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An evaporatively-cooled facade system, composed of a Photovoltaic thermal (PVT), evaporative cooler, and
evaporatively-cooled facade, was previously developed. In this study, a control algorithm for the system parame-
ters is implemented and applied on spaces with evaporatively-cooled facade to generate the least possible facade
temperature, and consequently maximum possible energy savings. The optimization of the system parameters is
expected to overcome the limitations of using evaporative coolers in humid countries. The application of the con-
trol algorithm managed to increase the reductions in the facade heat gain from 33.5% to 38.3%.

The system, integrated with the control algorithm, is then applied throughout the year on spaces located in
Doha (Qatar) and Riyadh (Saudi Arabia), mimicking cities with harshly hot humid and dry weather conditions,
respectively. The daily and monthly performances are further investigated in four different space orientations
(i.e., north, east, south, and west). It was found that the application of the system can halve the highly glazed
facade heat gain during the summer, in all orientations, and may have adverse, yet desirable effect during the
winter. The integration of the control algorithm managed to reduce differences in system performance between
dry and humid locations, thus generating total annual savings of up to 21.8% in any typical city of the Arabian

Gulf.

1. Introduction

As more awareness is brought to the proliferating complications of
both energy exhaustion and hazardous emissions, the growth rates in
global annual energy consumption and carbon emissions have trended
to less than 1% and 0.1% respectively, over the past three years [1]. Ac-
cording the BP Statistical Review of World Energy, however, many de-
veloping countries are problematically not contributing towards this in-
ternational trend, especially those located in harshly hot weather cli-
mates of the Arabian Gulf, likely due to the abundant presence of en-
ergy resources [1].

Despite the widespread adoption of energy-reduction methods, resi-
dential and commercial buildings are still the primary energy-
consuming sector in hot climates. In fact, these buildings consume 65%
and 60% of the total electricity produced in the Kingdom of Saudi Ara-
bia (KSA) and the State of Qatar, respectively [2,3]. By exceeding the
world's average, this sector eventually formed the primary source of en-
ergy exhaustion in these countries [1]. In buildings, and among all com-
ponents of the thermal envelope, glazed surfaces are still considered as
the weakest; they transmit significant amounts of solar radiation, and
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absorb and re-emit large amounts, ultimately increasing the space en-
ergy demands significantly [4]. This problem has even magnified as the
shift from small windows to fully glazed facades progressed, due to
their numerous benefits on the building architecture, indoor daylight-
ing, and occupant productivity [4,5]. Consequently, this progression
has slowed these country's improvements towards energy conservation
and their corresponding visions for a cleaner future [5].

Many researches have traditionally focused on glazed surfaces as
means to reduce energy consumption in buildings. On one hand, these
studies mitigated solar radiation transmission into spaces through the
proper design of space orientation [6] and the appropriate selection of
window optical properties using either normal glazing [7,8], near-
infrared electrochromic glazing [9] or thermochromic glazing [10]. On
the other hand, other studies found energy savings by reducing the
glass solar absorption effect through the use of multiple-pane windows
[11], airflow windows, double-skin facades [12-14], and the addition
of phase-change materials to window cavities [15]. Moreover, simulta-
neous reductions in solar transmission and absorption were found
through the addition of fixed or dynamic shading devices, such as shut-
ters [4], solar films [16], brise soleil [17], and blinds [18,19]. Although
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Fig. 1. Schematic of the evaporatively-cooled

facade system applied on an office space.
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Fig. 2. Schematics representing the modeling of the (a) PVT panel, (b) Evaporative cooler and (c) Evaporatively-cooled facade [23].

all these methods managed to reduce the space energy demands in hot
climates variably, the change in space orientation in unfeasible in exist-
ing buildings, the switch into high-performance glazing is very expen-
sive to adopt, and the entrainment of outdoor air in airflow windows
and facades performs poorly, or even adversely, in harshly hot climates.
Moreover, the integration of shading devices, at least, causes partial ob-
struction of the outdoor visual sight, which is the primary purpose be-
hind having fully-glazed facades. Hence, this sheds lights on the neces-
sity to design novel and controlled passive cooling strategies that are
freely driven by a renewable source of energy and are capable of reduc-
ing the glass temperature and space cooling energy demands, such as
the evaporatively-cooled windows and evaporatively-cooled facades.
One of the successful passive cooling techniques is the system com-
prising of a solar chimney and a passive evaporative cooler applied on
glazing surfaces, or the so-called evaporatively-cooled window [20]. In
this system, the solar chimney and evaporative cooler are placed verti-
cally above and below the window level respectively, and enclose the
system using an outer glass layer. The solar radiation striking the chim-
ney surface drives a natural upward buoyant flow in the entire system; 2

outdoor air is cooled in the evaporative cooler, rendering it very capa-
ble at extracting heat from the window surface. The application of the
evaporatively-cooled window during one summer representative day
was found to save 19.8% of the space energy demands in the hot and
dry climate of Riyadh (KSA), and 13.1% and 11.3% in the hot and hu-
mid climates of Jeddah (KSA) and Doha (Qatar), respectively [20,21].
Although the application of the system was found to save 8.8% of the
space annual energy demand in Qatar [21] and enhance the human
thermal comfort inside the space [22], its limited performance in hu-
mid climates as well as its applicability only to small window surfaces
troubled its economic feasibility in some countries.

In a previous study conducted by the authors, the system of evapora-
tively-cooled facade integrated with Photovoltaic Thermal (PVT) panel
was introduced and developed [23]. This system, which is driven by the
solar energy striking a PVT surface rather than a solar chimney, powers
a fan and a pump to forcefully entrain outdoor air and extract more
heat from the facade surface. Furthermore, this system overcomes
many design issues facing the application of the evaporatively-cooled
window in humid climates [23]. Upon its successful modeling and ex-
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Fig. 3. The evaporatively-cooled facade system installed in the Zero Emission
laboratory for experimental validation.

Table 1
Model and experimental results of air at the outlets of the evaporative cooler
and glazing section during two representative hours.

Evaporative Cooler
Outlet Air Temperature

Q9]

Glazing Section Outlet
Air Temperature (°C)

Simulation Experiment Simulation Experiment

Time = 11 h (T, = 43.8°C, 39.6 40.4 £ 0.5 424 44.5 = 0.5
RH, = 30%,
Quer = 358 W/m?,
Qhor = 964 W/m?)

