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Abstract: Glazing surfaces strongly affect the building energy balance considering heat losses, solar
gains and daylighting. Appropriate operation of the screens is required to control the transmitted
solar radiation, preventing internal overheating while assuring visual comfort. Consequently, in the
building design phase, solar control systems have become crucial devices to achieve high energy
standards. An operation based on well-defined control strategies can help to reduce cooling energy
consumption and ensure appropriate levels of natural lighting. The present study aims at investigating
the effect of smart screening strategies on the energy consumption of a test building designed in the
Mediterranean climate. With the aim of automatically setting the inclination of venetian blind slats,
the necessary equations are analytically found out and applied. Equations obtained are based on the
position of the sun with respect to the wall orientation. In the case of a cloudy day or an unlit surface,
empirical laws are determined to optimize the shielding. These are extrapolated through energy
simulations conducted with the EnergyPlus software. Finally, using the same software, the actual
benefits obtained by the method used are assessed, in terms of energy and CO; emissions saved in a
test environment.

Keywords: smart solar shading; energy saving; venetian blinds

1. Introduction

Due to the extreme urgency of tackling climate change, it is necessary that buildings are as energy
independent as possible [1]. It is important to implement measures for reducing energy consumption
trying to take advantage of solar radiation [2,3]. European policies have identified energy efficiency
in buildings as one of the key actions to limit greenhouse gas emissions [4]. The use of shielding
devices is among the suggested interventions for energy conservation in buildings. An effective
design of solar-control systems allows to reduce both cooling energy by preventing the transmission
of direct-solar radiation in summer and heating energy maximizing solar gains in winter. Moreover,
solar-control systems can help to reduce electricity for artificial lighting and ensure adequate visual
comfort trying to take the most advantage of the healthy natural light. In addition to users” well-being,
well-designed shielding devices can improve the architectural quality of the building. The type
of shading used produces a different impact on the level of natural lighting, thermal comfort and
visual comfort. Shielding systems can be divided into two categories, which are fixed and mobile
systems [5]. The first category includes overhangs, external horizontal and vertical louvers, and
egg-crates. The second category comprises venetian blinds, vertical blinds, and roller shades. In
addition, according to the type of control, mobile systems can be furtherly distinguished in manual
control, central up-down commands and fully automated control [6].
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Several studies have investigated the effect of shading systems on thermal and daylighting
performance of buildings. For example, the effect of external louver shading devices applied to
different exposures of a building located at different latitudes was analyzed in [7]. Heating and cooling
energy demand was quantified for different window and shading surfaces. A horizontal louver layout
was considered for the South facade and a vertical louver layout was used for the East and West
facades. Shading configuration (number of slats, tilt angle, spacing, distance from the window, and
shading area) were optimized for each location in order to ensure adequate solar shading in summer
and solar incidence in winter. The results showed that the implemented solar shadings are essential to
reach internal comfort conditions and allow the achievement of significant energy savings for space
cooling in all the studied locations. Horizontal shading, vertical shading and egg-crate shading were
analyzed by [8] for a high-rise office building in Malaysia alongside different glazing configurations
for the transparent facades. The authors demonstrated that cooling energy savings ranging from
5.0% to 9.9% can be obtained by applying the shields to all the facades with low-e double-glazing.
Cooling energy saving will further increase between 5.6% and 10.4% if the shadings are applied to all
facades with single clear glazing. [9] analyzed the effect of different fixed shading on the control of air
temperature and the improvement of illuminance level of an office building in Jordan. Three types of
shading (vertical fins, egg-crates and diagonal fins) were installed in three identical office and real-time
experiments combined with computer simulations were adopted for thermal and daylight analyses
proving that all shading devices help to improve thermal and visual environment in the office. [10]
proposed an experimental configuration of an external shading device for apartment houses in south
Korea. Simulations revealed that the experimental shading device, based on various adjustments of
the slat angle, can offer the most efficient performance in terms of thermal and visual comfort for the
occupants, compared to overhang, blind system, and light shelf, providing an energy saving of at least
11% during the cooling season. [11] carried out field measurements and simulations in order to assess
the benefits of movable solar shadings on the energy, indoor thermal and visual comfort of a retrofitted
residential building in Ningbo city in China. Results revealed that movable shading devices used for
South facing windows can reduce building energy demand by about 34%, improve thermal comfort in
summer and visual comfort by 20% and drastically reduce risks of uncomfortable conditions by 80%.

