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Abstract 
The significant energy consumption in educational spaces worldwide and its environmental impact greatly influence the quality of space, 
learning levels, and student comfort. Despite offering free school energy costs, developing countries like Iran have not established 
specific design principles to ensure student comfort. Additionally, the poor design of school building exteriors, such as the common 
installation of large, unshaded windows in Iranian schools, causes glare issues. The primary objective of this study is to control direct 
sunlight and increase shading, thereby reducing its impact on energy consumption and enhancing visual comfort. This paper proposes a 
novel solution that combines a self-shading facade with a double-skin facade for classroom spaces. The study variables, involving the 
modification of the geometry of the double-skin self-shading facade via DesignBuilder software and the Daysim plugin, were compared 
to a simple double-layer facade. Based on the results, the optimal scenario for the self-shading double-skin façade with the specifications 
of a triangular pyramid module shape, ridge position fold 3/2 the module height, cavity depth 7.0, and number of module 2×2 exhibited 
40% lower cooling load, 25% lower heating load, and 95% lower lighting load than a simple double-skin facade. At the same time, all 
scenarios of the new solution provided better visual comfort and daylighting criteria compared to the simple double-skin facade. The 
modularity and use of indigenous brick materials in the double-skin self-shading facade design reduce construction costs. 

© 2024 The Author(s). Published by solarlits.com. This is an open access article under the CC BY license 
(https://creativecommons.org/licenses/by/4.0/). 

 

1. Introduction
One factor contributing to increased energy consumption is the 
impact of direct and diffuse solar radiation in urban areas. This 
phenomenon, known as the urban heat island effect, raises 
temperatures locally, regionally, and globally [1]. Global energy 
consumption in buildings is projected to rise by an average of 
5.1% annually between 2012 and 2040, primarily for cooling, 
heating, lighting, and appliances [2]. Schools are significant 
energy consumers, comparable to residential and office buildings 
[3]. In Iran, the average energy consumption in schools, the most 
numerous type of public building, exceeds 160 kWh/m² [4]. This 
is 5.2 times higher than the annual consumption of schools in 
developed countries, around 65 kWh/m² [5]. Iranian schools 
receive partial exemptions from energy costs under a Ministry of 
Education directive.  

Four key passive design elements reduce direct solar radiation, 
increase shading, and decrease energy consumption: self-shading 
facades (FSS), shading devices (SD), the window-to-wall ratio 
(WWR), and building orientation (BO) [6]. Self-shading methods 
are crucial in hot climates, as they block and control direct 
sunlight, reducing cooling loads [7,9]. Numerous studies since the 
1960s have shown a strong link between classroom temperature, 
air quality, student performance and comfort [10-12].Another 
passive strategy to manage heat gain in warm seasons, heat loss in 
cold seasons, and thermal discomfort from uneven solar radiation 
is the double-skin facade (DSF). The DSF consists of two layers 
of glass with a ventilated air cavity acting as a thermal buffer. 
DSFs also play a vital role in controlling glare and maximizing 
daylight through correctly placing shading devices [13]. Despite 
schools in Iran's hot and dry regions consuming 9.41% of total 
energy, no specific guidelines or codes exist for their design [14]. 
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Researchers have explored various solutions for school 
buildings, including self-shading volumes, facade bricklaying 
patterns, fixed and movable self-shading shapes, complex 
photovoltaic panel modules, and curved origami lines [15-37]. 
These approaches aim to improve thermal and visual comfort near 
windows, reduce cooling loads, enhance indoor light quality, and 
lower lighting energy consumption.  

Standard passive design methods for thermal and visual comfort 
in schools involve combining window-to-wall ratios with shading 
devices, optimal orientation, louvers, blinds, and high shading 
coefficient glass [38-42]. They also utilize light shelves and 
reflectors [43-46] and consider the effects of sloping walls, 
orientation, window-to-wall ratio, and glass light transmittance in 
hot and dry climates [47]. In tropical climates, internal reflections 
from the ceiling, floor, and walls are employed [48]. A high-
performance building facade design results in appropriate 
daylighting, increased use of daylight to improve student 
performance, and enhanced comfort [49]. Shading systems are one 
of designers' most popular strategies to improve facade 
performance [50]. These systems protect buildings from direct 
sunlight [51,52] and control daylight penetration [52-54]. Self-
shading is a defining feature of appropriate daylighting for schools 
in tropical [48] and hot, dry climates [47]. The decrease in the 
surface temperature of the single-paned glass during the winter 
causes cold radiation to the occupants, while the need for heating 
and lighting is eliminated by double-skin the facade and increasing 
the U-Value and maintaining the ambient heat. However, doubling 
the facade increases cooling loads and decreases heating loads 
[55]. The most effective strategy to mitigate cooling loads is 
external shading devices and ventilating the cavity between the 
skins[56,57]. Minimum heating loads can be achieved by 
combining a double-skin box structure with external shading [58]. 
The cavity reduces the U-value of external surfaces and can be 
used for ventilation and preheating the interior, thus lowering 
heating loads. The high thermal mass of a brick facade helps 
stabilize the DSF cavity air temperature, reducing it during periods 
of intense solar radiation [59]. As schools generally require high 

fire and noise protection, DSFs act as barriers, preventing the 
spread of fire, smoke, and noise to adjacent classrooms [13-60]. 

