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Abstract

On fully-glazed building facades perforated solar screens (PSS) are often used as an outer skin in order to reduce energy
consumption and to solve issues such as visual appearance. However, not only must PSS control solar radiation but they
must also provide adequate daylight levels, thus requiring a balanced solution. Currently, daylighting simulation software
enables us to perform efficient daylight analysis of spaces with PSS. Notwithstanding this, current energy simulation software
such as EnergyPlus cannot deal well with such geometry directly, making the thermal evaluation of PSS an infeasible task.
This paper presents a methodology for achieving an integrated analysis of daylighting and energy consumption of spaces
with PSS during the design stage. Such methodology provides daylight analysis through DIVA, and thermal analysis through
EnergyPlus via DIVA/Grasshopper/Archsim. The aim is to optimise the dual performance of a balanced PSS solution
through controlling its perforation percentage, matrix and shape, by using the orthogonal arrays (DOA) statistical method.
DOA method is efficient in reducing the number of simulations derived from the combination of the aforementioned
variables, and in identifying the optimal PSS configuration. In comparison to a non-optimised fagade located in Seville,
Spain, the predicted optimal PSS achieved a 50% increase in the actual daylit area and a 55% reduction in the total energy

demand.

Keywords: daylight availability; energy consumption; optimal design; orthogonal arrays; perforated solar screens;

simulation tools.

1. Introduction

The building envelope plays an important role in controlling and/or admitting the various elements
of the external environment. The building envelope can achieve about 80% of an environmental
solution, creating an efficient building that interacts with its surrounding environment [1]. Present
concerns with energy conservation have induced extensive studies regarding the facade’s
performance with the environment. There are numerous examples of buildings which have ignored
their climatic conditions by extending the use of highly glazed facades in order for them to be airy,
light and transparent. However, as there is a risk of high energy demand in order to maintain indoor
thermal comfort [2] their energy efficiency has come into question.

Solar shading has, therefore, been an important step in energy saving control for buildings.
Shading affects the energy use for lighting, heating and cooling; it also reduces yearly solar gains
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originating from solar radiation, as well as modifying thermal exchanges through the glazed building
envelope and, moreover, it influences daylight levels within a building [3]. Perforated solar screens
(PSS) are a type of shading device that have gained popularity with the shift from traditional to
modem architectural styles [4,5]. Generally, PSS are flat, opaque, perforated panels forming a
double skin for fully-glazed building facades. The organisation of their perforations filters out direct
incident sunlight, which is prevented from directly penetrating into spaces while still allowing users to
view the exterior. The opaque parts of the screen reflect sunlight and act as solar control systems
[6,7]. For example, Figure 1 illustrates a facade with a PSS.

> D

Figure 1. Rendering of a PSS example.

1.1 The issue of applying the building performance simulation tools

Several works have been devoted to the study of the thermal effects of fixed shading systems, such
as louvres, overhangs and vertical fins [8,9] using EnergyPlus, TRNSYS and EES software for energy
simulations [3]. A few works have reviewed the impact of perforated screens on reducing air
conditioning and overheating, but these were developed for desert climates and for studying single
design variables such as perforation range [10,11].

The impact of perforated facades on daylighting has, apparently, not been widely studied.
There are few detailed studies regarding their effects on indoor illuminances by means of
measurements on scale models [6,12,13] and computer simulations with Daysim and DIVA software
[1,14,15]. Furthermore, these works addressed single design variables, such as shape [1,16],
perforation rate and orientation [14] independently of each other.

A limited number of studies have addressed the balance between providing daylight and
reducing solar gains derived from using solar control systems. Only a few relevant references exist
[17,18]. This lack of studies addressing the integration of the daylighting and energy performances
of PSS is due to the fact that such studies are complex tasks since these domains interact at many
levels and simulation tools usually specialise in one domain only. The combination, therefore, of
daylight and energy performance needs to employ different software packages in order to perform
such detailed calculations. Moreover, to obtain accurate results building environmental performance
simulation tools require a considerable amount of time and iterations. In addition, PSS usually
present complex geometries, making them difficult to model in the current energy performance
simulation tools and thus the design process becomes more sophisticated [19].
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EnergyPlus, for example, is a whole building energy simulation program used to model the
energy consumption in buildings — for heating, cooling, ventilation, lighting and other loads [20].
This software is well-suited to assessing the energy performance of conventional building systems or
whole buildings, yet it is questionable whether such a tool can describe accurately the energy transfer
phenomena that occur in complex geometries [21]. Furthermore, EnergyPlus has shown significant
shortcomings in predicting the daylight available in a space, especially as the distance from the
facade increases [22]. EnergyPlus utilizes the split flux method to model the interior reflections of
light by dividing the luminous flux into two components; then, each split component is reflected by
an average weighted reflectance of the surfaces above and below the window [20]. This kind of
calculation often results in substantial inaccuracies that have direct consequences on electric lighting
use infensity [23].

In order to overcome the simulation tools’ limitations, some authors have developed methods
using recent advances in software and/or in integrating the use of various software packages. Lagios,
Niemasz and Reinhart [24] linked Rhinoceros/Grasshopper to Radiance/Daysim in order to evaluate
key design parameters, such as window size and material descriptions. Azadeh [25] proposed a
process for utilising daylighting and energy analysis software for optimising the performance of a
sun-shading screen. To further understand the available daylight in the test space, a climate-based
metric was calculated in DIVA. In order to model the effect of the screen on the energy consumption,
the screen's hourly shading coefficient was calculated. An electric lighting schedule for the year was
then generated and loaded into Design Builder for thermal simulations.

Gonzdlez and Fiorito [26] integrated parametric design with performance simulation tools.
They used Galapagos/Grasshopper to define randomly the set of tests and then used DIVA both to
calculate daylight metrics and to create an artificial lighting schedule. Finally, they used the DIVA
thermal component to calculate the energy consumption and CO; emissions. Trubiano et al. [27]
integrated the use of Grasshopper with Radiance and EnergyPlus through Matlab. Adopting genetic
algorithms and a single objective function, they developed an evolutionary optimisation script to
demonstrate the possibility of generating the optimal shape of atriums. Lobaccaro et al. [28] applied
a similar method for optimising the geometry of a building in order to maximise the envelope’s
annual exposure to solar radiation. David et al. [29] applied the combination of daylight and thermal
analysis for assessing solar shade efficiency. In order to rate the performance of different typologies
of external overhangs, they used Radiance and EnergyPlus to calculate the shading coefficient,
cooling energy demand, daylight autonomy, sun patch index and useful daylight illuminance.