Time = 14 h (T, = 40.7 °C, 36.3 38.1 £ 0.5 39.2 423 = 0.5

RH, = 31%,
Quer = 309 W/m?,
Qhor = 863 W/m?)

perimental validation, this system was found to save 33.5% and 14.5%
of the facade total heat gain and space total energy demand during one
representative day in the humid climate of Doha (Qatar) [23]. How-
ever, these energy savings are pertinent to one case study and may vary
significantly depending on the weather conditions and facade orienta-
tion. More importantly, a control algorithm that manages the interac-
tions between the system subcomponents has not been implemented.
Due to the numerous heat transfer complexities inside the system, air-
flow controls are needed to intensify energy savings caused by its instal-
lation.

In this study, a control algorithm managing the interactions be-
tween all the subcomponents of the evaporatively-cooled facade system
is proposed to optimize its performance in reducing the space energy
demands. Then, the annual performance of the system is analyzed when
applied on office spaces in four different orientations in both Riyadh

(KSA) and Doha (Qatar), spimickipgigitiengvidhharsdyspispiand hu-
mid weather conditions, respectively. These countries have two domi-
nating seasons throughout the year: namely a hot summer from April to
November and a moderate winter from December to March. Lastly, the
benefits of the system during each season are assessed separately for
one summer and one winter days. The three variables (i.e., system con-
trol algorithm, weather climate, and space facade orientation) have
been selected for this study due to their significant resulting impact on
the proposed system and its components, and consequently on the
space thermal performance.

2. Methodology
2.1. Description of evaporatively-cooled fagade driven by PVT panel

The system integrating the evaporatively-cooled facade with the
PVT is schematically represented in Fig. 1. The evaporative cooler,
made of 1 cm thick aluminum material of rectangular cross section, is
located horizontally below the space level, and contains water absorb-
ing sheets all over its inner surfaces. Adjacently, the evapoartively-
cooled facade consists of the original glazed facade, and an outer glass
layer installed in front of it and enclosed on the sides to allow vertical
air motion only. Note that the outer glass layer installed in front of the
facade has a very high visible transmissivity so that it does not jeopar-
dize the visual sight of the indoor occupants, especially that its sole pur-
pose is to direct air passage upwards. On the other hand, the PVT is lo-
cated on the space rooftop and powers a fan and a pump; the first is
used to supply outdoor air to the evaporative cooler whereas the latter
is used to supply water to both the PVT and the evaporative cooler.

The system functions as follows [23]. Once solar radiation strikes
the PVT surface, solar energy is converted into electricity and stored in
its battery. This electricity drives the fan that entrains outdoor air into
the evaporative cooler. The outdoor air (State 1 in Fig. 1), which is pre-
dominantly hot throughout the year in hot climates, is cooled in the
evaporative cooler through sensible and latent heat exchanges with the
water absorbing sheets. The cooled air (State 2) is then drawn inside the
glazing section where it extracts significant heat from the facade hot
surface, before getting exhausted back out to the outer environment
(State 3). However, the cooling effect of the evaporative cooler is the re-
sultant of water evaporation; hence, its performance comes at the ex-
pense of its need for continuous water supply. For this reason, the pre-
sumed need to cool the PVT surface with water is also used to meet the
evaporative cooler demand. It is extremely important to mention that,
based on its flow rate, the water cooling the PVT surface is heated by
just few degrees above its original temperature, only to intensify the to-
tal cooling effect inside the evaporative cooler, both sensible and latent
heat exchanges combined [23].

The system has three major characteristics. First, it provides cooling
with minimal electrical requirements. In contrary to the direct usage of
PVT-generated electricity for air-conditioning units, which requires
large PVT surface areas, this system requires humble electrical needs
just to power a small fan and pump. Second, this system forcefully dri-
ves airflow into the entire channel (i.e., evaporative cooler and then the
glazed section). In comparison with the evaporatively-cooled window
system that is naturally driven by a solar chimney, this system ensures
much more cooling in the evaporative cooler and heat extraction in the
glazing section using the concepts of forced rather than natural convec-
tion [20-22]. Third, this system overcomes the limited performance of
the evaporative cooler in humid climates by placing it horizontally be-
low, rather than vertically in front of, the space level. This physical de-
sign provides flexibility in selecting the length of the evaporative cooler
so that, when both sensible and latent heat exchange occur, and despite
minimal latent exchange when humidity of the circulating air is high,
sensible exchange is intensified along the length of the cooler for maxi-

3 mum possible cooling.
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Fig. 4. Control algorithm for the evaporatively-cooled facade driven by PVT panel for optimal cooling performance.

2.2. System modeling

To study the performance of the system, a one-dimensional steady-
state model was previously developed to describe the air property
changes inside the channel along with the temperature variations of all
the system subcomponents [23]. As the airflow in the system is pow-
ered by a fan, the air property changes assume forced convection in the
evaporative cooler and glazing section, with negligible natural buoyant
flow in the later. Fig. 2 shows schematics of the three main subcompo-
nents of the system: PVT, evaporative cooler, and evaporatively-cooled
facade. Note that the complete modeling details of each component is
detailed in Ref. [23].

The PVT model of Herrando et al. [24] was adopted. As seen in Fig.
2(a), the PVT is composed of a glass layer, an airgap separating the
glass from the PV modules, adhesive tedlar layer with an encapsulating
film, an absorber with passing water pipes, and a back-insulation layer
[23,24]. The developed energy balance equations consider radiation
transmission and absorption through glass, radiation exchange between
surfaces, convection of outdoor air with the glass and conduction
through the different layers. Similarly, the energy exchange inside the
water pipes balances the heat flux of the water with the convection heat
transfer from the absorber to the water.

In the evaporative cooler, the model considers air heat and mass
transfers separately [20,23,25]. As shown in Fig. 2(b), the mass balance
equates the mass flux of the passing air with the convective moisture
gain, whereas the heat equation balances the heat flux with both sensi-
ble and latent heat exchanges with the water sheets.

As for the evaporatively-cooled fagade, the model divides this sec-
tion into three main layers; outer glass, air, and facade layers, as
schematically represented in Fig. 2(c). It takes the air temperature from
the evaporative cooler as an input, and considers radiation absorption
and transmission through glass, radiation exchange of glass with the
sky, radiation exchange between the glass layers, conduction through
the different layers, convection of outdoor air with glass, convection of
entrained air with outer glass and facade, and radiation exchange be-
tween the facade and each of the space internal walls. Lastly, the fan
and pump used in the system were assumed to supply constant flows
with a predefined efficiency [23].