Given the importance of constructing new schools and 
improving existing ones in Iran, this research proposes a novel 
solution for school building facades. It combines a modular self-
shading facade with a brick double-skin facade. The form and 
number of self-shading modules control direct sunlight while 
allowing adequate light, reducing cooling loads and lighting 
consumption, and creating visual comfort in classrooms. The 
double-skin box structure, combined with external shading, offers 
the benefits of double-skin facades while reducing heating loads. 
The cavity double-skin facade and depth of the self-shading 
modules help lower the U-value of external surfaces, facilitate 
ventilation, and preheat the interior. This allows areas near 
windows to be used in winter despite cold radiation, while the 
double-skin protects against fire and noise. Due to the high 
thermal mass of brick, the brick and glass facade positively 
impacts the double-skin cavity air temperature. 

 
2. Literature review 
Buildings with poorly designed facades exposed to direct sunlight 
rapidly increase the surface temperature and cooling load. In 
contrast, well-designed buildings, aside from controlling solar 
radiation impacts, can slow down this heat transfer, thus reducing 
internal energy demands, which results in energy savings for 
HVAC systems [61,62]. Self-shading volumes may have inverted 
pyramid shapes or inward-facing terraces [15-20], and the more a 
form's surface is inclined towards solar radiation, the greater the 
cooling capacity in terms of the surface-to-volume ratio [18-21]. 
Studies on the thermal performance of shading, such as 
bricklaying textures [7-22], self-shading facade shapes and 
forms[24-26], patterned facade geometric designs [23-27], and 
complex fixed modules with concave and convex edges [32,33] as 
fixed and modular shading demonstrated that they could scatter 
direct sunlight, improve indoor light quality, and reduce lighting 
consumption [26]. Parametric movable designs with facade 
module rotations and shifts [31] and the opening and closing of 
these structures are incredibly efficient in controlling direct 
sunlight and dynamic daylight [28-34] and can reach target 
brightness levels without glare [25]. Prismatic shapes [30], 
movable louvers [63], and curved origami lines 34 can change 
based on dynamic daylight and user position, leading to visual 
comfort. Another passive design solution is installing energy 
storage devices on the sloped double-skin facade, utilizing direct 
sunlight [64]. Although deviation from the orthogonal facade 
increases the heating load, it is balanced by reducing the cooling 
load and increasing energy production from photovoltaic panels 
[35-37]. DSFs have been studied recently to improve energy 
performance while maintaining thermal and visual comfort [65]. 
DSFs are classified based on the system structure or how the 
intermediate cavity is divided [13]. The lowest temperature and 
minimum heating and cooling loads can be achieved by ventilating 
the cavity and shading the external box structure of the double-
skin facade [57,58]. Besides energy efficiency, the double-skin 
facade increases comfort, raises the thermal resistance of the 
external wall, and reduces heat loss in winter [9]. Narrower 
cavities provide a more pronounced chimney effect and better air 
movement, leading to more efficient extraction of warm air. The 
cavity depth of the double-skin system, between 0.7 and 1.2 
meters, is recommended [66]. Using glass with a higher light 

Nomenclature 
FSS self-shading facades 
SD shading devices 
WWR window-to-wall ratio 
BO building orientation 
DSF double-skin facade 
U-Value  U-Value is the unit of measurement used to 

assess heat transmittance through materials, 
including walls, floors, ceilings, and each pane 
of glass. 

HVAC  is an acronym that stands for Heating, 
Ventilation, and Air Conditioning 

DA Daylight Autonomy 
DGP Daylight Glare Probability 
DF Daylight Factor 
SDA Spatial Daylight Autonomy 
ASE Annual Sunlight Exposure 
UDI Useful Daylight Illuminance 
BWk Cold desert climate 
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transmission coefficient in the outer layer (single glazing instead 
of double glazing) raises the cavity temperature, allowing for 
suitable natural ventilation. On the other hand, double-glazed glass 
with high thermal insulation is likely used in the inner facade layer 
due to reduced heat transfer from its conductive and radiative 
components across the façade [67,68]. Consequently, the 
performance of DSFs is highly dependent on the facade geometry 
due to the physics of heat transfer processes occurring within the 
cavity [56-69]. Indoor environmental conditions in educational 
infrastructure are closely related to buildings' architectural 
features and structure, and external shading is one such solution 
[70]. Installing external shading devices and improving visual 
comfort minimizes curtain use [71]. Various types of horizontal, 

vertical, and egg-crate shading are used in hot regions [72], and 
the length, number, and slope angle of the wall are crucial for 
controlling solar radiation [71-73]. Daylight design optimization 
using self-shading in classrooms showed that the sloped wall 
opening plays a significant role in controlling sunlight inside the 
room [48]. Sloped building facades with more windows exhibit 
lower Daylight Autonomy (DA) and Daylight Glare Probability 
(DGP) values, with the wall slope angle influencing DA levels 
[47]. As noted, poor facade design in a flat configuration without 
passive solutions in hot and dry climates leads to increased direct 
solar radiation and, consequently, higher energy consumption. 
Two strategies were considered to address this: self-shading 
facades and double-skin facades. 