However, as observed by [12], manual or motorized blinds are limited in their ability to reduce
energy consumption and to provide internal comfort because an operation of the blinds by the
occupants themselves is expected to block direct solar radiation. On the contrary, the use of automated
systems allows to more fully exploit the benefits of the blinds. The authors carried out thermal and
visual experiments in a real scale test room and collected reports by the occupants of the dwelling in
summer confirming the potential energy savings and the comfort enhancement when using automated
blinds. [13] tested the applicability and effectiveness of an automated reflective shutter, which can
work both as a sunshade and a daylight system. According to the results, the tested system was able
to significantly improve daylight distribution and reduce energy consumption for artificial light by
60%. [14] used simulation to investigate the potential savings in energy demand achievable through
the installation of blind shadings and application of shading and lighting controls in an office building
with fully-glazed fagade in Qatar. Results have shown that by applying shading controls the space
total energy demand is reduced by 11.6% in north-oriented facades and by 24.8% in east-oriented
facades. If lighting controls are added, energy savings will increase to 14.1% in north-oriented offices
and 28.3% in east-oriented offices.

Several authors have analyzed the interaction of the occupants with shields and artificial light
trying to understand the influence of the automation level and the possibility of manual operation
on the environmental and energy performance and the degree of user satisfaction. A field study of
human interactions with motorized roller shades and dimmable electric lights in a high-performance
office building is presented in [15]. Four different control set-ups were explored, namely (1) Manual
control with low-level of accessibility (wall switches); (2) Manual control with high level of accessibility
(web interface); (3) Fully automated control; (4) Automated control with manual overrides. Indoor
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environmental variables were monitored through sensors and a feedback by occupants on their indoor
perception was obtained with a survey. The analysis revealed a preference for customized indoor
climate with consequently different energy impacts. [16] reported two experiments investigating the
effect of the level automation and the type of system expressiveness on users’ satisfaction with an
automated blinds system. They found out that the use of an expressive interface communicating the
status and intentions of the blinds system could favor users’ acceptance and satisfaction level, reducing
the sense of losing control when decisions on environmental control are made by technology.

The analyzed literature highlighted the benefits in terms of energy saving and internal comfort
achievable with the application of solar shades [17]. Moreover, the improvement of the shielding operation
can also involve advantages from an economic point of view, since it reduces the waste of energy for air
conditioning [18]. However, the activation and setting strategies of these systems require a more in-depth
analysis in order to identify the most effective solutions that can lead to maximize their performance. The
objective of the present work is to investigate the effect of a smart-control system applied to venetian
blinds on the building energy use. In particular, an innovative control strategy is designed based on
the identification of the optimal slat angle that is progressively adjusted following the sun position
in order to take the best advantage of the available solar radiation. Therefore, the transmitted solar
radiation is reduced when it generates an undesired thermal load while it is allowed to enter when
there is a heating demand. The occupants’ comfort is considered as well in the smart operation, seeking
to guarantee a suitable minimum level of natural lighting and avoid direct exposure to solar radiation.
The control strategy is based on the IoT technology because it requires the use of “cognitive” objects
consisting of sensors and actuators, which are able to detect environmental data, process information,
and implement the most appropriate actions needed to achieve the desired conditions. The information
relating to the external and internal climatic conditions is acquired and used by the venetian blind
actuators to orientate the slats. In a future development, technology can also be integrated with
artificial intelligence networks in order to manage any preferences of the occupant. The training, in
that case, can be conducted by interrogating the user so that he can communicate if he is not satisfied
with the level of illumination of the environment.