The convection heat transfer coefficient of outdoor air with glass
was found using Hagisihma et al. [26] model based on the wind veloc-
ity. The radiation heat transfer coefficients between a surface and sky,
or between surfaces, were found based on their temperature states,
emissivities and their corresponding view factors [27,28]. In addition,
the sky temperature was estimated using the outdoor dry-bulb tempera-
ture, dew-point temperature and hour time, based on the model devel-
oped by Duffie and Beckman [28]. Moreover, the heat and mass convec-
tion coefficients inside the evaporative cooler and glazing section were
calculated using Gnielinski correlation for Nusselt number [29] and as-
suming a Lewis number of unity [20,25].

As the intended objective is the application of the system on an of-
fice space with fully-glazed facade in one pre-determined orientation,
the space model of Yassine et al. [30] was adopted. This model, which
distributes transmitted solar radiation over the space walls according to
their surface areas, discretizes each surface in time and space to predict
its hourly temperature at each discretized node using the implicit nu-
merical scheme. The model also outputs the space hourly thermal load
as well as the cumulative daily energy demand based on the inputted
building thermal envelope, desired internal loads and selected outdoor
conditions. All the mathematical equations used to model the inte-
grated system and its components are detailed in Ref. [23].

2.3. System experimental validation

Actual experiments were conducted at the Zero Emission Laboratory
at Qatar University to validate the developed numerical model. One
space contained inside the laboratory, whose walls are fully insulated
except for the glazed facade, was used to install the entire system as
shown in Fig. 3. The space indoor environment was controlled as de-
sired using a chiller with sensors that measured the chilled water inlet
and exhaust conditions. Detailed description of the experimental setup
and protocol are found in Ref. [23].

To better assess its ability in mimicking the space conditions, the
model was validated under two cases for 24 consecutive hours; once
without the system and once with the system installed on the facade ex-
ternal surface. The outdoor weather conditions were continuously mea-
sured at an adjacent meteorological site, averaged every hour, and then
fed into the simulation model.
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Fig. 5. Monthly averages of temperature, relative humidity, Global Horizontal Irradiance (GHI) for (a) Doha (Qatar) and (b) Riyadh (KSA).

Table 2
Technical specifications & material properties of the space envelope and
evaporatively-cooled facade system [23,24,34,35].

Component Properties

Facade e Double-pane: 3 mm Clear — 6 mm airgap — 3 mm Clear (U-
value = 3.23 W/m?K)
SHGC = 0.76

20 cm gypsum board

Internal Walls e

Floor & e 150 mm lightweight concrete (U-value = 3.8 W/m?K)
Ceiling
Outer Glass e 6 mm Clear glass (U-value = 6.31 W/m?K)
e SHGC = 0.9
e r-visible = 0.88
e r-solar = 0.77
Photovoltaic e Surface area = 1.56m?
Thermal e Glass:t = 3mm; ¢ = 0.84; 7 = 0.9; a = 0.02; §; = 0.16;
(PVT) k = 0.0189 W/mK; U-value = 6.31 W/m?K; SHCG = 0.9
e Airgap: t = 5 mm; k = 0.026 W/mK
e Solar cells: PF = 0.9; a = 0.9; ¢ = 0.9
® EVA - adhesive tedlar: Ueguivatens = 500 W/m?K
® Absorber: a = 0.95; ¢ = 0.05
e Tubes: Diameter D = 1 cm; Number of Tubes N = 11
e Insulation: t = 2 cm; k = 0.02 W/mK
Evaporative e Aluminum of 1 cm thickness
Cooler e Surfacearea = 6m X 5m
e Gap = 5cm

Table 3
Space internal loads accounted for in the case study.

Internal Load Value

130 W/person [36]
200 W/computer [20]
1 W/ft? or 10.8 W/m? [37]

Two Occupants
Two Computer Stations
Internal Lighting Load

The validation process consisted of measuring the hourly values, for
one whole day, of the air temperature at the evaporative cooler outlet
and glazing section outlet (refer to states 2 & 3 in Fig. 1; measured at
+0.5 °C), the facade and outer glass inner and outer surface tempera-
tures (at =0.3 °C), and the space total thermal cooling load. The latter
was calculated using the chilled water flow rate (at = 0.1 1/min) and in-
let-outlet temperature difference (at +£0.1 °C) to maintain the indoor
environment at 24 °C. For the case when the system was not installed
(i.e., base-case office space), the maximum disparities, between the
simulation and experiment, for the facade outer and inner surface tem-
peratures were 0.8 °C = 0.3 °C (2.9%) and 0.7 °C + 0.3 °C (3.7%), re-
spectively. The corresponding daily thermal energy demand was
1424 Wh in the simulation and 1463 + 17 Wh in the experiment [23].
In the case when the system was installed, the maximum hourly dispari-
ties for the outer glass and facade outer and inner surface temperatures
were 3.3 °C % 0.3 °C (6.9%), 3.9 °C = 0.3 °C (8.5%), 2.8 °C = 0.3 °C
(5.9%) and 1.6 °C = 0.3 °C (6.0%). The space had a corresponding
daily thermal energy demand of 1781 Wh in the model and
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Table 4
Facade daily thermal heat gain with and without the integration of the con-
trol algorithm.

Facade Daily Heat Gain Percentage

(kwh) Reduction (%)
Base-case Space 4.7 -
Space with System — No Control 3.1 33.5
Algorithm
Space with System — With Control 2.9 38.3
Algorithm

1732 + 17 Wh in the experiment [23]. As for the air property changes
inside the system (i.e., states 2 & 3 in Fig. 1), validation was carried out
at all hours, two of which are illustrated in Table 1.

As shown in Table 1, good agreement was found between the pre-
dicted (i.e., model) and actual (i.e., experiment) air temperatures at the
outlet of the evaporative cooler and glazing section. In summary, and
for each two datasets, one representing the predicted temperatures
through the model while the other representing the actual temperatures
obtained through experimentation, strong correlation with statistical
significance was found for both the facade and outer glass, exhibited by
a maximum root mean square error (RMSE) of 1.5 °C and 0.4 °C with
and without the system installed, respectively. Hence, it was concluded
that the simulation model that integrates the evaporatively-cooled
facade system with the space is actually valid. Note that the hourly per-
formances of the facade and outer glass inner and outer surfaces, as
well as that of the air inside the system (i.e., states 1, 2 & 3 in Fig. 1),
used for temperature validation are all detailed in Ref. [23]. It is of in-
terest to mention that the water passing through the PVT was numeri-
cally found to be heated by few degrees only (3-5 °C) and, as antici-
pated, was still capable of contributing towards both sensible and latent
heat exchanges for maximum possible cooling in the evaporative cooler
and optimal system performance.