Table 1. Summarize the research background. 
Name/Year Climate Usage Solution Independent 

Variable 
Dependent 
Variable 

Module Image & software Results 

[55] Semi-
warm 
and 
humid 

Office A vertical 
blind inside 
double-skin 
with an open 
window 

Shade location 
inside the 
double-skin 

Energy 
consumption 

 

• Proper impact of shade 
position and color on the 
temperature of double-skin 
windows, reduced cooling 
load 

[26] Hot  Fixed self-
shading 

Form and 
Geometry 

Energy 
saving 

Ecotect 

 

 •Reduced heat and 
increased shading 

[24] Hot and 
dry 

University Fixed self-
shading 

Form and 
geometry, 
facade 

Energy 
saving 

Design builder 

 

• 82% reduction in solar heat 

[25] Hot Theater Fixed self-
shading 

Form and 
geometry,  
direction 

Visual 
Comfort 

Diva 

 

• Best performance of 1.75-
2.00-meter shading slope 

[23]   Fixed 
patterned 
facade 

Form and 
Geometry 

Thermal 
performance 

Ladybugs, Diva Geco 

 

• Proper performance of 
horizontal pattern with 180-
degree rotation 

[18] Hot Residential Sloped wall Slope and 
geometry 

Energy 
saving 

Design builder 

 

• Internal heat reduction 
with a 115-degree facade 
slope 
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 [44] Non-
Tropical 

School -Light shelves 
-Light shelves 
+ lower 
blinds 
-Upper blinds 
-Light shelves 
southern 
skylight 

Roof glazing 
ration, Light 
shelf,  
Horizontal 
shading 

Visual 
Comfort 
Energy 
consumption 

 

• cities of Iquique and 
Santiago: best performance 
an upper blind 
• city of Coyhaique, light 
shelf and southern skylight 
are good 

[42] Non-
Tropical 

School movable 
shading 
devices 

Orientation, 
Room’s depth,  
WWR, Blind, 
Internal 
reflectance, 
Glass 
transmittance 
Context 

Visual 
Comfort 
 

 

• window cleaning, proper 
operation of movable 
shading devices, painting of 
interior surfaces with light 
color to increase the diffuse 
reflectance of light 

[46] Non-
Tropical 

School -Light shelves 
-Blind 

Room’s depth, 
WWR, Blind,  
Occupancy 

Visual 
Comfort 
 

 

•light shelves + overhang 
performs better than other 
strategies. 

[21] Hot and 
humid 

 Self-shading 
volume 

Form and 
Geometry 

Energy 
saving 

Ecotect 

 

• Low cooling load with low 
surface-to-volume ratio 

[35] Cold Office Energy PV 
production 
and double-
skin facade 

Form and 
Geometry 

Energy 
consumption 

Grasshopper, EnergyPlus 

 

• Increased heating load, 
reduced cooling load, 
increased energy production 

[9] Semi-
warm 
and 
humid 

Office Energy PV 
production 
and double-
skin facade 

Different slope 
angles 

Visual 
comfort, 
Energy 
consumption 

 

• Reduced cooling and 
heating load, artificial 
lighting use, increased 
energy production 

[32,33] Hot and 
cold 

Office Energy PV 
production 
and fixed 
shading 

Form and 
Geometry 

Visual 
comfort,  
Thermal 
performance 

Radiance, EnergyPlus,  
Ladybug Honeybee 

 

• Proper form performance 
for power generation and 
UDI near the window 

[10] Semi-
warm 
and 
humid 

Office Energy PV 
production 

Form and 
geometry, 
facade 

Visual 
comfort,  

DIVA-ARCHSIM 

 

• Proper performance of 
shading and energy 
production 

[22] Hot and 
dry 

 Bricklaying Bricklaying 
texture 

Energy 
saving 

DIVA ArchSim 

 

• Proper performance of 
60% protrusion of Finnish 
brick wall area 

[36] Cold Residential Energy PV 
production 
and double-
skin facade 

Form and 
geometry, 
facade 

Energy 
consumption 

EnergyPlus 

 

• Increased heating load, 
reduced cooling load, 
increased energy production 
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A review of existing research on self-shading and double-skin 

facades reveals that most proposed self-shading solutions focus on 
volume and wall slopes. Studies on modular facade forms and 
geometry primarily involve integration with photovoltaic panels, 
with few solutions exploring repetitive altered fixed module 
forms. Notably, the concept of a self-shading module as a brick 
shade for a box-type double-skin facade and its positive impacts 

on the double-skin cavity and interior space hase not been 
thoroughly investigated. To address this gap, this research 
proposes a novel solution combining the modular self-shading 
form with a brick double-skin facade. The study compares this 
combined strategy with a flat facade and evaluates its impact on 
energy consumption and visual comfort in classrooms within the 
hot and dry climate of Isfahan (Table 1). 
 

[58] Hot and 
dry 

Office Double-skin 
facade 

Types of double-
skin,  

Energy 
consumption 

EnergyPlus 

 

• Minimum heating load with 
box model and 30-degree 
external louver shade 

[17] Hot and 
humid 

Office Sloped wall Slope angles Energy 
saving 

ApacheSim 

 

• Best performance at a 65-
degree angle to the horizontal 
plane 

[47] Hot and 
dry 

School Sloped wall Different slope 
angles 
of the shading 
facade 

Visual 
comfort,  
Thermal 
comfort,  
Energy 
consumption 

Ladybug Honeybee,  
Grasshopper 

 

• Reduced cooling and 
heating load, artificial lighting 
use 

[7] Hot and 
dry 

 Bricklaying Texture and 
facade 

Energy 
saving 

Design builder 

 

• Proper performance of 
horizontal protruding bricks 

[45] Non-
Tropical 

School -Light shelves 
-Skylight 
-tray 
-Central  
 

WWR, Roof 
glazing ratio, 
Light 
shelf, Blind, 
Internal 
reflectance, 
Shading 
reflectance, Glass 
transmittance 

Visual 
Comfort 
 

 

• central spotlighting + higher 
reflection indexes provided 
the best lighting performance 

[43] Non-
Tropical 

School Light Shelf in 
Corridor 
Ceiling 

WWR, Light 
shelf, Wall 
cavity,  
Anedolic 

Visual 
Comfort 
 

 

•Light shelf and rear windows 
showed the best results as the 
uniformity level improved 
and illuminance level 
increased by average of more 
than 100%. 