It is a solution achievable thanks to home automation, useful for improving the quality of life and
living comfort. The system is completed if it is integrated with other unplanned commands, such as
turning the lights on or off according to the illuminance and the presence of the occupants.

2. Venetian Blinds and Sensors

Venetian blinds represent a common solution often adopted to allow the user to modify the
incoming solar energy based on external weather conditions and his own sense of visual pleasure. They
consist of small horizontal slats that can be manually oriented. The following characteristic parameters
are defined for this type of shielding (Figure 1): distance between two consecutive slats d; slat depth L;
slat inclination (angle between the normal to the surface of the slat and the horizontal plane) Slat.

Window Slat Distance d

Qutside |:| Inside

Figure 1. Schematization of venetian blinds.

Slat Depth L




Energies 2020, 13, 1731 40f12

In order to automate the opening of the blinds, it is necessary to modify the inclination angle
by means of an actuator implementing the desired shielding. Information from indoor and outdoor
environment are needed to evaluate the optimal inclination in every moment of the day. In particular,
an internal temperature sensor T and a presence detection sensor are required for each room.

In correspondence of each wall containing a glazed surface, a solarimeter is placed on the outside
with the task of measuring the global irradiance G incident on a vertical surface.

In addition to measuring the global irradiance value on the vertical surface, the solarimeter is
used to understand if there is the presence of beam irradiance incident on the surface. The method to
obtain this information consists in comparing the global irradiance measured by the solarimeter with
the theoretical direct solar irradiance expected at that time of the day, estimated with the ASHRAE
methodology [19]. Direct Normal irradiance is:

B

Ihn = A e sina (1)

in which « is the solar altitude, A and B are listed according to the month of the year [19]. The direct
incident irradiance G;, on a 90° inclined surface is:

Gp = Iy, cosi (2)

where i is the angle of incidence, obtained as a function of the solar altitude «, the azimuth of the
surface y, and the solar azimuth y:

cosi = cos(y — yw) cosa 3)

If the global measured irradiance is lower than the theoretical direct irradiance, then there is
certainly no incidence of sunlight on the surface; otherwise, with good approximation, we can assume
that there is direct irradiance. This hypothesis is a precaution in the moments in which users must
be protected from glare. This method, therefore, allows to discern between clear and cloudy days.
Through various simulations conducted in the EnergyPlus environment, it has been possible to observe
how this condition is useful for the purpose.

3. Control Method

The shields are managed to adapt to the various operating conditions outlined by the sensor
outputs. The goal of the following analysis is to identify the Slat angle to be taken for each operating
condition. First of all, it is necessary to distinguish two different operating conditions, relative to the
presence or absence of occupants inside the environment.

3.1. Absence of Occupants

If the room is unoccupied, the lamellas position depends on the internal temperature detected, in
order to understand if it is necessary to favor or block solar contributions.

3.1.1. Winter Operation

In the case of temperatures below the set-point value of 21 °C, the maximum solar radiation must
be introduced into the environment, without worrying about the glare of occupants. The optimal
inclination angle varies if the surface is exposed or not to direct solar radiation. In the negative case,
the Slat value is 110°. Numerous tests conducted within the EnergyPlus simulation environment have
shown that this angle guarantees the transmission of the maximum diffuse radiation. In the positive
case, in which there is direct radiation incident on the glass surface, the slat of the venetian blinds
is adjusted in order to be in a direction parallel to the sun’s rays. The slats” inclination is, therefore,
defined by the projection of the sun on the vertical plane perpendicular to the surface. Figure 2 shows
the sun profile angle 3 that the sun projection forms with the horizontal plane.
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Figure 2. Relationship between sun profile angle, solar azimuth angle and solar altitude angle.

B is obtained according to the following relation [20]:

(4)

tana
p= arctan( )

cos(y = yw)

The method defined in this paper is structured according to the following logic. The results shown
by the simulations allowed to validate these conditions. If § is lower than 65°, the optimal slat angle is
fixed equal to § + 90°, such as to keep the lamellas parallel to the solar rays.