1.2 The design optimisation problem

The optimisation problem, related to the design of external shadings in an office building, is linked
to the time required for performing daylight simulations. This has been demonstrated to be about 35
times longer than that required for performing a full thermal dynamic analysis. Consequently, the
feasibility of conducting an optimisation process for large areas or complex geometries is limited,
especially when time is a constraint [26]. Furthermore, PSS design requires a wide variety of variables
to be taken into consideration, so a comprehensive study of possible variable combinations requires
a large amount of different models, simulations and time, something which is difficult to manage.
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The Design of Experiments using Orthogonal Arrays (DOA) statistical method can simplify
the interrelated study of a large number of variables, reducing the number of experiments/simulations
and obtaining the maximum information which may be of use in PSS design [30]. The DOA method
has been used efficiently in different fields of science, contributing valid conclusions and optimising
processes [31]. It has been used to optimise  building shape design in order to achieve energy
savings [32] and to reduce construction costs [33]. It has also been used to optimise some window
design parameters aimed at improving daylighting and solar control [34] and at maximising energy
savings [35]. Chi, et al. [36] propose a methodology for applying orthogonal arrays (OA) to optimise
the perforation percentage, shape, matrix and orientation of perforated screens, reducing the
number of simulations from 256 to 16 and obtaining the best combination of variables for improving
daylighting.

1.3 Aims of current research

As the energy demand of a building is greatly influenced by the levels of daylight and solar radiation
entering through the perforations, enhancing daylighting and reducing solar gains are important
considerations in PSS design. This paper aims to study the simultaneous taking into account of both
daylighting and thermal performance of PSS to achieve the annual overall balanced solution. A
workflow is proposed to integrate the use of daylighting and energy simulation packages to
characterise and quantify the global performance of PSS. As, these studies are offen complex and
time-consuming due to a large number of simulations, this approach uses the DOA method to
predict the optimal design derived from the combination of different PSS design variables such
as perforation percentage (PP), matrix (M) and shape (S). The optimised PSS aims to find the right
balance between the daylight availability and the reduction of the total energy consumption (lighting
plus heating and cooling) for a typical office space in Seville, Spain.

2. Methodology

The proposed methodology consists of four main phases. First, the DOA method is applied to study
simultaneously the interrelation of the PSS design variables and to reduce the number of study
models. The second stage includes the parameters, performance metrics and software used for
daylighting evaluation. The next phase includes an energy consumption calculation process by using
different computer programs. Finally, a balanced solution, where the daylighting and thermal
performance are considered, is identified. The required steps are summarised in Figure 2 and
developed in more detail in the case study.
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PSS design stage

Orthogonal Array: Reduction of number of simulations

Daylighting Simulation

Annual Illuminance Profile

A time series of indoor illuminance at
points of interest in a building. The file
*ill contains the illuminances for all
the sensors specified in the sensor file
for all time steps of the year specified
in the climate file.

Sensors on workplane

_|_

Daylight Availability

The actual daylit area is the
percentage of workplane where
illuminance levels due to natural light
are useful for most of the year (DA
300lux, 50%) and do not exceed the
maximum threshold of 3000 lux for
more than 5% of the ocupied hours.

Workplane Percentage

_|_

Hourly Lighting Schedule

The hourly result file *.csv
contains hourly schedules
of the status of all electric
lighting use over the year

P and can be linked with

<« < energy simulation software.
ARCHSIM

Energy Simulation

Annual Solar Irradiation

Annual irradiation at node locations.
The hourly result file *.csv contains
the solar irradiation for all the sensors
specified in the sensor file for all time
steps of the year specified in the
climate file.

Sensors on a vertical surface on facade

_|_

Hourly Shading Coefficient

The shading performance of the PSS
was calculated every hour over the
year by determining the ratio of the
solar irradiation with and without PSS.

Hourly Transparency Schedule

Each hourly shading coefficient was
scheduled for over the year and set to a
planar surface in front of the glazed

facade.
+

Annual Energy Consumption

Cooling, heating and lighting energy
consumption values.

kWh in Space

Statistical Analysis: Enhancing daylight and reducing energy consumption

Design Optimisation of PSS

Figure 2. Workflow for daylighting and energy analysis of complex geometries.

%
ARCHSIM
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2.1 Case study

The optimal PSS configuration for an open-plan office space located in Seville, Spain is
investigated. A reference model measuring 7 m X 7 m and 3 m in height was modelled by using
Rhinoceros software. It is a space that is sidelit through a fully-glazed, south-facing facade. Table 1
summarizes the model characteristics and materials that are set up according to the study domain.
Namely, visible reflectances for daylighting calculations [37]; solar reflectances for annual
solar radiation calculations [37]; and thermal properties for energy simulations [38]. These
values remain fixed in all simulations in order to dismiss their effects on results.

Table 1. Characteristics of the internal model surfaces, PSS and glazing.

Wall Visible reflectance 50%

Solar reflectance 50%

Material Adiabatic
Floor Visible reflectance 20%

Solar reflectance 20%

Material adiabatic
Ceiling  Visible reflectance 80%

Solar reflectance 80%

Material adiabatic
Glazing Visible transmittance 78.1%

Solar transmittance 60.4%

Solar Heat Gain Coefficient (SHGC) 0.703

Thermal Transmittance (U-value) 2.785 W/m?K
PSS Visible reflectance 90%

Solar reflectance 90%

Material White Paint finish

2.2 PSS design

PSS are externally mounted at a distance of 0.05 m from the reference model’s fully-glazed facade
(Figure 1). The PSS dimensions are 7 m wide X 3 m high; the thickness is not considered.
Characteristics of the PSS material are summarised in Table 1. Three design variables that are usually
determined at the conceptual design stage are selected to characterise and evaluate the PSS
performance:

(1) PP: Ratio of the total surface of the openings to the opaque surface.

(2) M: Vertical X horizontal distribution of openings on the screen. The distance between
openings for each matrix is of 0.25, 0.33, 0.50 and 1.00 m, respectively, measured from
the centre and vertically and horizontally equidistant.

(3) S: Four regular shapes are proposed. The different-shaped openings have the same opening
area when M and PP are the same.