[48] Hot and 
humid 

School Sloped wall Different slope 
angles 

Visual 
Comfort 

Radiance 

 

• Proper performance of the 
wall with a positive slope in 
shading and blocking sunlight 

[59] Hot, Cold School Roof 
ventilation 
with double-
skin facade and 
reconstruction 

Materials, 
direction, double-
skin opening 

Thermal 
comfort 

 

• Double-skin brick facade 
reduces cavity air temperature 
in summer 
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3. Research methodology 
The research approach in this article is quantitative, and the type 
is simulation. The software DesignBuilder version 7 was used to 
analyze energy consumption, and for visual comfort analysis and 
its associated daylight criteria, the Daysim plugin in Rhino 
software was used. The dependent variables, along with the 
software programs used to extract them, are shown in the Fig. 1. 
 
3.1. Daylighting performance metrics 
The latitude and longitude of Isfahan are 38.32° and 51.4°, 
respectively, and its elevation above sea level is 1575 meters. The 
Köppen classification of this city is BSk [74]. Based on long-term 
statistical studies (1951-2015), the annual average temperature at 
the Isfahan station is 16.4°C. The average temperature in the 
coldest month, January, is 3°C, and in the hottest month, July, it is 
29.5°C. The total annual hours of sunshine recorded at the Isfahan 

station is 3274 hours (Isfahan station meteorological data). The 
DesignBuilder simulation schedule was set from 8 a.m. to 3 p.m. 
for the entire year, according to the occupancy hours of 
educational buildings in Iran. To measure visual comfort in the 
Daysim plugin, the simulation time was set at 12 p.m. on June 21st 
(the summer solstice). 
 
3.2. Research process 
In the first stage, the information databases Google Scholar, 
Scopus, and ScienceDirect were used to collect related articles. 
According to the Iranian School Renovation publication, the base 
classroom model dimensions were set. In line with the research 
objective and considering the advantages of the two passive 
solutions (self-shading and double-skin facades) and the identified 
gaps in the form and geometry of the self-shading modules as 
external shading of the double-skin facade, the independent and 

 
Fig. 1. Showing dependent variables. 
 

 
Fig. 2. Illustrating research process. 
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dependent variables were determined. Finally, 81 modules were 
simulated on the base model using DesignBuilder software to 
measure energy consumption, and the Daysim plugin in Rhino 
software was used to measure visual comfort. Detailed 
explanations regarding the selection and specifics of independent 
and dependent variables, as well as the creation of simulation 
process modules, have been provided in the following sections. 
The optimal module will be identified by analyzing the simulation 
software's output charts (Fig. 2 shows the research process). 
 
4. Materials and methods 
4.1. Introduction to the base model 
The internal dimensions of the base model for the classroom 
facade are 8 meters in length, 6 meters in width, and 3.20 top of 
roof meters in height, set according to the educational building 
design guidelines [75]. The south-facing facade is 100% glass, 
with a 100% openable sliding window, and the external walls are 
uninsulated. The overall settings of the base model are shown in 
Table 2. 

 
4.2. Introduction to research variables 
4.2.1. Independent variables of the flat facade 
The flat facade includes single-pane glass and brick sections for 
the outer skin, with the entire inner skin composed of double-pane 
glass. The cavity depth of the flat double-skin facade, 

recommended by Radhi and colleagues [66], is between 0.7 and 
1.2 meters. Therefore, a cavity depth of 0.7 centimeters was 
considered to ease assembly and facade construction costs. A 
combination of brick and glass was designed for the southern 
facade to resemble a self-shading double-skin facade. Structurally, 
the double-skin facade is of the box type, where airflow inside the 
cavity occurs through open natural convection [76]. Figure 1 
shows the structure, and the details of the inner and outer skins are 
described in Table 3. 
 
4.2.2. Independent variables of the double-skin self-shading 
façade 
The independent variables are based on four main parameters: 
shape, ridge fold position, number of modules, and cavity depth. 
The window-to-wall ratio of the inner and outer skins, the 
percentage of openings, the box-type double-skin structure, and 
the 0.7-meter double-skin depth were considered constant for 
classroom simulation calculations. Finally, 81 modules enter the 
simulation process. The simplest folding plate geometry, 
henceforth called "saw-tooth", consists of a single fold, a module 
the plate on one side of which consists of glazing and the plate on 
the side is a brick .A module with horizontal saw-tooth in which 
the fold is horizontal and vertical saw-tooth in which the fold is 
vertical. More complex pyramid-based module is a triangular 
pyramid with a glazing sloped face facing downward. In terms of 
shading, the horizontal saw-tooth module works best for the 

Table 2. Base model settings. 