The application of the system on a south-oriented office was found
to save 33.5% and 14.5% of the facade daily heat gain and space total
thermal energy demand respectively, during one summer representa-
tive day (July 21st) in Doha, Qatar [23]. The selected location repre-
sents a country with harshly hot and humid weather conditions. Despite
the reductions in space loads, energy savings only correspond to the ap-
plied case study; outcomes are expected to differ depending on the
weather location (i.e., dry Vs humid) and facade orientation. In addi-
tion, the winter performance of the system was not assessed, and its
gross yearly benefits were never quantified. More importantly, the con-
ducted case study considered constant supplies of 0.2 m3/h of water
and 54 m3/h of air to the system subcomponents, which may not be

ideal for optimal performapgg, ThisiiHdanRrOPASeS 00RMebadgorithm
between the system subcomponents for optimal performance, which is

expected to mitigate differences in system performance between dry
versus humid conditions, and also conducts yearly simulations to inves-
tigate the winter and summer outcomes of the system installation on of-
fices with four different orientations in Doha and Riyadh. These two lo-
cations represent countries suffering from hot dry and hot humid
weather conditions almost throughout the year.

2.4. Control algorithm

As previously mentioned, the case study carried out previously con-
sidered no control algorithm between the system subcomponents, but
simply constant flow rates of water and air. However, supplying con-
stant flow rates may not yield optimal system performance.

In the evaporative cooler, sensible and latent heat exchanges take
place. According to literature [25], and as per the developed model
[23], it was noticed that latent heat exchange cooling effect is more sig-
nificant than that of the sensible heat. However, when hot outdoor air is
very humid (i.e., humidity ratio is higher than the saturated humidity of
air at water temperature), no latent heat exchange occurs, and sensible
exchange solely dominates. Hence, in countries that suffer from humid
weather conditions throughout the year, designing long evaporative
cooler along the space floor, for maximum sensible cooling, becomes
advantageous.

In the long evaporative cooler, the air velocity is critical. On one
hand, high air velocity intensifies the convection heat and mass transfer
coefficients, which yields higher cooling efficiency. Yet, this high veloc-
ity lowers the cooling time in the evaporative cooler before air reaches
its outlet. On the other hand, low air velocity decreases the cooling effi-
ciency but increases the cooling time. Thus, the speed of air supplied to
the evaporative becomes a trade-off between cooling efficiency and
cooling time. The same applies to the evaporative-cooled facade where
the trade-off is between the heat extraction capacity and time.

A thorough investigation has been carried out for that purpose
across three different dimensions: 1- conducting several experimenta-
tions at different air speeds to ensure the validity of the model under
different conditions, 2- sensitivity analysis on the air speed in the model
for conditions that are not practically achievable experimentally, and 3-
scenario analysis assuming different system physical dimensions, and
indoor & outdoor conditions After critical investigation, the air flux in-
side the evaporative cooler and evaporatively-cooled facade turned out
to have a dominant effect over both heat and mass exchanges com-
bined. Consequently, supplying air at low velocities was found desir-
able. Nonetheless, within this low-speed band, an incremental change
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Fig. 6. Optimal air velocity for the system with and without the control algorithm during one representative (July 15th) in Doha, Qatar.
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Fig. 7. The monthly thermal performance of the spaces oriented towards the (a) North, (b) East, (c) South and (d) West in Doha (humid) and Riyadh (dry).

in the air velocity may sometimes have a positive effect on cooling.
Therefore, the optimal performance is the one that maximizes the heat
exchange efficiency by intensifying the heat and mass transfers at the
lowest possible cooling time.

For the optimal system performance, a measurable and quantifiable
criterion had to be defined. The criterion selected for the air speed in-
side the system channel is the one that results in the lowest possible
facade surface temperature. Regardless of the outdoor driving weather
conditions, the least facade temperature is always desirable; in the sum-
mer, it provides maximum reduction in the space energy demands

7

whereas in the winter, it yields maximum heat loss in a space whose
load is still positive [18]. Hence, the following control algorithm is pro-
posed.

As shown in Fig. 4, the algorithm first takes the space and system di-
mensions and properties as inputs to the model, and initializes all sur-
face temperatures arbitrarily. As outdoor driving conditions are fed into
the model, namely the solar radiation, dry-bulb temperature and rela-
tive humidity, the algorithm checks for the presence of solar radiation
at each time-step (hourly time-steps were taken during which parame-
ters are assumed to be constant). If present, the algorithm runs the PVT



A. Al Touma and D. Ouahrani

Table 5
Annual energy savings in Doha (humid) and Riyadh (dry) for offices in four
different orientations.

Doha (Humid)

Total Energy Demand North  East South  West
Without System (kWh/m?) 239.3 356.8 362.8 356.0
With System & Control Algorithm (kWh/m?) 197.2 279.2 2844 278.7
Total Energy Savings (%) 17.6% 21.8% 21.6% 21.7%
Incremental Energy Savings Due to Control 1.8% 22% 22% 2.2%
Algorithm (%)

Riyadh (Dry)

Without System (kWh/m?) 210.4 335.2 357.2 338.0
With System & Control Algorithm (kWh/m?) 176.2 263.9 280.5 265.2
Total Energy Savings (%) 16.2% 21.3% 21.5% 21.6%
Incremental Energy Savings Due to Control 1.6% 21% 22% 2.2%

Algorithm (%)

model and outputs the water temperature at the outlet of the panel.
Then, the evaporative cooler, which discretizes the heat and mass trans-
fer balance equations into algebraic equations using the implicit numer-
ical scheme, uses the water temperature from the panel outlet to find
the air temperature and humidity distributions along this section based
on a 0.05 m/s air velocity. Later, the algorithm reaches the evapora-
tively-cooled facade section and uses the adjacent space model to calcu-
late the new temperature distributions along the outer glass, induced
air, facade, and all indoor space walls. Based on the new temperature
calculations, the algorithm iterates assuming the same initial air veloc-
ity until the relative error between any two iterations is less than
10-3 at any discretized node. Having found the proper fagade surface
temperature at the designated time-step, the algorithm proceeds by re-
peating all the aforementioned steps at different air velocities ranging
between 0.05 m/s and 1.0 m/s, with increments of 0.05 m/s. Once the
facade temperature at each air velocity is found for one specific time-
step, the optimal speed is selected as the one that leads to the least
facade surface temperature. Subsequently, the algorithm proceeds to
the next time-step where the entire process is repeated until the optimal
air speeds are found at all sunlit hours of the day. Note that during the
hours when solar radiation is not present, the control algorithm skips
the PVT and evaporative cooler models, and proceeds from the evapo-
ratively-cooled model assuming no airflow in the channel.