Figure 3 shows the levels for each design variable, together with their nomenclature between
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parentheses which is used to name the PSS derived from the combination of the variables. For
example, a PSS with a PP 37.5%, M 9% 21 and S circular is named 372CS, where S is referring to
the south. The reference model is termed REF100S, where 100 is referring to WWR (window-to-wall-
ratio) 100%.

Perforation Percentage
50% (50) 37.5% (37) 25% (25 12.5% (12)

Matrix

12x28 (1) 9x21 (2) 6x14 (3) 3x7 (4)

Shape

circular (C) hexagonal (H) quadrangular (Q) triangular (T)

HHH P FEHH AR T

Figure 3. PSS design variables.

2.3 Orthogonal Array

All combinations of the four levels of the factors produce 64 PSS configurations, that is to say, 64
computer simulations need testing in different computer programs in order to obtain a simultaneous
evaluation of daylighting and solar gains. This implies an increase in the number and time of
simulations which can be difficult to handle in practical situations. There is a need, therefore, to
propose an effective strategy for addressing multiple performance criteria, finding close-to-optimal
solutions in a short period of time and with the minimum number of simulations.

To achieve this, the present paper uses the DOA method, validated in a previous study [36],
in which some PSS design variables were analysed in terms of daylighting perfformance. The DOA
method selects a representative fraction of all possible combinations of factors with the aim of
distributing the experiments uniformly within the test range, accurately representing the overall
situation [39]. The advantages of the DOA method are that the number of trials needed to complete
the experiment is relatively small and the test results can be analysed through mean analysis (ANOM)
and variance analysis (ANOVA). The method is highly efficient for arranging multi-factor experiments
with optimal combination levels [40].

In DOA the experiment selection is OA-based, represented by a matrix which is expressed
as Ln (), where L is OA, n the number of experiments, | the level of factors and k the number of
factors or columns [30]. Many standard OAs have been tabulated for using DOA [39]. One of these
arrays can be used directly for planning the simulation cases. It consist of three factors with four
levels each: Lis(4°). The factors constitute the PSS design variables and the levels are the values of
these variables, as summarised in Table 2.
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Table 2. Factors and levels of L16(43).

Factors
1(PP) 2(M)  3(5)
1 50% 12x28 Circular
2 37.5% 9x21  Hexagonal
3 25%  6x14  Quadrangular
4 12.5% 3x7 Triangular

Levels

L14(4°) uses only a fraction of the possible 64 combinations of the three factors with four levels each
(4°=64 runs), reducing to 16 the number of PSS to be tested. Table 3 presents the 16 PSS
configurations, which were obtained using a statistical analysis program [41].

Table 3. Simulations required in L16(43).

SimulationPSS Foctors
1 (PP) 2 (M) 3(5)

1 501CS 1 (50%) 1 (12x28) 1 (Circular)

2 502HS 1 (50%) 2 (9x21) 2 (Hexagonal)

3 503QS 1 (50%) 3 (6x14) 3 (Quadrangular)
4 504TS 1 (50%) 4 (3x7) 4 (Triangular)

5 371HS 2 (37.5%) 1 (12x28) 2 (Hexagonal)

6 372CS 2 (37.5%) 2 (9x21) 1 (Circular)

/ 373TS 2 (37.5%) 3 (6x14) 4 (Triangular)

8 374QS 2 (37.5%) 4 (3x7) 3 (Quadrangular)
9 251QS 3 (25%) 1 (12x28) 3 (Quadrangular)
10 252TS 3 (25%) 2 (9x21) 4 (Triangular)

11 253CS 3 (25%) 3 (6x14) 1 (Circular)

12 254HS 3 (25%) 4 (3x7) 2 (Hexagonal)

13 121TS 4 (12.5%) 1 (12x28) 4 (Triangular)

14 122QS 4 (12.5%) 2 (9x21) 3 (Quadrangular)
15 123HS 4 (12.5%) 3 (6x14) 2 (Hexagonal)

16 124CS 4 (12.5%) 4 (3x7) 1 (Circular)

2.4 Daylighting Simulation

The aim of this stage is to investigate the daylighting performance of the PSS. The 16 daylighting
simulations are performed with DIVA-for-Grasshopper [42]. DIVA is a highly-optimised daylighting
and energy modelling plug-in for Rhinoceros. It comes with an enhanced user interface for
Grasshopper, a graphical algorithm editor that enables designers with no formal scripting experience
to generate parametric forms [43] rapidly. Grasshopper components [42] provide daylight analysis
through Radiance/DAYSIM and thermal analysis through EnergyPlus/Archsim.
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DAYSIM is a Radiance-based daylighting software that employs a reverse raytracing
algorithm based on the physical behaviour of light in a volumetric, three-dimensional model [44]. It
employs Daylight Coefficients method and Perez All-weather sky model to calculate the annual
amount of illuminances and irradiances in and around buildings [45,46]. Radiance is a validated
backward raytracer capable of simulating complex geometries with flexible reflection and
transmittance material properties [47]. lts scientific reputation is further founded on a series of
independent validation studies, which have demonstrated that Radiance is capable of modelling
interior illuminances and irradiances for a wide range of sky conditions, a wide range of diffuse and
specular reflecting real world materials, standard glazing and complex facade geometries
[45,48,49].

2.4.1 Annual llluminance Profile (*.ill)

The calculation of the time series of daylight illuminances at sensor points requires the project
location to be specified. Here, the weather file used is IWEC for Seville, Spain (37°42’'N, 5°9'W).
The daylighting test is conducted on a workplane 0.80 m above the floor, with 576 sensor points
arranged in a grid of 0.25 X 0.25 m, as Figure 4 shows. The daily occupancy hours of a typical
office space is used (8-18 h, from Monday to Friday). Radiance simulation parameters are specified
in Table 4. After DIVA simulations, an annual illuminance profile (*.1l) is generated and subsequently
used to calculate mathematically the daylight performance indicators.