Parameter Setting 

Type of Activity Educational Space 
Occupancy Density (persons/m²) 0.4 
Schedule 8:00 - 15:00 
Activity Sitting and walking 
Winter and Summer Clothing (clo) Winter: 1.2, Summer: 0.71 
Heating System Setpoint (°C) Heating: 18°, Setback Heating: 12° 
Cooling System Setpoint (°C) Cooling: 23°, Setback Cooling: 28° 
HVAC Type Chiller with fan coil (four-pipe) 
Heating COP 0.85 
Cooling COP 1.8 
Classroom Lighting Intensity 300 Lux 
Window Model Single-pane glass, no shading, clear 
Glass Type 6 mm clear glass 

 
Table 3. Flat double-skin facade settings (configurations). 

Glass opening percentage WWR% Cavity depth between double-layer Skins flat double-skin façade 

100 100 0/7 inner skin 
50 50 outer skin 

 
Table 4. Double-skin self-shading facade settings (configurations). 

Shape double-skin  Direction 
facade 

Glass opening 
percentage 

WWR% Cavity depth between 
double-skin 

Skins double-skin self-shading façade 

Box south 100 100 0/7 inner skin 
 50 34-65  outer skin 
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southern facade, and the effect of the vertical saw-toothed module 
is suitable for the eastern and western facades. The geometry of 
the folded panel involves two main parameters: the position of the 
ridge fold or peak of the folded module relative to its edges, the 
panels' tilt angle, and the module's cavity depth. The ridge position 
of the module relative to the floor panel was considered, and the 
glass position was determined. The tilt angle indicates the cavity 
depth, the angle between the panel ridge and the wall, with the 
cavity depth minimizing near the module edges. These two 
parameters define the glass and brick surfaces, tilt angle, cavity 
depth, and orientation of the various surfaces. The cavity depth 
will be examined in three values: 0.3, 0.5, and 0.7 meters. For all 
modules except the vertical saw-tooth module, the ridge position 
in vertical distances of 1/3, 1/2, and 2/3 from the ridge to the 
module floor is considered. For the vertical saw-tooth module, 
these distances are horizontal from the ridge to the module edge 
with values of 1/3, 1/2, and 2/3. The number of modules on the 
classroom facade is 1×1, 2×2, or 4×4. The modules derived from 
these configurations create different WWRs. Structurally, the 

double-skin facade is of the box type with a 0.7-meter depth to 
analyze the research objective of the " double-skin self-shading 
facade" (Tables 4 and 5). The inner and outer skin details are 
described in Table 4. 
 
4.2.3. Dependent variables of the research 
Energy performance in classroom heating, cooling, and lighting 
loads will be analyzed in all scenarios of vertical saw-tooth, 
horizontal saw-tooth, and triangular pyramid shapes throughout 
the year in kilowatt-hours. 

Daylight metrics are divided into two parts: static and dynamic. 
The daylight calculation method can be categorized into static and 
dynamic or climate-based daylighting modeling (CBDM). DF as 
a static method can be introduced as the advanced attempt to 
measure daylighting[77]. Dynamic metrics, including SDA, UDI, 
ASE are proper for evaluating visual comfort and daylight-linked 
lighting controls [77,78]. The DF (static), which is static, is 
considered adequate for interior lighting according to CIBSE 

Table 5. Double-layer self-shading façade settings (configurations) (cavity depth- ridge fold position - number of modules and different shapes). 
Basic sample plan Sample plan flat double-skin Sample plan double-skin self-shading 

 
 

 

Base sample perspective Sample perspective flat double-skin Sample perspective double-skin self-shading 

  
 

Shape module double-skin self-shading   
Horizontal saw-tooth Vertical saw-tooth Triangular pyramid 
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when it ranges between 2 and 5. Spaces may still need artificial 
lighting at times. Dynamic metrics include UDI, where the area 
without daylight has lighting below 150 lux for at least 50% of the 
occupied hours (UDI <150% 50%). The area with actual daylight 
is measured when daylight illuminance is in the 150-300 lux range 
for at least 50% of the occupied hours (UDI 150-300, ≥50%). The 
fully lit area with daylight includes only useful illuminance in the 
UDI 300-3000 range, 50% (UDI >3000 <5% + ≥50%). An area 
with illuminance above 3000 lux for at least 5% of the occupied 
hours (UDI >3000, ≥5%).For UDI, the passing threshold metric is 
defined as the percentage of occupied hours per year. So, a pass 
threshold value of 50% means that a given cell must achieve an 
illuminance of between 100 and 3000 lux (or whatever values 
were specified as the lux bounds in Calculation options) for at least 
50% of the occupied hours in the year. SDA is measured as the 
percentage of occupied time throughout the year where the 
minimum illuminance threshold of 300 lux can be maintained with 

daylight alone. ASE is the number of hours in a year that a point 
on the work plane receives direct sunlight exceeding the usual 
threshold of 1000 lux. ASE is often used to quantify the risk of 
visual discomfort due to glare. The DGP scale is more intuitive 
and shows the percentage of people who feel uncomfortable in 
specific lighting conditions. A glare probability of 0.45 
corresponds to unbearable glare, with an estimated 45% of people 
feeling discomfort under such lighting conditions, whereas a value 
of 0.35 is considered imperceptible. 
 
5. Results 
5.1. Energy performance 
The results show that comparing the flat facade with the double-
skin self-shading facade, the heating load increased in most 
scenarios, but the cooling load decreased, and in all double-skin 
self-shading scenarios, lighting consumption significantly 

Ridge fold position horizontal saw-tooth: (1/2-2/3-1/3) 
height module 

  

   
Ridge fold position vertical saw-tooth: (1/2-2/3-1/3) 

length module 
 

   
Ridge fold position triangular pyramid: (1/2-2/3-1/3) 

height module 
 

   
Cavity depth horizontal saw-tooth Cavity depth vertical saw-tooth cavity depth triangular pyramid 

 
Table 6. The lowest heating, cooling, and lighting for vertical saw-tooth shape. 