After all optimal walls and facade temperatures are found at all
time-steps, the space load and cumulative daily thermal energy demand
are calculated for results assessment. Lastly, note that after implement-
ing the control algorithm, and during the annual simulations, inputs
from one day are used for next day, and simulations were run over
many cycles to eliminate the effect of initial conditions.

2.5. Weather data

One major problem behind the failure of many solar-driven tech-
nologies is the inappropriate prediction, or often the overestimation, of
the driving weather conditions. In fact, most applications rely either on
outdated data, which may not be accurate currently, or on theoretical
model, which may be imprecise compared to the real situations
[21,31,32]. Moreover, for the proper implementation of any solar-
driven technology, including the evaporatively-cooled facade system,
accurate data for all outdoor driving parameters is crucial, especially
that most failures have been historically caused by the overestimation
of this data.

One source of weather data is the EnergyPlus Weather (.epw),
which averages different meteorological statistics (e.g., temperature,
humidity, radiation) over a finite number of years [33]. Since no data
examination could be done on this weather file (e.g., sensing control,
quality assurance, or data cleaning), and to ensure that standard ap-
proaches were used for typical meteorological year, data validation was
deemed necessary. For this reason, and to ensure that data extracted

from this source is represepiativg sllgaskiesansedpand directly rel-
evant to this study, hourly and monthly averages for Doha, Qatar, were
compared with those measured experimentally at the meteorological
site of the Zero Emission Laboratory at Qatar University, continuously
over the year of 2016. Details of the prepared instrumentation and
maintenance, data gathering, and analysis are documented by A. Al
Touma & D. Ouahrani [21]. Data validation for temperature, relative
humidity, and global horizontal and vertical irradiances (on south sur-
face) was carried out.

The maximum discrepancy in monthly averages between Energy-
Plus weather file and experimental recordings was less than 2.0 °C in
October for temperature and 9% in April for relative humidity. Simi-
larly, the largest difference was 1.6 kWh/m? and 1.5 kWh/m? for daily
global horizontal irradiance in December and global vertical irradiance
(in south orientation), respectively. A closer look at the hourly data, es-
pecially during typical representative days, shows that both trends are
comparable with statistically significant correlations. Hence, it was
concluded that EnergyPlus (epw) parameters do in fact represent cur-
rent weather conditions, and consequently can be reliably used for the
purpose of this study. The weather data used for Doha (Qatar) and
Riyadh (Saudi Arabia) is shown in Fig. 5.

As seen in Fig. 5(a), the average dry-bulb temperature per day in
Doha ranges between 18.3 °C in January and 35.7 °C in August,
whereas the average relative humidity per day varies between 37% in
May and 66% in December. On the other hand, global horizontal irradi-
ance ranges between 3.3 kWh/m? in December and 7.6 kWh/m? in
May. Similarly, Riyadh shows an average monthly temperature that
ranges between 14.0 °C in January and 36.4 °C in August, and a relative
humidity between 8% in July and 57% in December. Global horizontal
irradiance varies between monthly averages of 4.1 kWh/m? and
8.0 kWh/m?, as exhibited in Fig. 5(b). It is of interest to highlight the
similarities of the two weathers in temperature and solar radiation, as
exhibited by root mean square errors (RMSE) of less than 2.8 °C in tem-
perature and 0.7 kWh/m? in horizontal irradiance, and the substantial
difference in relative humidity with a RMSE of 31%, which is expected
to practically isolate the effect of that parameter to draw scientific con-
clusions on the capability of the control algorithm to overcome that dif-
ference. Also, and as anticipated based on both cities’ longitude, it is ex-
pected that solar radiation striking vertical surfaces in south orienta-
tions are the most prominent, whereas north-orientations are typically
least hit and affected by this parameter.

2.6. A case study

From the validated simulation, the space model was adjusted to
mimic real-life conditions using the developed control algorithm ap-
plied on the evaporatively-cooled facade. An office space, of
6 m X 5 m dimensions and a height of 2.8 m, was considered. The of-
fice has one fully glazed facade, with dimensions of 6 m X 2.8 m, fac-
ing one orientation (e.g., north, east, south, or west), whereas the rest
of the walls, floor, and ceiling are all assumed to be internal and adja-
cent to other conditioned spaces.

The space envelope was selected from popular actual construction
practices followed in the Arabian Gulf [34,35]. Moreover, the construc-
tion envelope abides by the regional standards set for buildings in
harshly hot climates [35]. The details of the space thermal envelope are
provided in Table 2. As for the evaporatively-cooled facade system (i.e.,
PVT, evaporative cooler, and glazed section), its technical specifica-
tions are also summarized in Table 2. Note that the outer glass is just a
6 mm clear glass layer of 0.88 and 0.77 visible and solar transmissivi-
ties, which is expected not to impact the visual eyesight of the space oc-
cupants.

The space was set to have an indoor temperature of 24 °C. Lastly,
and to mimic real conditions, the space is set to have some internal

8 loads, as detailed in Table 3. All internal loads are activated during the
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Fig. 8. The hourly thermal performance of the spaces oriented towards the (a) North, (b) East, (c) South and (d) West during one summer representative day in Doha

(humid) and Riyadh (dry).

normal working hours of the day (weekdays only) from 8AM (9 h) to
6PM (19 h) [20].

3. Results and discussion
3.1. The application of control algorithm

To assess its benefits, simulations on the system were carried out
with and without the control algorithm, under exactly the same set of
inputs and driving conditions, and were compared to a base-case office
space without the system installed on the facade. These simulations
were conducted for Doha on July 15th; a summer representative day
where the temperature varied between 32.9 °C and 40.0 °C, and the rel-

ative humidity ranged between 42.3% and 73.9%. Results of the facade
daily heat gain and hourly optimal air velocity are shown in Table 4 and
Fig. 6.

As seen in Table 4, the reduction in the facade daily thermal heat
gain is intensified from 33.5% to 38.3% when the control algorithm is
integrated to the system. This is because supplying air at a constant
speed turned out to be suboptimal for the system performance. Al-
though low airspeeds (i.e., 0.05 m/s) are preferable for maximum air
cooling inside the evaporative cooler, incremental changes in the air ve-
locity inside the channel during certain hours were found favorable in
obtaining the least possible facade hourly surface temperatures, espe-
cially during the hours when heat gain is typically large (e.g., 10-16 h).
These incremental changes, from 0.05 m/s to 0.1 m/s and 0.15 m/s be-
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Table 6

Savings in the facade heat gain and space total thermal energy demand dur-
ing one summer representative day in Doha (humid) and Riyadh (dry) for of-
fices in four orientations.