Otherwise:

if G > 300 W/m? direct component is high and the optimal slat angle is still § + 90°;

if G < 300 W/m? direct radiation has a lower energy contribution than diffuse radiation, thus a
Slat angle able to maximize the entry of the latter should be set. It is given by the following correlation:

Slat = 120° — 0.66 (5)

In the case of temperatures above the set-point value of 25 °C, shields must be completely shut
since it is not necessary to guarantee natural illumination inside the environment.

3.1.2. Intermediate Operation

Finally, if the temperature is between 21-25 °C, Slat is fixed to 80° (there is no need to exploit the
solar contribution or even to shield).

3.2. Presence of Occupants

In the presence of occupants, three different cases are distinguished again.

3.2.1. Winter Operation

If the temperature is lower than the set-point value of 21 °C, solar radiation, which in this case is a
free contribution, must be used as much as possible.

- The presence of direct radiation could cause visual discomfort on the work surface to people. In
this case, the optimal configuration consists in shielding sun’s rays by keeping the lamellas as
open as possible. The requirement that guarantees this condition is that the vertex A of the lower
lamella, the vertex B of the upper lamella and the point representation of the sun are on the same
line (Figure 3). The angle of inclination that identifies this position of the lamella is indicated in



Energies 2020, 13, 1731 6 of 12

Figure 3 with the name of Slat*. In fact, if these points are aligned, certainly the sun’s rays do not
reach the work surface and the slats are the most open.

/\y

b\ B SFE> o

B(] A

N

—L

Figure 3. Limit inclination for direct radiation blocking.

with reference to Figure 3, the coordinates of points A and B are the following:

{ xa = 5 sin(Slat") { xp = —5 sin(Slat*) ©)

Y4 = %cos(Slat*) yp=d-— %cos(Slat*)

Therefore, it is necessary that points A and B form the angle g with respect to the horizontal:

- d — L cos(Slat*) — & cos(Slat*
_ tanﬁ _ YB— YA _ Lz ( ) Lz ( ) @)
XB = XA —5 sin(Slat*) — 5 sin(Slat*)

After some mathematical steps, Slat* results:

)
tan g + tanzﬁ—<%) +1
1+ ¢

Slat® = 2arctan

®)

- If the direct solar radiation does not affect the walls, then the configuration that allows the
maximum diffuse solar radiation to enter is Slat equal to 110°.

3.2.2. Summer Operation

For temperatures above the set-point value of 25 °C, it is necessary to shield the solar radiation,
but not completely, so that a minimum of natural illumination is guaranteed. This is possible with Slat
equal to 45°.

3.2.3. Intermediate Operation

If the temperature is between 21 °C and 25 °C, the operation depends on the exposure to direct
solar radiation: in the negative case, Slat is 80°; while in the case of exposure to direct solar radiation,
the optimal angle is determined by equation (8) to avoid glare to the occupants.

4. Definition of Simulation Environment

The actual energy saving and operation of the smart-control strategy have been simulated in
EnergyPlus. This software was selected for its renowned ability to accurately simulate and estimate
the energy performance of buildings as well as its capability to properly integrate shading devices [14].
The building thermal zone calculation method in EnergyPlus is a heat balance model. The fundamental
assumption of heat balance models is that air in each thermal zone can be modeled with uniform
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temperature. The fenestration module includes the ability to consider the angular dependence of
transmission and absorption for both solar and visible radiation, and temperature-dependent U-value.
In EnergyPlus, the calculation of diffuse solar radiation from the sky incident on an exterior surface
takes into account the anisotropic radiance distribution of the sky. The sky model used for calculation
is “CIE sunny clear day”, with additional direct illumination from the sun. It has bright patches
due to direct illumination from the sun with relatively dark areas where direct sunlight does not fall.
The simulation tool allowed to evaluate the effectiveness of the system under dynamic conditions.
Theoretical analysis and simulation are essential to test the operation of the devised smart system and
to quantify its impact on energy consumption. The same approach has been adopted in other research
works found in the literature [21-23], in which the effects of solar shading systems on energy demand
and visual comfort were assessed by means of theoretical studies and simulations. However, this is
intended to be a preliminary phase for the development of a prototype, which will be used to validate
the conceived model with the aid of experimental data.