Shape saw-tooth vertical 

Cavity depth(m) Ridge fold position Number of modules Scenario Load 
0.3 1/3 1 ×1 7 Cooling 
0.3 2/3 1 ×1 8 Heating 
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reduced. In most scenarios, the triangular pyramid, vertical saw-
tooth, and horizontal saw-tooth shapes had the lowest cooling 
load. The lowest heating load was generated in most scenarios by 
the vertical saw-tooth, horizontal saw-tooth, and triangular 
pyramid shapes. The lowest heating, cooling, and lighting loads 

were for the three shapes: vertical saw-tooth (Table 6, Fig. 3), 
horizontal saw-tooth (Table 7, Fig. 4, triangular pyramid (Table 8, 
Fig. 5), and flat doble skin façade (Table 9, Fig. 6). 

 
 

 
Fig. 3. Energy consumption of vertical saw-tooth shape. 
 
Table 7. The lowest heating, cooling, and lighting for horizontal saw-tooth shape. 

Cavity depth(m) Ridge fold position Number of modules Scenario Load 

0.7 1/3 2×2 10 Heating 
0.3 1/3 2×2 16 Cooling 
0.7 2/3 4×4 20 Lighting 

 

 
Fig. 4. Energy consumption of horizontal saw-tooth shape. 
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5.2. Visual comfort 
The DF of the double-skin flat facade is 8.8, indicating the 
potential for glare and excessive brightness, whereas, in most 
scenarios of the double-skin self-shading facade, sufficient 
lighting was between 2 and 5. The UDI daylight metrics: different 
shapes of the double-skin self-shading facade received over 70%, 
while the flat facade received 55%. SDA: The vertical saw-tooth 
shape provides the most SDA, followed by the horizontal saw-
tooth and triangular pyramid shapes. The flat facade generates 
100% SDA. ASE: In most scenarios, the vertical toothed module 

offers a more suitable ASE than the vertical saw-tooth and 
triangular pyramid shapes, with the flat facade showing a suitable 
61%. DGP: Using the DAYSIM glare simulation software, all 
scenarios were re-modeled in Rhino software and graphically and 
quantitatively outputted using the Ladybug plugin to analyze glare 
in the classroom. All scenarios of the triangular pyramid and 
horizontal and vertical saw-tooth shapes had no glare problems. 
The daylight metrics for the scenarios of the vertical toothed (Fig. 
7), horizontal saw-tooth (Fig. 8), triangular pyramid (Fig. 9), and 
flat facade (Fig. 10) were shown. 

Table 8. The lowest heating, cooling, and lighting for triangular pyramid shape. 
cavity depth(m) ridge fold position Number of modules scenario load 

0.7 2/3 2 ×2 11 heating 
0.3 2/3 4 ×4 26 lighting 
0.3 1/2 4 ×4 27 cooling 

 

 
Fig. 5. Energy consumption of triangular pyramid shape. 
 
Table 9. The lowest heating, cooling, and lighting for flat double-skin shape. 

Number of modules Ridge fold position Cavity depth(m) 

1×1 0 0.7 

 

 
Fig. 6. Energy consumption of flat double-skin façade. 
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5.3. Effect of double-skin self-shading facade parameters 
5.3.1. Horizontal saw-tooth modul 
5.3.1.1. Effect of ridge position fold with number of module (1×1) 
Results show that generally, the heating load increases for the 
ridge position fold 1/3 compared to the 1/2 and 2/3 positions. It is 
lower in the 2/3 ridge position fold, mainly due to a reduced glass 
surface area, reducing the potential for increased solar heat gain. 
The cooling load is low in these positions, and the cooling load 
trend is opposite to the heating load (the load increases with 
increasing ridge position fold). The shading impact in each module 
increases with the ridge position fold due to the increased tilt 
angle. However, this increase is influenced by the cavity depth 
discussed below. The lower ridge position allows a larger area for 
shading, resulting in significantly higher annual shading than other 

configurations. Lighting consumption at the 2/3 ridge position 
fold, with varying cavity depths, is lower than in other modules. 
 
5.3.1.2. Effect of cavity depth with number of module (1×1) 
Increasing cavity depth and various ridge positions fold to increase 
the heating load. Beyond a cavity depth of 0.7 meters, there is a 
sharp increase in heating load for the hypothesized closed-cavity 
design. This increase occurs, especially for the 1/3 folding 
position. Cooling load increases with a 0.3- meter cavity depth. 
Cavity depth affects heating and cooling loads due to changes in 
tilt angle and shading surface areas. The 0.7- meter cavity depth, 
influenced by ridge position fold compared to the 0.5 and 0.3- 
meter cavity depths, increases heating loads in various ridge 
positions fold. The 0.5- meter cavity depth reduces the cooling 

 
Fig. 7. Daylight metrics of vertical saw-tooth shape. 
 

 
Fig. 8. Daylight metrics of horizontal saw-tooth shape. 
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load, and the 0.3- meter cavity depth reduces the heating load and 
increases the cooling load. This is partly due to the lower shading 
impact in winter and summer from the upper fold and a reduced 
tilt angle. With increased shading area, lighting consumption 
generally increases with a larger cavity. Lighting consumption for 
modules with a 0.7- meter cavity is less than in other modules. 
 