4 7.00
I workplane 0.50
7.00 3 .
34
S
B
8 3.00
e workplane
> N
s 3 0.80
! fully glazed fagade I
Daylight
(sun & sky) Diffuse light
(indirect sunlight &
direct and indirect
skylight)
S
Reflected Direct
daylight reflected daylight, sunlight

then transmitted
Figure 4. Daylight model: a) Reference, and b) PSS example with a schematic diagram showing the visible

light entering.
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Table 4. Radiance parameters

Ambient Ambient Ambient Ambient Ambient Direct Direct
bounces division sampling accuracy resolution threshold sampling
7 1500 100 0.1 300 0 0.2

2.4.2 Modified Daylight Availability

The daylighting criteria used for assessment are based on Daylight Availability [50]. Through this
metric, the space area is represented as follows: ‘fully daylit’, ‘partially daylit’, ‘overlit’ and ‘non-
daylit’ areas. The ‘fully daylit’ area is reported when a specified illuminance level (300 lux) for
occupancy from 8 to 18 h is over 50% (in short, DAsoo50%). The ‘partially daylit” area is measured
when a specified illuminance level (150 lux) for occupancy from 8 to 18 h is at least 50% (in short,
DAisos0%) [50]. The ‘overlit’ area is reported when daylight illuminance exceeds the maximum
threshold of 3000 lux for more than 5% of the occupied hours. This area might signify a potential
for glare and heat gain [51,52]. The ‘non-daylit’ area is that which did not achieve the illuminance
level of 150 lux for at least half of the occupied hours.

From the above, it can be determined that the ‘fully daylit” area is part of the ‘partially daylit’
area since they do not have upper limits [53]. In addition, the ‘overlit’ area could be coincident with
and/or contained within any/all three other areas. Notwithstanding, this work aims to account the
space area lit exclusively with useful daylight illuminance (UDI) levels by means of assessing the
annual occurrence of illuminances across the workplane that are within a range that occupants
considered ‘useful’[54]. Accordingly, the four Daylight Availability areas are overlapped on top of
each other in order to extract the single area for each one of them, as Table 5 indicates:

Table 5. Modified Daylight Availability

Non-daylit includes illuminances of under 150 lux for at least 50% of occupied
hours (UDI-1s0, =50%).

Actual Partially daylit is measured when daylight illuminances fall within the range 150-300
lux for at least 50% of occupied hours (UDl150.300, =50%).

Actual daylit includes only those useful illuminances within the ranges UDI300.3000,
>50% + UDl>3000, <5%.

Overlit includes illuminances of over 3000 lux for at least 5% of the occupied

hours (UDI- 3000, =5%).

Therefore, non-daylit + actual partially daylit + actual daylit + overlit areas = 100% of the
workplane, as Figure 5 shows. These areas are obtained by mathematically processing the
information of the annual illuminance profile using Excel software, because DIVA/Grasshopper
cannot calculate the illuminance ranges in the specific time percentages required in this work.
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UDI300-3000, >50%

UDI>3000, <5%

- Non-daylit
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actual Partially daylit

l:] ‘actual’ Daylit
- Overlit*

* Includes:

ol Non-daylit/over lit overlap

02 Actual partially daylit/over lit overlap
03 Actual daylit/overlit overlap

Figure 5. Modified Daylight Availability.
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2.4.3 Hourly Lighting Schedule

DIVA includes a module that enables users to model annual electric lighting use based on Radiance
backward raytracing. The resulting file (*.csv) contains hourly schedules of the status of all lighting
systems in the project. This schedule can be linked to energy simulation programs such as EnergyPlus.
Three parameters are required to describe the lighting system for each zone: the target illuminance,
the lighting power density and the lighting control system. The former is set to 300 lux (IESNA 2013)
and the latter to 10.6 W/m? (ASHRAE 2016). The lighting system selected corresponds to a standard,
manually-controlled electric lighting system with a single on/off switch near the door. This manual
on/off switch mimics the behaviour of a user based on the statistical analysis of the Lightswitch Study
[57] where users occupying a space are likely to turn off lights at levels of around 250 lux. According
to the IESNA (2011), this is the reference system relative to which the energy savings potential of

automated controls should be expressed.

2.5 Energy Simulation

The aim of this stage is to evaluate the thermal performance of the office space with the 16 PSS
configurations selected by the DOA method. Currently, energy calculation presents some difficulties
and restrictions due to the simulation tools” limitations. EnergyPlus is an energy simulation program
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that has been thoroughly validated and tested in practice in order to assess the energy performance
of conventional building systems [56]. It is one of the newest and most advanced building energy
simulation programs and it is the energy modelling engine that the US Department of Energy is
betting the future of building modelling on. However, it is questionable whether it can describe
accurately the energy fransfer phenomena that occur within the complex geometries [21]. Even its
different graphical interfaces (such as Design Builder and DIVA-thermal component) cannot deal
well with such geometries, making the energy evaluation of PSS infeasible [25].

This paper proposes an energy calculation process that integrates the advantages of
EnergyPlus with the full potential that other simulation tools have developed in terms of modelling
and characterising complex geometries such as Radiance, Archsim and Grasshopper [48,59,60].
In order to model the thermal performance of the PSS, a specific calculation process is developed
(Figure 2). First, DIVA-for-Grasshopper is used to calculate an annual solar irradiation profile. This
profile is then synchronised with a thermal analysis performed in Archsim/Grasshopper linked with
EnergyPlus by using an hourly shading coefficient and an hourly transparency schedule. The entire
process is detailed below.

2.5.1 Annual Solar Irradiation Profile (*_hourlyirradiation.csv)

Climate-specific annual solar irradiation is calculated with DIVA using the DAYSIM-based hourly
method to produce an hourly result file (*_hourlyirradiation.csv) containing the solar irradiation for
all of the sensors for all of the hours in the year. Solar irradiation is measured on a vertical plane
placed in front of the glazed facade, with 2,201 sensor points arranged in a grid of 0.10 x 0.10
m, as Figure 6 shows. Radiance simulation parameters are presented in Table 2. The weather file is
IWEC for Seville.

3.00

7.00

Figure 6. Reference model with the solar irradiation grid: Facade, section y perspective.

2.5.2 Hourly shading coefficient

Shading Coefficient (SC) enables the performance of the solar protection over glazing to be
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determined. It is merely the fraction of the solar irradiation that impacts the glazing with and without
the use of solar shadings; the closer the SC is to O, the more effective the solar protection is [61].
SC could be taken to represent the thermal efficacy of the solar shades [29]. In this work, the SC is
calculated for every hour over the year (SChoui,) and is the ratio of the solar irradiation falling on the
grid with and without PSS (See Figure 7). Each value of SCrouiy considers the mean across all sensors
in the grid. Thus, 8,760 values of SCiou, are obtained for each PSS configuration.

PSS

Fully glazed facade

Figure 7. Solar irradiance with and without PSS.