Doha (Humid)

North  East South  West

Energy Demand Without System (kWh) 27.9 39.7 27.7 40.0

Energy Demand With System & Control 20.4 28.6 20.3 28.9
Algorithm (kWh)

Total Savings in Energy Demand (%) 26.8% 28.1% 26.7% 27.9%

Incremental Total Savings Due to Control 27% 2.8% 27% 2.8%
Algorithm (%)

Savings in Facade Heat Gain (%) 47.6% 37.5% 47.8% 36.4%

Riyadh (Dry)
Energy Demand Without System (kWh) 26.7 38.7 26.5 38.6
Energy Demand With System & Control 19.3 27.6 19.2 27.5

Algorithm (kWh)
Total Savings in Energy Demand (%) 27.6% 28.7% 27.6% 28.6%
Incremental Total Savings Due to Control 2.8% 29% 28% 2.9%
Algorithm (%)

Savings in Facade Heat Gain (%) 53.2% 41.0% 53.2% 40.3%

tween 8 and 16 h, as seen in Fig. 6, enhanced the performance of the
system, and consequently decreased the space heat gains even further.
Hence, the control algorithm implemented and integrated on the evap-
oratively-cooled facade system turned out to be beneficial in providing
additional savings of 2.7% to the space thermal loads during this day.
Note that the increase in the energy consumption of the fan is expected
to have a marginal effect on the total space electricity consumption and
bill, considering its relatively small size (e.g., 50 W Elekta [23]). For
the day under consideration, for instance, the fan energy consumption
went up from 0.10 kWh to 0.19 kWh throughout the entire day, and a
PVT of just 1.56 m? in size with a small storage battery were deemed
satisfactory to meet this demand (refer to Table 2).

3.2. Monthly and yearly performances

As the annual performance of the evaporatively-cooled facade sys-
tem was never evaluated, the simulation model was adjusted to feed the
hourly weather data (e.g., temperature, relative humidity, global hori-
zontal irradiance ...) throughout the year for the office space consider-
ing four different orientations: north, east, south, and west. The simula-
tions were also carried out for both Doha (Qatar) and Riyadh (Saudi
Arabia), mimicking cities with harshly humid & dry weather condi-
tions, respectively. Note that the space thermal load was calculated as
the summation of the individual hourly loads of the facade and walls,
including the floor and ceiling, whereas the energy demand was the
corresponding accumulation for daily, monthly, and annual perfor-
mances. Results are shown in Fig. 7 and Table 5. Note that the incre-
mental energy savings due to the integration of the control algorithm
are calculated as the additional reductions seen after implementing the
control algorithm, in comparison with the case when the system is in-
stalled without any control over its components.

As seen in Fig. 7, the system installation on the spaces had a positive
effect on the facade by decreasing its temperature in all four orienta-
tions, especially during the summer, with some slight adverse effect
during the winter. However, the magnitude of the decrease was differ-
ent depending on the facade orientation:

e Due to the countries' latitudes, north orientations in Qatar & Saudi
Arabia are typically facades struck by least amount of solar
radiation. When installed, the facade average temperature
decreased by up to 1.4 °C and 1.8 °C during the hot month of August
in Doha and Riyadh, respectively. This decrease led to a reduction of
38.2% and 18.4% in the monthly facade and total space heat gains

in Doha respectively, and of 50.6% and 21.6% in Riyadh. Since the 10

latter is a city exhibiting,drysf sneathersanditionsdhe isugagt of the
system installation was larger. However, the system performed
poorly, or sometimes adversely, in the wintertime. During winter,
outdoor temperature is expected to be lower than indoor
temperature, hence reversing the effect of the system, especially
when hit by minimal solar radiation. Nonetheless, this adverse
effect of the system during winter is not expected to jeopardize the
indoor conditions but, on the contrary, enhance indoor thermal
comfort and radiation symmetry (i.e., less radiation asymmetry).
These impacts will need to be investigated by the authors later in a
separate study. Throughout the year, the system managed to
decrease the space total energy demands by 17.6% and 16.2% in
Doha and Riyadh, respectively.

In east and west orientation, the system performed advantageously
almost throughout the year. It managed to decrease the monthly
average temperature by up to 1.1 °C in Doha and 1.4 °C in Riyadh.
For the same humidity reasons, the application of the system in
Riyadh outperformed Doha. It is of interest to note that, although
the facade temperature barely increased during the winter, the
system still performed favorably in terms of space load. This is
because the combined effect of less radiation transmission into the
space and less internal walls temperature outweighed the minimal
increase in facade temperature. Note that east and west orientations
are hit by considerable solar radiation even during the winter,
which allows the system to still perform well. In July, its application
managed to reduce the monthly facade heat gain and space total
heat gain by up to 27.5% and 17.7% in Doha, and by up to 36.0%
and 19.9% in Riyadh, respectively. Throughout the year, the system
integrated with the control algorithm decreased the space total
energy demands by 21.8% in Doha and 21.6% in Riyadh.

The application of the system on south-oriented facades managed to
reduce their average monthly temperature by 1.5 °C in Qatar and
1.9 °C in Saudi Arabia. The system installation on the facades that
are most struck by solar radiation managed to decrease the monthly
facade heat gain by 42.1% in Qatar and 51.3% in Riyadh.
Ultimately, this led to reductions in the total monthly heat gain in
July of 18.7% and 21.8%, and annual reductions of 21.6% and
21.5% in Doha and Riyadh respectively, as shown in Table 5.

As exhibited in Fig. 7and Table 5, it is of interest to highlight the
parity in the system performance between the dry and humid weather
conditions. This parity, which is quantified in smaller differences than
previously shown in other studies [23], can only be attributed to the ap-
plication of the control algorithm that optimizes parameters inside the
evaporatively-cooled facade system to yield the best possible perfor-
mance. Also, it important to note that the control algorithm alone man-
aged to contribute into to space total energy savings by increments of
between 1.6% and 2.2% in both cities, above those resulting from the
simple installation of the system itself.