5.3.1.3. Effect of the number of modules 
Increasing the number of folds increases the shading surface area. 
Increasing the number of modules increases the heating load due 
to increased surface area, reduced slope, and shading by adjacent 
units. The 1×1 module has the lowest heating load. The 2×2 
module has the lowest cooling load and moderate heating load. 

Finally, the best horizontal saw-tooth module for heating load is 
a 0.7-meter cavity depth, a 1/3 ridge position fold, and a 2×2 
module configuration. It has a 0.3-meter cavity depth, a 1.3 ridge 
position, and a 2×2 module configuration for cooling load. 
Lighting consumption is lowest for the 0.7-meter cavity depth, 2/3 
ridge position fold, and 4×4 module configuration (Table 10). 

5.3.2. Vertical saw-tooth module 
5.3.2.1. Effect of ridge position fold with number of module (1×1) 
These scenarios are similar to the horizontal saw-tooth module 
heating load increases for the 1/3 ridge position fold due to the 
reduced glass surface area. Cooling load behaves inversely, 
increasing with a higher ridge position fold. 
 
5.3.2.2. Effect of cavity depth with number of module (1×1) 
Increasing cavity depth raises the heating and cooling loads. 
Reduced cavity depth decreases the heating and cooling loads. 
Cavity depth affects shading angle changes. 

 
5.3.2.3. Effect of the Number of Modules 
Examining different depths and ridge positions fold, increasing the 
folds enhances the shading surface area while increasing heating 
and cooling loads. The 1×1 number of module configurations has 
more optimal heating and cooling loads. Ultimately, the best 
vertical saw-tooth module for heating load has the 2/3 ridge 

  
Fig. 9. Daylight metrics of triangular payramid shape. 
 

 
Fig. 10. Daylight metrics of flat double-skin façade. 
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position fold, a 0.3-meter cavity depth, and a 1×1 number of 
module configurations. The best cooling load is the 1/3 ridge 
position fold, a 0.3-meter cavity depth, and a 1×1 number of 
module configurations. Lighting consumption remains relatively 
constant across the modules (Table 10). 
 
5.3.3. Triangular pyramid module 
5.3.3.1. Effect of ridge position folds with number of module (1×1) 
The impact of the ridge position fold on heating and cooling loads 
follows a similar trend observed in the horizontal saw-tooth 
scenarios. The heating load is higher at the 1/3 ridge position fold 
due to reduced glass surface area and increased shading, which 
decreases passive heat inside the space. Heating load is lowest at 
the 2/3 ridge position fold. The 2/3 ridge position fold increases 
the cooling load due to more passive heat and reduced shading, 
which is lowest at the 1/3 ridge position fold. Lighting 
consumption is lowest at the 2/3 ridge position fold. 
 
5.3.3.2. Effect of cavity depth with number of module (1×1) 
Increasing cavity depth reduces the heating load in different ridge 
positions fold. Conversely, the cooling load decreases with more 
considerable cavity depths. A 0.5-meter cavity depth reduces the 
cooling load and increases the heating load. Cavity depth also 
affects shading due to related changes in orientation and tilt angle. 
Lighting consumption is lowest for a 0.3-meter cavity depth. 
 

5.3.3.3. Effect of the number of modules 
Increasing the number of folded units in the studied facade module 
increases the heating load and reduces the cooling load. This 
increase is particularly pronounced with greater cavity depth. The 
increase in cooling load is less significant with smaller cavity 
depths. The shading surface area significantly increases with more 
modules. The best triangular pyramid module for heating load is 
at the 2/3 ridge position fold, with a 0.7-meter cavity depth and a 
2×2 number of module configuration. For cooling load, it is at the 
1/2 ridge position fold, with a 0.3-meter cavity depth and a 4×4 
number of module configuration. Lighting consumption is lowest 
for the 2/3 ridge position fold, with a 4×4 number of module 
configuration and a 0.3-meter cavity depth (Table 10). 
 
6. Discussion 
After examining the annual energy performance of the double-skin 
flat facade, the cooling load increases due to the greenhouse effect, 
which is consistent with previous research. Adding the self-
shading facade strategy through the three sloped forms, horizontal 
saw-tooth, vertical saw-tooth, and triangular pyramid, to the box-
type double-skin structure reduces cooling load by controlling 
direct sunlight and light penetration into the space. This aligns 
with previous research [56,58], which introduced conventional 
shading devices to reduce cooling load. The brick material of the 
self-shading facade also positively affects the double-skin cavity 
due to its high thermal mass, reducing the cavity air temperature 
during summer, thus significantly decreasing the cooling load 

Table 10. The top three scenarios of the double-skin self-shading façade. 
Double-skin self-shading facade Specifications 

1 

 

Shape module  :triangular payramid 
ridge position fold:2/3 height module  
cavity depth: 0.7m 
number of module: 2×2 

Load cooling: 232 KWH   
Load heating: 12KWH 
lighting: 4 KWH 
UDI :90% 
ASE   : 84% 
SDA :88% 
DGP :0.16 
DF  : 1.37 

2 

 

Shape module : vertical saw-tooth 
ridge position fold:2/3 height module 
cavity depth: 0.3m 
number of module: 1×1 

Load cooling: 284 KWH   
Load heating: 15KWH 
lighting: 0.44 KWH 
UDI :61% 
ASE   : 55% 
SDA :88% 
DGP :0.2 
DF  : 8 

3 

 

Shape module : Horizontal saw-tooth 
ridge position fold:1/3 height module 
cavity depth: 0.7m 
number of module: 2×2 

Load cooling: 272 KWH  
Load heating: 14KWH 
lighting: 11 KWH 
UDI: 89% 
ASE : 76% 
SDA: 89% 
DGP: 0.1 
DF :2.5 
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[59]. The best scenario for reducing the cooling load is the 
triangular pyramid module with a 1/2 ridge position fold, 4×4 
number of module configuration, 0.3- meter cavity depth, and 226 
kWh energy consumption. 