2.5.3 Hourly Transparency Schedule

Since the creation of Grasshopper, several scripts have been developed aimed at infegrating
simulation tools for different aspects of building performance, such as, but not limited to: geometry,
structures, thermal and daylight performance [26]. One example of these scripts is Archsim Energy
Modelling [60], a plugin that brings fully-featured EnergyPlus simulations to Rhinoceros/Grasshopper
and thus links the EnergyPlus simulation engine with a powerful parametric design and a CAD
modelling environment. Thermal analyses with EnergyPlus can thus be accessed by a wider range of
users. Through Archsim, simulation inputs such as model geometry, materiality, constructions and
zone usage profiles are fully parametric and can be coupled with optimisation algorithms within
Grasshopper [43,62]. Archsim supports advanced daylighting and shading controls, ventilation
modules, simple HVAC, etc.

In this work, Archsim is used to create an ‘hourly transparency schedule’ with the 8760 SChouy
values, for each one of the 16 PSS studied. Figure 8 shows an example of this hourly transparency
schedule over the year.
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Figure 8. Example of an hourly transparency schedule.

2.5.4 Annual Energy Calculation

The thermal simulations are performed with EnergyPlus version 8.4.0. As EnergyPlus is a stand-alone
simulation program without a user-friendly graphical interface, Archsim intervenes, enabling
designers to set up and run energy models rapidly. In order to focus on studying the performance of
the tested PSS, the effect of thermal transmittance through walls, ceiling and floor was set to be
adiabatic, which is fully-glazed with clear double glazing (6mm), separated by a 13 mm air gap,
with a U-value of 2.785 W/m?-K and SGHC of 0.703. A single-plane surface measuring 7 m X 3
m is placed at a distance of 0.05 m from the fully-glazed facade. The hourly transparency schedules
of the 16 PSS are individually set to this plane. Figure 9 depicts the basic thermal behaviour of the
facade exposed to solar radiation.

The calculation method used for the thermal model in EnergyPlus is the Conduction Transfer
Function (CTF) since it rapidly calculates the conduction heat transfer through a complete layered
building surface. It has been pointed as the best choice for simulating peak cooling loads and for
the building energy consumption simulation analysis [63]. The details of the CTF model can be found
in [20]. Table 6 lists the occupancy, lighting and equipment loads [64]; also, the heating and cooling
set points, relative humidity and other input loads based on Spanish regulations [38]. Table 7 lists
the indicators quantified to understand the thermal performance of PSS.

Table 6. Input loads for thermal dynamic simulations

Occupancy
Equipment loads
Lighting loads

Heating set point temperature
Cooling set point temperature
Minimum relative humidity
Maximum relative humidity
Fresh air

Sensible heat recovery
Infiltration

0.1 people/m?

12 W/m?

10.6 W/m? (It is set to be manually controlled
according to the DIVA hourly lighting schedule)
21°C

25°C

45%

50%

12.5 L/s/person

0.64

Off
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b)

Solar
radiation

Beam and diffuse
solar radiation energy
are totally diffuse*

Reflected
solar radiation

Total solar radiation absorbed
in all of the screen and glass
layers, then radiated to both

outside and inside

single surface
representing a PSS

* In the thermal model, PSS are assumed as shades but
with a specific hourly transparency schedule

Figure 9. Thermal model: a) 3D geometry, and b) Basic thermal behaviour.

Table 7. Energy performance indicators

SCannual Annual mean value of all SCheuy values quantified at each PSS.

TSRE Annual transmitted solar radiation energy, normalised by floor area
(kWh/m?).

Lighting energy Total annual energy used on-site to supply the electric lighting system

consumption and normalised by floor area (kWh/m?).

Cooling energy Total annual energy used on-site to supply the cooling system and

consumption normalised by floor area (kWh/m?).

Heating energy Total annual energy used on-site to supply the heating system and

consumption normalised by floor area (kWh/m?).

Total Energy Sum of the annual energy consumed for heating, cooling and

Consumption artificial lighting and normalised by floor area (kWh/m?).

2.6 Balancing daylighting and thermal performance

The ratio of the actual daylit area to the SCqnnual is counted as an index of both daylighting and solar
shading in this study [34]. A high value of the actual daylit area corresponds to better daylighting
performance. A lower SConnuol value corresponds to better annual solar shading performance; thus,
high values of this index represent a better integrated performance of solar shading and daylighting.

3. Results

Table 8 and Figure 10 present the annual results of the 16 simulations. Figure 10a shows the
percentages of the modified Daylight Availability and Figure 10b shows the annual energy used for
lighting, cooling and heating, the SCannua and the TSRE. The index appears in both figures a and b
to show the interrelation between the daylighting and thermal performance.
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Table 8. Annual results of simulations.

—_ [
S o
S 5 T & <
. T 5 = < <
= 3 % 3 $ 2 k
o 2 e = £ — > > >
o} > o X = 8 o o )
5 .8 = o} _8 ;C E o I o)
5 = 5 5) o v v < [} ) o)
'g 5} & Q E — \q_)/ - E o = o
3 2253t 1y £ 2 2
S ¢ 2 % 2 g &S 2o
- REF100S O 0 0 100 1147.041.00 289.29 9.21 248.62 4.66 0.00
1 501CS O 0 43 57 726.78 0.70 154.28 13.39 138.71 1.50 0.61
2 502HS O 0 42 58 646.41 0.59 140.27 21.24 134.11 1.27 0.72
3 503QS O 0 43 57 70790 0.68 150.91 21.96 143.11 1.55 0.63
4 504T7S O 0 45 55 669.78 0.60 145.81 13.07 131.98 1.34 0.75
5 371HS O 0 49 51 596.91 0.60 127.75 23.59 126.25 1.05 0.82
6 372CS O 0 49 51 51553 0.48 113.66 24.78 116.67 0.81 1.02
7 373TS O 0 47 53 532.78 0.51 116.68 16.89 112.62 0.79 0.92
8 374QS O 0 50 50 471.36 0.42 106.19 14.92 103.81 0.64 1.20
9 251QS O 36 23 41 381.95 0.37 86.56 26.24 98.85 0.54 0.63
10 2527S O 34 23 43 392.84 0.39 88.37 2582 99.85 0.56 0.59
11 253CS O 35 20 44 338.36 0.31 79.11 26.3594.00 0.50 0.66
12 254HS 0O 31 29 40 333.27 0.31 78.10 26.30 93.24 0.49 0.94
13 121TS 50 15 5 31 154.61 0.13 43.43 27.26 72.69 0.56 0.35
14 122QS 47 23 8 22 19123 0.19 4958 27.23 7635 0.49 0.43
15 123HS 48 24 13 14 190.97 0.19 49.42 27.44 76.45 0.51 0.70
16 124CS 44 16 13 27 171.06 0.16 46.03 27.42 74.40 0.55 0.82
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a) modified Daylight Availability
100 T N 8 B B — 1.8
90 1.6
80 1.4
R W /\ 1.2
s L~ 1.0 %
o 50 =
3 0.8 &
= 40
= 0.6
s 30
2 50 0.4
10 0.2
0 0.0
N N U LN D N N UL N N N D N N DN
E o T Q oK Q- L £ Q0 T Q0K
= 88 I3 g K F eI g g
= =~ — &N O A N &N N o n N
mmm Nonlit E=3actual Partially = Overlit —Jactual daylit ——Index
b) Annual Energy Results
180 1.8
160 1.6
140 1.4
S 120 1.2
= Q
= 100 1.0 2
=~ <
< 80 0.8 5
N 5
§ 60 0.6
=40 0.4
20 0.2
0 0.0
N D N N A N A AN A AN N D N N AN W
£ Qo T Q OF QT T L B QOO0 - OKH
8 8 8 d g oI ITs g g S
— — — — ol (@\] (@] (o\] on cn on cn v (Vo) v vy
Lighting energy mmmm Heating energy s Cooling energy
—TSRE  eeceee SC Index