3.3. Summer performance

To better assess the impact of system installation on the space, inte-
grated with the developed control algorithm, summer and winter repre-
sentative days analyses were carried out separately. For the summer
days, individual simulations were conducted on July 21st, representing
the harsh summer conditions in the Arabian Gulf. The facade tempera-
ture and space total load for spaces with and without the system in-
stalled in four different orientations are shown in Fig. 8, whereas over-
all daily energy savings are tabulated in Table 6:

e In north orientations, and when the system is not installed, the
facade surface temperature is of symmetrical shape, around 11 h in
Doha with a peak value of 30.5 °C, and around 16 h in Riyadh with a
peak value of 30.6 °C. The installation of the evaporatively-cooled



A. Al Touma and D. Ouahrani

Doha (Humid) Rivadh (Dry) 102642
O Space Load (Without) @ Space Load (With) O Space Load (Without) B Space Load (With)
#Facade Temperature (Without) AFagade Temperature (With) # Facade Temperature (Without) AFagade Temperature (With)
1400 25 1400 25
A A2 = 3}
Z1200 A & 3T | |10 A A, .
o - 2
:;,31000 " g E 1000 - g
-é 800 lg § 800 o é‘
:;n‘. 00 19 E, & 600 =
400 17
T T T T A R R
Time [Hour] Time [Hour]
()
O Space Load (Without) B Space Load (With) O Space Load (Without) @ Space Load (With)
#Facade Temperature (Without) AFagade Temperature (With) #Fagade Temperature (Without) A Fagade Temperature (With)
3000 29 3000 29
E 2m0 s, 72l | E o b 7E
o A 4 3§ ) A A 25 &
£ 1800 ¢+ 4 2| | E1800 A X £
2 1400 *1 B3l | 21400 471 B2
£ 1000 2 5| | &1000 21 8
600 19 600 19
8 9 10 11 12 13 14 15 16 17 8910 Sil 2 S g S e
Time [Hour] Time [Hour]
(b)
O Space Load (Without) @ Space Load (With) O Space Load (Without) @ Space Load (With)
#Fagade Temperature (Without) AFacade Temperature (With) #Facade Temperature (Without) AFagade Temperature (With)
4600 32 4600 32
= 4000 305 z 4000 305
% 3400 8= = 3400 285
Z 2800 26 E 52800 26 ‘g
g 2200 2 ';1 g 2200 %2
& 1600 28| | #1600 2s
1000 20 1000 20
8§ 9 10 11 12 13 14 15 16 17 § 9 10 11 1213 14 15 16 17
Time [Hour] Time [Hour]
()
O Space Load (Without) @ Space Load (With) 0O Space Load (Without) @ Space Load (With)
#Facade Temperature (Without) A Fagade Temperature (With) #Fagade Temperature (Without) A Fagade Temperature (With)
3400 30 3400 30
— 3000 28 77 — 3000 287
£ A=
z <2 =
= 1800 Z % = 1800 z: %
2 1400 £ 2 1400 £
% 1000 20 = | | & 1000 208
600 18 600 18
8 9 10 11 12 13 14 15 16 17 8§ 9 10 11 12 13 14 15 16 17
Time [Hour] Time [Hour]
@

Fig. 9. The hourly thermal performance of the space oriented towards the (a) North, (b) East, (c) South and (d) West during one winter representative day in Doha

(humid) and Riyadh (dry).

facade system on the space reduced its facade peak temperature to
27.8 °C for both cities. This decrease has cut the facade heat gain
almost by half, and the space total daily energy demand by 26.8%
and 27.6% in Doha and Riyadh, respectively (Table 6). Despite the
significant difference in weather conditions, especially during the
summer (i.e., humid Vs dry), the spaces performed quite similarly
when the system was installed.

e Spaces directed towards the east, with no system, have peak facade
temperature values in the early hours of the day of 32.7 °C (at 9 h) 11

in Doha and of 31.8 °C (at 10 h) in Riyadh. After the system was
applied, facade temperature reduced significantly throughout the
day, with peak values of 31.6 °C and 30.8 °C in Doha and Riyadh
respectively, ultimately saving 28.1% and 28.7% of the spaces total
daily heat gains (Table 6). Spaces directed towards the west have
similar performances, except that peak values, and corresponding
reductions, are shifted to the later hours of the day at 15 h in Doha
and Riyadh. Similar total daily savings of 27.9% and 28.6% are
found.
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Table 7

Reductions in the facade heat loss and space total thermal energy demand
during one winter representative day in Doha (humid) and Riyadh (dry) for
offices in four orientations.

Doha (Humid)

North East South  West

Energy Demand Without System (kWh) 9.3 18.9 33.1 18.6
Energy Demand With System & Control 11.5 20.0 32.6 19.9
Algorithm (kWh)

Total Savings in Energy Demand (%) -24.7% -5.7% 1.6% -7.2%

Incremental Total Savings Due to Control -2.5% -0.6% 0.2% -0.7%
Algorithm (%)

Reductions in Facade Heat Loss (%) 67.3% 117.7% 381.1% 124.2%

Riyadh (Dry)

Energy Demand Without System (kWh) 5.0 18.1 35.9 17.8

Energy Demand With System & Control 8.8 20.0 35.8 20.2

Algorithm (kWh)

Total Savings in Energy Demand (%) -76.1% -10.8% 0.1% -13.4%

Incremental Total Savings Due to Control -7.6% -1.1% 0.0% -1.3%
Algorithm (%)

Reductions in Facade Heat Loss (%) 56.0% 84.9% 190.6% 92.6%

e In south orientations, which are the most troubling during
summertime, the facade temperature is of symmetrical shape, with
peak value reaching 30.9 °C and 30.6 °C in Doha and Riyadh,
respectively, without the system. After the installation of the
evaporatively-cooled facade system, the facade exhibited a
significant reduction in its temperature, whose peak value reached
28.8 °C and 28.0 °C in the two cities. This significant change in the
facade temperature managed to halve the facade daily heat gain,
which resulted in savings of 26.7% and 27.6% in Doha and Riyadh,
respectively (Table 6).

Moreover, the impact of the control algorithm alone, isolated from
the system itself, enhanced the space total energy savings by up to
2.9%. It is of interest to mention that, despite the considerable humidity
differences between Doha and Riyadh during summertime (a monthly
relative humidity average of 47% in Doha versus 8% in Riyadh; refer to
Fig. 5), and considering the drastic limitation in system performance
when applied without any optimization to its internal parameters (total
annual savings of 14.5% only in Qatar [23]), the system now performed
quite similarly when applied in both dry and humid conditions during
the summertime, when integrated with the control algorithm, irrespec-
tive of the facade orientation. This similarity can only be attributed to
the control algorithm that optimized the system in general, and of the
evaporative cooler cooling effect and glazing section heat extraction ef-
fect in specific.

