface does
ot receive radiation and any deviation of its temperature from the
mbient air would be related to the heat flux through the roof. A
emperature lower than the ambient air at that surface indicates
t is being cooled from above. This is not surprising in view of the
ow ambient relative humidity. Under such dry conditions, the wet
ulb temperature (which one can simply define as the minimum
emperature that a surface can cool to due to evaporation from its
urface into the ambient environment) is significantly lower than
he ambient air temperature (for our experimental conditions the
et bulb temperature can be computed from the air temperature

nd relative humidity and is ≈15 ◦C). An evaporating surface can
ool to temperatures below those of the air, even when the surface
s being heated by incoming radiation. It is clear that these con-
itions prevail in our experiment, and this reveals the potential of
vaporative roofs not only to mitigate cooling loads (reduce inward
eat flux), but furthermore to act as passive building coolers (create
n outward heat flux).

Fig. 8 shows the dimensionless temperature at the surface and
ottom of the drying porous media together with the associated
easured drying curves.

Fig. 8 shows that as long as the evaporation process is during
tage-1, the temperature at the surface of the “treated roof”, i.e.
he roof with the overlying drying porous media, is lower than the
are roof. As discussed earlier and shown in previous studies [32],
uring stage-1 evaporation the surface remains partially wet. This
educes the temperature compared to the bare roof. Fig. 8 clearly
hows that the end of stage-1 evaporation marks the time when
emperature begins to rise at the surface and bottom of the drying
orous media due to the loss of liquid continuity with the surface,
hich eventually reduces the surface water content. This Fig. con-
rms the importance of the drying characteristics of the porous
edia on the performance of such a roofing system. An efficient

nd effective porous media for such a system should present a rel-
tively long period of stage-1 evaporation, otherwise the influence
f the presence of the porous medium will be minor.

Additionally, Fig. 8 shows that as the particle size decreases, the
rolongation of stage-1 evaporation increases. Therefore, the appli-
ation of a finer-textured medium will be more effective compared
o the coarse-textured porous medium. It should be noted that in
he range of the particle sizes used in our experiments, all three
andy media contain relatively large grains. If the drying porous
edium were from a very fine-textured material, such as clay, the

rolongation of stage-1 evaporation could be limited by viscous
orces, which reduce the evaporation rate and also may  cause des-
ccation cracking [24,33]. However, these effects are negligible in
ur study. In any case, Fig. 8 shows that the application of drying
orous media on the roof reduces the roof temperature by about
◦C relative to the bare roof. Such a reduction has the potential to

educe cooling loads and carbon footprint, as well as energy bills

u requiring less energy to cool the building.

Moreover, Fig. 8 again shows that in all cases the temperature at
he bottom of the drying porous media was higher than the one at
he surface, which as discussed earlier illustrates the high potential
Fig. 9. The measured heat flux through the coarse, medium and fine sand. Positive
heat flux indicates upward heat transfer.

of evaporative roofs to act as passive cooling systems. This poten-
tial is further exhibited in Fig. 9, which depicts the measured heat
flux by the sensor buried in the middle of the drying porous media
during each round of the experiment.

In Fig. 9, positive values indicate upward heat flux (note that the
absolute values reported in Fig. 9 might have been influenced by the
threshold used in the working range of the heat flux sensor). Since
the temperature at the bottom of the drying porous media was
higher than the temperature at the surface during stage-1 evap-

oration in all experiments conducted in this study (Fig. 7 and 8),
upward heat flux was  observed in all cases during stage-1. Again
this is related to the low relative humidity that results in low wet
bulb temperature and stronger evaporative cooling at the top sur-
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ace to temperatures below the ambient air. If the roof surface is
elow the outdoor ambient air temperature and below the indoor
esirable temperatures, the evaporation latent energy would be
ontributed to by the upward heat flux in the roofs as well as by

 negative convective heat flux from the outdoor air towards the
oof surface.