Figure 10. Annual Results in L16(43).
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3.1 OA analysis

The ANOM and ANOVA of the OA L4(4°) are used to predict the optimal design derived from

the combination of the three design variables. The optimal levels, therefore, must increase the area
lit with useful illuminance for occupants and reduce the area lit with excessive illuminance that can
be associated with glare and thermal discomfort. The ‘actual daylit area” must be maximised and
the ‘non-daylit’, ‘actual partially daylit’ and ‘overlit’ areas must be minimised. Furthermore, the
optimal levels must maintain electrical energy consumption for lighting, cooling and heating as low
as possible. As it represents the best integrated performance of daylighting and solar shading, the
index must be maximised.

Table 9 summarises the ANOVA results of Lis(4°), where the statistical significance to 5% is
of PP for all indicators and M for the index. The sum of squares (SS) indicates the relative importance
of each factor and is ordered as follows: PP>M>S for all indicators (except for the overlit indicator
that follows the order PP>S>M,).

Table 9. ANOVA of L16(43) when a=0.05

Indicator Factor GL SS F p Significance
Non- 1 (PP) 3 6751.44 1467.03 0.00  *
daylit area 2 (M) 3 4.60 1.00 0.46
3(9) 3 4.60 1.00  0.46
Residual error 6 9.20
Total 15 6769.85
‘actual’ 1 (PP) 3 3296.90 144.46 0.00 *
partially 2 (M) 3 27.12 119 0.39
daylitarea 3 3 14.22 0.62  0.63
Residual error 6 45.64
Total 15 3383.88
‘actual’ 1 (PP) 3 3868.34 254.39 0.00 *
Daylit area 2 (M) 3 45.43 2.99 0.12
3(9) 3 25.78 1.70 027
Residual error 6 30.41
Total 15 3969.96
Overlit 1 (PP) 3 2559.32 48.43 0.00 *
Area 2 (M) 3 13.76 0.26  0.85
3(9) 3 54.09 1.02  0.45
Residual error 6 105.70
Total 15 2732.88
1 (PP) 3 22480.90  152.38 0.00 *
TSRE 2 (M) 3 163.30 1.11 0.42
3 (F) 3 1.00 0.01 1.00
Residual error 6 295.10
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Total 15 22940.20

1 (PP) 3 274.33 7.54 0.02 *

2 (M) 3 38.61 1.06 0.43
Lighting energy 3 (F) 3 30.49 0.84 0.52

Residual error 6 72.72

Total 15 416.15

1 (PP) 3 8363.61 80.35 0.00 *
Cooling 2 (M) 3 147.82 1.42 0.33

3 (F) 3 21.27 0.20 0.89
energy

Residual error 6 208.18

Total 15 8740.88

1 (PP) 3 212 49.83  0.00 *
Heating 2 (M) 3 0.06 1.37 0.34

3 (F) 3 0.00 0.08 0.97
energy

Residual error 6 0.08

Total 15 2.26

1 (PP) 3 0.38 18.86 0.00 *

2 (M) 3 0.23 11.47  0.01 *
Index 3 (F) 3 0.05 2.57 0.15

Residual error 6 0.04

Total 15 0.70

Table 10 presents the results of the Lis(4%) ANOM. Delta values are used to compare the relative
magnitude of effects depending on orthogonal design [41]. It also shows the optimal PSS
configuration which obtains the highest index values.

Table 10. Ly5(4%) ANOM.

Non- GCTW' ‘actual’ . I : .

Mean daylit Porh.olly Daylit Overlit  TSRE Lighting Cooling Heating
| . daylit . area (kWh/m2)energy  energy  energy Index

vawes 009 area o0 (%) (kWh/m2) (kWh/m2) (kWh/m?2)

(%) %) (%)
PP
T1(50%) O 0 43 57 147.82 17.42 136.98 1.41 0.68
T2 (37.5%) 0 0 49 51 116.07 20.04 114.84 0.82 0.99
T3(25%) O 34 24 42 83.03 26.18 96.49 0.52 0.70
T4 (12.5%) 47 19 10 23 47.12 27.34 7497 0.583 0.58
Delta 47 34 39 33 101 10 62 1 0.41
Rank 1 1 1 1 1 1 1 1 1
M 147.82
T1(12x28)13 13 30 45 103.00 22.62 109.13 0.91 0.60
T2 (9%x21) 12 14 31 43 97.97 2477 106.75 0.78 0.69
T3 (6x14) 12 15 31 42 99.03 23.16 106.54 0.84 0.73
T4 (3x7) 11 12 34 43 94.03 20.43 100.86 0.75 0.93
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Delta 1 3 4 2.52 9 4 8 0 0.33
Rank 25 2 2 3 2 2 2 2 2

S

T1 (C) 11 13 31 45 98.27 2299 10595 0.84 0.78
T2 (H) 12 14 33 41 98.89 24.64 107.51 0.83 0.80
T3 (Q 12 15 31 42 98.31 2259 10553 0.80 0.72
T4 (T) 13 12 30 45 98.57 20.76 104.29 0.81 0.65
Delta 1 2 4 5 1 4 3 0 0.15
Rank 25 3 3 2 3 3 3 3 3
Optimal 374H
PSS

Note: the numbers in bold represent optimal levels according to the indicators.