3.4. Winter performance

In the winter, the outdoor temperature is expected to be lower than
the indoor set-point temperature (i.e., 24 °C). However, considering the
space internal loads and space orientation, energy demands may still be
positive. If fact, it will most likely be positive when the space is oriented
towards the east, south, and west (i.e., struck by considerable solar ra-
diation), and negative otherwise (i.e., when hit by least solar radiation
in north orientation). Consequently, the application of the system in the
winter is more complex; on one hand it reduces solar radiation trans-
mission into the space, which brings the heat gain down, and on the
other hand, it reduces heat loss form the space to the outer environ-
ment, which brings the space heat gain up. Hence, the installation of
the system is a trade-off between these two effects. It is important to
mention that, in this study, the visual comfort of the space occupants
was assumed to be of upmost important and will not be compromised;
hence, an outer glass of high solar and visual transmissivities was se-

heat loss from the space putwRsEs.ifsERRSHeditoQubvRIgl Ay reduc-
tion in solar radiation penetration into the space in some orientations,

and vice versa in some others. For further analysis, simulations were
carried out for January 21st, representing typical winter day in the Ara-
bian Gulf. Results are shown in Fig. 9 and Table 7.

e In north-oriented spaces, the facade temperature reached a
maximum of 23.2 °C in Doha and 22.3 °C in Riyadh when the system
was not installed. When installed, the facade temperature value
increased to 24.8 °C and 23.6 °C, respectively. In these cases, heat
losses from the space outwards decreased (i.e., heat gains increased)
as reflected in Table 7, and outweighed the humble reductions in
solar radiation penetration, thus leading to an increase in the space
daily thermal energy demand by 24.7% (i.e., 2.2 kWh) in Doha and
76.1% (i.e., 3.8 kWh) in Riyadh.

e In east-oriented spaces, the peak facade temperature went up from

24.5 °C at 10 h to 27.7 °C when the system is installed in Doha, and

from 23.3 °C to 28.0 °C in Riyadh. Similarly, the application of the

system on west-oriented spaces brought the facade temperature up
from 26.0 °C at 15 h to 28.7 °C in Doha, and from 26.3 °C to 29.5 °C
in Riyadh. These changes have increased the space hourly load,
outweighed any reductions in solar radiation transmission into the
space, and brought the space daily thermal energy demand up
slightly by 7.2% (i.e., 1.3 kWh) in Doha and 13.4% (i.e., 2.4 kWh) in

Riyadh.

For south-oriented offices, the application of the system increased

the facade peak temperature from 27.3 °C at 13 h to 30.9 °C in

Doha, and from 27.8 °C at 14 h to 31.5 °C in Riyadh. However, and

since these surfaces are hit by significant solar radiation during the

winter, this increase in facade temperature was less than the
reduction effect of the solar radiation transmission, and the system

still performed advantageously. This aggregate impact yielded a

minimal decrease in the space daily total thermal energy demand of

less than 1.6% and 0.1% in Doha and Riyadh, respectively.

As explained, and irrespective of the space orientation, the installa-
tion of the system increased the thermal resistance of the facade, and
consequently reduced the heat loss from the space facade to the outer
environment. However, the magnitude of the increased heat gains out-
weighed any reductions in solar radiation penetration into the space in
north, east, and west surfaces. For this reason, these surfaces reduced
energy savings by up to 7.6% due to the control algorithm during win-
tertime. On the other hand, south surfaces proved a barely positive sys-
tem performance even during the winter.

It is of interest to mention that the adverse performance of the sys-
tem during the winter does not render it undesirable. This is because
slight increases in the facade surface temperature are sometimes ex-
pected to enhance the space thermal comfort for the indoor occupants
and reduce the corresponding radiation asymmetry. However, these
presumptions would need to be further investigated by the authors in a
separate future study to assess whether the proposed control algorithm
should be activated or turned off during the winter depending on the
facade orientation. Lastly, the similarity in outcomes for Doha and
Riyadh is again the result of optimal system performance caused by the
integration of the developed control algorithm.

4, Conclusions

In this study, the previously developed evaporatively-cooled facade
system, when applied on office spaces, was further investigated for opti-
mal performance. A control algorithm was developed to overcome the
limitation of the system in general, and the evaporative cooler in spe-
cific, when installed in humid locations, and consequently yield maxi-
mum possible energy savings. The control algorithm optimizes the en-

lected for the system (refer to Table 2). Thus, the impact of the reduced 12 trained airspeed inside the system, as per the outdoor conditions, to



A. Al Touma and D. Ouahrani

generate the lowest possible facade surface temperature. The integra-
tion of the control algorithm on the system managed to further increase
the reductions in facade heat gain from 33.5% to 38.3%, in comparison
with a normal space with no system at all, and add an additional 2.7%
savings to the space daily energy demands. More importantly, this con-
trol algorithm successfully managed to reduce the differences in system
performance in dry versus humid locations.

Annual simulations were then carried out for offices in four different
orientations (i.e., north, east, south, and west) and located in both Doha
(Qatar) and Riyadh (Saudi Arabia), representing locations with harshly
hot humid and dry weather conditions, respectively.

e During the summer, the system has a considerable impact in
reducing the facade surface temperature, subsequently leading to
savings in the space thermal energy demand by up to 28.7%

e During the winter, the application of the system increased the
facade surface temperature. This change, however, was still
advantageous in south orientation, but slightly adverse in north,
east, and west-oriented spaces. Nonetheless, since thermal loads for
spaces in the Arabian Gulf are already minimal during wintertime,
such increases are expected to have marginal impact on energy bills,
but a relatively larger, possibly positive, effect on the indoor
occupants' thermal comfort. This hypothesis is yet to be investigated
by the authors in a future study

e Throughout the year, the system, integrated with the control
algorithm, has a significant positive impact the space thermal
energy demands. Its installation on spaces in different orientations
led to total aggregate annual savings of between 16.2% and 21.8%,
depending on the space orientation

The incremental costs that must be incurred to set up the system are
around USD 1200; considering the corresponding reductions in total
energy demand, the benefits cover monetary savings of ~USD 60-80 in
the Arabian Gulf, hence a payback period of 15-20 months.

Lastly, the future work of the authors includes the quantification
and optimization of the amount of water used by the system, a detailed
assessment of system impact on the thermal comfort of the occupants
during the winter, as well as the integration and simulation of such a
system into the wider concepts of smart buildings (i.e., fully-glazed
buildings with numerous offices across all directions) in the Arabian
Gulf.
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