This shows the potential of such a method (i.e. adding drying
orous media above the roof to moderate roof surface temperature)
o reduce the roof temperatures, the building cooling loads, and the
onvective heat flux to the exterior air that causes the urban heat
sland effect, potentially cooling the city [34,35] for analyses of the
nfluence of surface wetness and evaporation on the outdoor urban

icroclimate. However, since the temperature difference between
op and bottom of the drying porous media reduces at the end of
tage-1 evaporation, the heat flux (driven by the temperature gra-
ient) approaches to values close to zero and the cooling effect of
he roof would become insignificant in the absence of rainfall or
rrigation.

Combining the results presented in Figs. 7, 8 and 9, it can be
oncluded that (i) the effectiveness of applying porous media can be
mproved if the stage-1 evaporation is extended over a long period
ecause it keeps the roof surface temperature lower for a longer
ime and may  induce upward heat flux, and (ii) strong evaporation
an very effectively cool the roof surface and provide benefits in
erms of building energy consumption and the local microclimate.
hese are important considerations in designing evaporative roofs
ith porous media for real world applications.

. Summary and conclusions

We  have conducted carefully-controlled experiments to eval-
ate the application of drying porous media to reduce the roof
urface temperature, with a focus on the design considerations that
ould control the performance of such roofs. The results showed

he ability of porous materials to regulate the roof surface temper-
ture, which eventually influences the building energy efficiency
ia reducing energy consumptions for cooling of buildings. Reduc-
ng the surface temperature would also have positive implications
or mitigating urban heat islands since it would reduce the con-
ective heat flux from the roof surface to the outdoor air. Several
actors including fluctuating temperature and humidity, radiation,

ind velocity, rain fall, structure of porous media, wettability of
he grains, and the physical and chemical properties of the evapo-
ating fluid influence the drying behaviour of porous media. In this
aper, we investigated how the particle size distribution of a layer
f porous medium affects its drying behaviour and thermal perfor-
ance. Our results showed that finer-textured porous media are
ore appropriate for such an application because of the prolonged

tage-1 evaporation due to the efficient capillary flow connecting
he wet zone at the bottom of the drying system to the surface.
he thermal images, together with the data recorded by the ther-
ocouples, established the direct connection between the drying

ehaviour, the recorded temperature profiles and the limit of the
fficiency of the drying porous media. The end of stage-1 evapo-
ation coincides with the time when temperature at the treated
oof begins to rise making the influence of the presence of the dry-
ng porous media negligible. This result shows the need to design
orous materials that result in longer stage-1 evaporation if this
ethod is to be used to reduce roof surface temperature. Applica-

ion of the drying porous media lowered the irradiated laboratory
urface temperature by about 5 ◦C, but reductions on real roofs

here the incoming radiation is about 10 times higher than in our

aboratory experiments will be greater. The experiments also illus-
rated that evaporation can cool the surface to temperatures below
mbient air (the theoretical limit would be the wet  bulb temper-

[

[
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ature), thus reversing the heat flux and effectively extracting heat
from the roof (not only reducing heat influx to the roof).

Although this study is still at an early stage, it clearly illustrates
that this method has a potential to contribute toward reducing the
energy consumption by buildings especially in places with hot cli-
mates. Further investigations are underway to evaluate the effects
of the evaporating fluids (specifically saline water), as well as the
heterogeneity of porous media on the efficiency of this method.
More work is also needed, and is currently underway, to assess
the performance of such roofs under real world conditions. To that
end, we  will implement a model of the evaporative roofs in the
Princeton ROof Model (PROM, [16,17]) and the Princeton Urban
Canopy Model (PUCM, [29]), run PROM under the same experimen-
tal conditions we  tested in this paper to validate our methods, and
then apply the model under a wide range of real-world condition
to assess the potential of evaporative roofs.

The development and use of evaporative roofs would signifi-
cantly contribute towards the reduction of energy as well as water
use in cities (since we could use non-fresh water), weaken the cou-
pling of economic development and resource use, and facilitate the
emergence of more sustainable cities in the future
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