Figure 11 presents the Lis(4%) ANOM. 10a plots the annual modified Daylight Availability where the
non-daylit area can be observed to remain at zero in PPs larger than 25% and shows fluctuations
that are broadly similar for all levels of M and S. The actual partially daylit area remains at zero for
PPs greater than 37.5% and presents close fluctuations between levels M and S. The actual daylit
area reaches its highest value at 37.5% PP, followed by 50% PP. It then decreases as PP decreases.
This area shows a slight increase at levels 4 (3x7) for M and 2 (H) for S. The overlit area decreases
as PP decreases and presents close results in all 4 levels of M and S.

Figure 11b plots the annual means of the PSS energy performance indicators. It can be
observed that, similar to the overlit area, TSRE decreases as PP decreases; furthermore, it reaches
highly similar values in M and S levels. SCanual behaves the same as TRSE in the three design
variables. Lighting energy increases slightly as PP decreases and presents fluctuations at levels M and
S. Cooling energy decreases as PP decreases; moreover, it is lower in M4 (3X7) and presents
fluctuations at S levels. Heating energy remains practically the same over all variables. With regard
to the index, PP 37.5%, M 4 (3x7) and S 2 (C) and 1 (H) levels obtain the best simultaneous
performances in the two aspects under study.
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a) modified Daylight Availability
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Figure 11. L16(43) ANOM results.

The index is used for the daylighting and thermal characterisation of the PSS and endeavours to find
a balance between natural daylight and thermal efficiency. The following design criteria for south-

facing, Mediterranean PSS have been derived from their optimal levels:

e PP is the determining variable in PSS design since it was statistically significant for all
indicators. PP should be limited to 37.5% for the following reasons (See Table 10). In terms
of daylighting performance, a PP of 37.5% gives the highest actual daylit area value (49%);
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PPs greater than 37.5% increased the overlit area in more than 50% of workplane (57%),
while PPs of less than 37.5% led to a considerable (10-24%) reduction. In terms of thermal
performance, a PP of 37.5% gives intermediate values with respect to lighting, heating and
cooling energy consumption, achieving annual savings when compared with larger PPs. The
highest index value is obtained with PP 37.5% and therefore it is effective when describing
simultaneously the PPs’ daylighting and thermal performance.

e The second most important factor is the matrix. In order to achieve the best balance between
daylight and energy performance, matrices with the smallest number of large perforations
are recommended. According to the results in daylighting performance, level 4 (3x7) obtains
the highest actual daylit area values, while in terms of the overlit area, all four levels are
roughly equal, with levels 3 (6x14) and 4 (3x7) giving the lowest values. In terms of thermal
performance, level 4 (3x7) is the most advisable because it achieves the lowest levels of
energy consumption for all energy uses, as well as the lowest TSRE levels. With regard to the
index, the optimal level is level 4 (3x7) and is therefore effective in characterising both
conditions simultaneously. Even M is statistically significant for the index (See Table 9).

e Shape is the least relevant variable, allowing for greater design freedom. The results showed
no significant differences in any indicator (See Table 9).

3.2 Analysis of the use and non-use of south-facing PSS

This section compares the space’s daylighting and thermal conditions with and without PSS, selecting
for that purpose configuration 374QS from the simulations that had already been performed. This
configuration was chosen because it combines the optimal and statistically significant levels derived
from the OA, as well as being the PSS with the highest index (See Figure 10). Figure 12a shows the
absolute quantified error in 374QS with respect to REF100S for modified Daylight Availability, as
well as the quantified percentual error for both energy consumption and TSRE. The results
demonstrate that using optimised south-facing PSS can increase the actual daylit area by 50% and
decrease the overlit workplane area by 50% when compared with a fully-glazed facade. Although
with PSS artificial lighting consumption rises by 62%, daylighting on the workplane is improved
considerably. Furthermore, there is a 63% reduction in TSRE while cooling and heating consumption
decrease by 58% and 86%, respectively. This gives a 55% total annual saving in energy consumption.
It is, therefore, advisable to use PSS on south-facing glazed facades in line with the abovementioned
design criteria.
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a) 100% glazed south facade compared to optimised PSS (PP 37.5%)
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Figure 12. Differences between use and non-use of an optimised south facing PSS.

Figure 12b compares the daylighting and thermal performance of the optimised PSS with respect to
a simple aperture with WWR 37.5%. The absolute error in 374QS with respect to WWR 37.5% for
modified Daylight Availability is shown, as is the quantified percentual error in 374QS with respect
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to WWR 37.5% for energy consumption and TSRE. The results show that using a simple aperture can
increase the actual daylit area by 63% and reduce the overlit area on a workplane by 63% with
respect to the fully-glazed fagade. Arificial lighting consumption, however, increases by 62% which
is similar when using PSS. Moreover, TSRE decreases by 56% and cooling and heating consumption
by 37% and 54%, respectively. There is only a 34% decrease in overall energy consumption; 21%
less than when using PSS. On balance, therefore, it is more advisable to use PSS on glazed facades
instead of a simple aperture in the wall.

3.3 Characterisation of PSS daylighting and thermal performance

Figure 13 shows an overlap of the four areas of the modified daylight availability at each sensor
point in 374QS. The white areas represent a sensor with DAsgo for at least 75% of the working year
that do not reach UDI-3000 during 5% of the occupied hours (in short, the favourable actual daylit
area). The clear grey scale shows sensors with DAsoo between 50 and 75% of the working year that
do not reach UDI-3000 during 5% of the occupied hours (in short, the nominal actual daylit area). In
addition, the REF100S results also appear in Figure 13 for in order to present daylight on the
workplane without PSS. Not only can the daylighting improvement be observed in the increased
actual daylit area but also in the reduction of the overlit area and, furthermore, in the reduction of
the annual time percentages with excessive illuminances at each sensor point.