The heating load in most double-skin self-shading facade 
scenarios is higher than in the double-skin flat facade. This effect 
is due to the sloped walls [35,36]. However, some shapes in this 
strategy show a lower heating load than the double-skin flat 
facade. The cavity depth of the double-skin self-shading facade 
reduces the thermal conductivity of external surfaces and preheats 
the interior space. Smaller cavity depths create a more pronounced 
chimney effect, moving warm air [66]. Also, using single-pane 
glass in the first layer and double-skin glass in the second layer 
enhances this effect in the double-skin scenarios [67,68]. The best 
scenario for reducing heating load, even less than the double-skin 
flat facade, is the triangular pyramid shape with a 2/3 ridge 

position fold, a 2×2 number of module configuration, a 0.7-meter 
cavity depth, and 12 kWh energy consumption. 

Lighting consumption is lower in the three self-shading facade 
shapes than in the double-skin flat facade, with the vertical saw-
tooth shape scenarios having the lowest average of 0.45 kWh. This 
is due to the vertical glass forms and better daylight reception than 
the other two shapes. The double-skin self-shading facade, by 
tilting the walls and using modular fixed shading, scatters direct 
sunlight and improves indoor light quality, consistent with 
previous studies [24-32,33]. Furthermore, the sloped walls in this 
strategy play a crucial role in controlling sunlight in the interior 
space [48] and are vital in determining DA levels and reducing 
glare [47]. 

The best scenario for achieving the average daylight factor (DF) 
is the vertical saw-tooth shape due to the glass forms exceeding 
2%. The highest beneficial daylight illuminance (UDI), thanks to 

 
Fig. 11. Comparison energy consumption between flat double-skin façade and top three scenarios of the double-skin self-shading façade. 
 

 
Fig. 12. Comparison daylight metrics between flat double-skin façade and top three scenarios of the double-skin self-shading façade. 
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the glass extending close to the classroom floor, are the horizontal 
saw-tooth, triangular pyramid, and vertical saw-tooth scenarios, 
respectively, while the flat double-skin facade achieves 55%. 
Daylight autonomy (SDA) and annual sunlight exposure (ASE) 
are suitable and better in the vertical saw-tooth shape than in the 
other two. The flat double-skin facade provides 100% SDA and 
60% suitable ASE. Analyzing the daylight glare probability 
(DGP) criterion, all double-skin self-shading scenarios perform 
better in glare-free spaces due to the tilted form than the double-
skin flat facade. Figures 11 and 12 show a comparison between 
double-skin self-shading facade and the double-skin flat facade. 
 
7. Conclusion 
To present a new solution for designing high-performance school 
building facades that control direct sunlight and daylight 
penetration to improve energy consumption and visual comfort, 
this article proposes a modular brick double-skin self-shading 
facade for traditional, flat double-skin facades. The components 
and settings of the double-skin self-shading, flat double-skin, and 
base model scenarios were presented. 

A comparison of the results between the double-skin self-
shading and flat double-skin facades reveals the following: 

1. Overall, the double-skin self-shading facade, with its 
horizontal saw-tooth, vertical saw-tooth, and triangular 
pyramid forms, reduced the cooling load from 389 kWh (flat 
double-skin) to an average of 260 kWh. The triangular 
pyramid scenarios had the most significant cooling load 
reduction, indicating the positive effect of external shading 
on double-skin performance. 

2. Despite reducing the cooling load, the double-skin self-
shading facade increased the heating load in most 
configurations of the three forms, except in three scenarios 
with a lower heating load than the flat double-skin facade. 
This increase in heating load is due to the sloped and double-
skin nature of the self-shading facade. 

3. The double-skin self-shading facade increases daylight in the 
classroom compared to the flat double-skin facade. This 
solution allows students to use the areas near windows better 
by reducing the thermal conductivity of external surfaces and 
preheating the interior space. Consequently, reduced lighting 
consumption is evident across all double-skin self-shading 
scenarios. This reduction is also due to the sloped structure 
and glass extending to the classroom floor. 

4. Regarding glare in the classroom, the double-skin self-
shading facade scenarios produced an acceptable and 
suitable DGP level, performing even better than the flat 
double-skin facade. 

5. The box structure of the double-skin self-shading facade 
reduces noise in the classroom environment and minimizes 
fire hazards. 

Using similar solutions as this research can significantly impact 
designers' workflows, resident comfort, and environmental 
conservation. With its cavity and double-skin facade potential, the 
double-skin self-shading facade can efficiently address classroom 
ventilation and student thermal comfort, which can be further 
explored in future research. The proposed solution can also be 
adapted with photovoltaic panels and energy generation for warm 
and cold climates globally, not just Isfahan's hot and dry climate. 
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