The problem was solved as a time-dependent model. The climatic parameters set refer to a year,
obtained for the city of Cosenza (South Italy) from Meteonorm [24]. For the investigated location, the
maximum value of external air temperature in summer is 36.4 °C and the minimum value in winter is
0.2 °C. The maximum value of the direct normal solar radiation is 997 W/m? while the maximum value
of the diffuse solar radiation on a horizontal surface is 489 W/m?.

The test building consists of a 25 m? square room designed to have a window for each exposure
(Figure 4). The thermal transmittance values of external walls, floor and roof are equal to 0.38, 0.34,
0.27 W/m?K, respectively. The stained glass windows represent the 15% of the total walls and are
composed of double glass and air gap (4-12-4) with a thermal transmittance of 1.91 W/m?K. The
number of occupants is zero from 8.00 a.m. to 2.00 p.m. and it is two during the rest of the day. The
lighting system, equipped with linear control, is active from 7.00 a.m. to 8.00 a.m. and from 2.00 p.m.
to 11:00 p.m. and ensure 500 Lux on the work surface, placed at 0.75 m above the ground. Finally,
temperature control is managed by a fan coil system, always on, set at 20 °C for winter days and 26 °C
for summer days.

Figure 4. Test building.

5. Analysis of Results

In order to analyze the effects of smart shielding devices, the solar radiation transmitted with the
dynamic control is compared with the solar radiation transmitted in the case of fixed shielding with an
inclination angle of 80°.

Figure 5 shows the trends of three different contributes of irradiance I for the different exposures:
the global external radiation incident on the vertical surface Gv, the solar radiation transmitted with the
orientable shields Tadj and the solar radiation transmitted with the fixed shields Tfixed. In the figure,
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moreover, the lamellas inclination angle Slat, in case of activated control is reported. The simulations
are conducted with reference to a typical day in the winter period (January 4th). In Figure 5a, relative
to the East exposure, the gain deriving from the use of mobile shields emerges. In the early hours,
they help to provide a greater solar contribution. The same considerations also apply to the Southern
exposure (Figure 5d), in which Slat = § + 90°, with 3 determined by the Equation (7). In the morning
hours, for the North and West exposures, not directly illuminated by the sun, Siat is equal to 110°, such
as to maximize the incoming diffuse solar radiation. From the graph displaying the west exposure
(Figure 5¢) emerges, instead, how dynamic control is implemented to ensure visual comfort in the
presence of the occupants. The solar radiation transmitted, therefore, is limited from 15:00 to 17:00 by

the control described by Equation (8).

—T_adj (W/m2) - Gv (W/m2) —T_adj(W/m2) Gv (W/m2)
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(c) (d)
Figure 5. Irradiance and Slat angle in winter day for different exposure: (a) East (b) North (c) West
(d) South.

For the south facade, which is exposed to solar radiation for long periods over the day, the double
effect of the mobile shading systems emerges. In the first part of the day, they increase the incoming
solar radiation while, in the second part of the day, they optimize the amount of solar radiation that
can be transmitted in conjunction with the visual comfort of the occupants. Under the simulated
conditions, the daily heating demand is 2.05 kWh with the smart logic control and 5.38 kWh with the
fixed slat angle, obtaining a reduction of 62%.

In Figure 6, instead, the same quantities are shown with reference to a typical day in the summer

period (July 18th).
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Figure 6. Irradiance and Slat angle in summer day for different exposure: (a) East (b) North (c) West

(d) South.