374QS REF100S

61 66 66 65 67 65 66 71 65 68 71 72 71 73 69 73 70 71 66 65 70 65 65 62
64 62 66 68 66 67 69 64 64 71 69 69 69 70 69 67 73 68 71 69 67 70 69 65
66 63 66 68 68 64 67 71 69 71 72 71 68 73 72 72 67 68 68 67 72 66 61 66
65 64 68 68 68 68 69 69 73 70 73 70 70 72 73 68 73 73 73 72 68 71 68 68
65 70 69 68 70 70 69 74 71 71 73 73 74 73 74 73 73 72 71 70 74 73 72 68
66 70 70 70 73 75 70 72 74 73 77 75 71 75 75 76 77 74 73 74 72 71 74 73
71737573 71 74 76 76 75 76 78 74 75 77 75 76 78 80 75 76 75 75 77 74
74 75 74 74 75 77 78 76 77 80 75 80 81 81 80 79 78 75 81 79 79 80 75 79

Favourable/  Nominally
preferred , acceptable

‘actual’;daylit(%) J_ non-daylit (%)

100% 75% 50%

*The numerical values at each sensor represent the annual time percentages quantified at each metric.

Figure 13. Daylight Availability in 374QS and REF100S.

In this work, illuminance and TSRE information are shown using annual temporal maps. These
temporal maps are produced in MATLAB in order to show, on a single graph, the periods of the year
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in which the design objectives are achieved [65]. The illuminance information can be coupled with

studies for integrating daylight with dimmable artificial light.

The TSRE information is useful to

complement the PSS performance with dynamic solar protection systems during the hours of greatest

sunlight gain. Figure 14a shows the temporal illuminance map of 374QS.

It represents the

percentage of the workplane fulfilling useful illuminances. Therefore, the values shown are the
percentage that achieved the range defined between the minimum required illuminance of 300 lux
and the maximum acceptable illuminance of 3000 lux. Figure 14b shows a temporal TSRE map of
374QS with the hourly values of kWh transmitted into the interior. In this manner, the optimal thermal

efficiency of the PSS can be characterised for the whole year.

a) UDI 300-3000 lux

I
WWWWM

I

Il
il \‘IIIHHIIII [l I|II|||I|IIIIII|||I|I|I|II|I[||IIIIIIII[IIllllIIIIlI]IIIIIIIIIllllllfﬂI{III} o
|
|

Ll IHIIIIIII||I||III|||||II|H\‘IH Il I\
I|||||I |I|||||I||\I||\|I||IHI|II|IIII|I] il HHIIIIHIHIlIH \

HII i i

ﬁll [ OO
IIIIIIIIHII A (I 1 JL
N [ ] ]]] ol
AR —————n ‘
e

JAN FEB MAR APR MAY JUN JUL AUG

b) Transmitted Solar Radiation Energy

JAN MAR APR MAY JUN JUL AUG SEP

Figure 14. Temporal maps of 374QS.
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Figure 15 shows the temporal illuminance and TSRE maps of the space with no PSS. Comparing
Figure 14 with Figure 15 the differences between the use and non-use of PSS, in other words, the
daylighting improvement throughout the year and the TSRE reduction which occurred mostly during
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the winter months, can be observed.
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Figure 15. Temporal maps of REF100S.

4. Conclusions

This paper achieves the simultaneous study of two important PSS functions: those of providing
adequate daylight in the workspace and preventing solar gains transmitted through the holes. Both
aspects are translated into annual lighting, heating and cooling consumptions. Accordingly, this work
presents a process of integrating a specific workflow for daylighting and energy analysis of complex
geometries with the orthogonal method as a new tool for an adequate and novel comparative
analysis of different typologies of PSS.

Firstly, the integrated workflow for evaluating and characterising PSS involves different
daylight-thermal calculating software. DIVA is used for the daylighting calculation due to the
precision of its calculation engine, RADIANCE, software widely validated in modelling daylight
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illuminances and solar irradiations for complex geometries. Regarding the thermal performance, it
follows a specific calculation process due to the drawbacks of the current energy program: the limit
of digital construction for the PSS. Directly creating a complex surface geometry is infeasible using
EnergyPlus. If a PSS is represented either by a surface with holes or by a mesh, it will be not recognized
in the IDF file. In fact, calculations in EnergyPlus requires the representation of the geometries as
single planes [20]. Hence, DIVA is used to calculate the hourly solar radiation falling on the facade
with and without the PSS. The SChouy is then calculated and the use of Archism is integrated in order
to determine an hourly transparency schedule which is assigned to simple surfaces in the thermal
model in EnergyPlus, a validated simulation engine for performing energy calculations with simple
geometries.

Secondly, it can be noticed that the workflow involves simulations in three main domains,
namely daylight, solar irradiation and energy loads. Thus, the number of simulations increases and
require quite a lot of time, being difficult to handle in practical situations and during the conceptual
stages of building design. Therefore reducing the number of PSS configurations to be tested in order
to optimise the design process is recommended. Using the DOA method, it is possible to obtain the
greatest information from the results running the minimum number of computational simulations.
DOA enables PSS design criteria in south-facing facades in Seville to be established: PP, without
exceeding 37.5%, should be the leading factor in PPS design; M is second in importance and the
use of larger-sized perforations is recommended, while S was statistically insignificant, giver greater
design freedom.

PSS optimisation managed to find a balance between providing daylight and electricity
consumption for lighting, heating and cooling. It was observed that, although all PSS managed to
reduce solar gains due to irradiation, not all PSS gave sufficient levels of daylighting. In this sense,
the use of indicators, such as the proposed index, enabled the integrated performance of the PSS’s
functions to be calculated and evaluated successfully.

With regard to the glazed facade, the optimised PSS increased the actual daylit area by 50%
and reduced TSRE by 63%. Even though lighting consumption increased by 62%, this was
compensated by a reduction of 58% and 86% in cooling and heating, respectively, thus achieving a
55% total annual saving in consumption. Moreover, the use of PSS on glazed facades is more
effective than using a simple perforation, whose total annual consumption saving was 33%. It is
therefore concluded that PSS use is effective on a southern orientation and that it should be
implemented following the design criteria indicated.

Although this work applied the DOA method in order to optimise three design variables, it
could also be used in future research simultaneously to take into account variables such as PSS
thickness, materials and inclination. There are, furthermore, other functions which should be
considered in PSS design, such as visual comfort (e.g. glare probability, uniformity of daylight
illuminances) and the factor of exterior view. Future research can build upon this present one and
explore these conditions.
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