In the conditions of a clear day and high outdoor temperature, the solar radiation transmitted
through the windows must be shielded as much as possible and, therefore, the thermal load on the
cooling system can be reduced. The graphs in Figure 6 show how the control, set up to keep the shields
completely closed in the absence of occupants and at an angle of 45° in the presence of occupants,
guarantees its effectiveness by introducing into the environment a much smaller amount of solar
radiation compared to the case with fixed shielding. The daily cooling energy demand is 11.5 kWh
with the smart logic control and 12.9 kWh with the fixed slat angle, achieving a reduction of 10.8%.
Figure 7 shows the monthly requirements deriving from the sum of energy consumption related to
heating, cooling and lighting. In every month there is a tangible reduction in consumption thanks to
the application of intelligent control of shielding systems. The percentage saving is between 30% and
60% in the winter months and between 10% and 20% in the summer months. On an annual level, total
saving is around 15%.
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B Without Slat Control @ With Slat Control O Percentage Saving (%)

Figure 7. Monthly energy demand and percentage saving.
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Considering the energy demand satisfied by means of an electric heat pump with average
efficiencies COP = 3.5 and EER = 3.0, the values shown in Figure 8 are obtained for the annual supplied
energy (electricity). The values are normalized with respect to the heated and cooled net area (19.36
m?). The figure also shows the energy costs calculated assuming an average electricity cost of 0.25
€/kWh including Value-Added Tax [25]. The graph reveals that the application of the smart shading
control allows to obtain savings in supplied electricity of about 5.0 kWh/m?-year, and an economic
saving in the bill of 1.20 €/m?-year.

w
(%)

31.4
30

25

20

15

10

Annual supplied energy [kWh/m?2-year]
Annual energy cost [€/m?-year]

Supplied energy (Electricity) Energy cost
[kWh/m?2-year] [€/m?-year]
Without Slat Control M With Slat Control

Figure 8. Savings of annual energy supply and correspondent reduction of the annual energy cost
provided by the application of the smart shading control compared to the case without slats control.

By applying a nonrenewable primary energy factor of 1.95 [26] the annual source energy is
calculated. Based on the results reported in Figure 9, the automated management strategy of the
slats leads to a primary energy saving of 177.80 kWh/year and a reduction of CO2 emissions of 79.2
kgCO2/year [27].
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1009.43
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Annual source energy [kWh/year]
Annual CO, emissions [Kg CO,/year]

Source energy CO2 emissions
[kWh/year] [Kg CO,/year]
Without Slat Control ~ m With Slat Control

Figure 9. Saving of source energy and reduction of CO, emissions obtainable through smart control of
the venetian blinds.

It is worth noting that the evaluations are carried out on a simplified model of limited surface.
By scaling up the problem to cases characterized by a larger building surface, the CO2 emissions
reductions are even more significant, considering that savings of 4.10 (kg CO2/m?-year) can be reached.
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6. Conclusions

The study focuses on the energy effects derived from the use of a system of internal mobile shields
controlled with a precise control method, in order to determine any benefits on the energy needs of a
residential building model for a specific location.

The use of mobile shields leads to a reduction in the energy demand for cooling during the summer
period and guarantees an aid to the energy needs in the winter period, when solar radiation can help
in reducing the energy waste for heating and lighting. Furthermore, the best shielding solution must
protect the visual comfort of the occupants, who could be exposed to glare.

The dynamic control of the shields allows obtaining a considerable energy saving, with significant
effects especially in the winter period. In one year, the estimated reduction in energy consumption for
the analyzed building was 15%.

The automation of venetian blinds can find wide diffusion and utility in domestic environments
and offices. With reference to residential applications, clear advantages are constituted by energy
saving and, therefore, by economic saving. Solar loads are managed automatically when the user is in
another room in the house or away from home. This allows complete house management at all times.
Another advantage is represented by the absence of visual discomfort caused by glare, an aspect that is
also important in the workplace, in the office, to always maintain concentration.

Further developments and improvements on the control logic could concern the parametric study
of the geometric characteristics of the slats, in order to identify the optimal configuration to be adopted
during installation. It is also interesting to carry out the same study in other locations with different
latitudes, in order to assess how much the location can influence the resulting benefits. A further
development is represented by the implementation of the system in an experimental environment, in
which it is supported by the machine learning logic to account for any human preferences.
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