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Abstract 
 
The use of external shading devices can be one of the easiest and most economically-

efficient solutions to summer overheating and thermal/visual discomfort of users in 

office spaces. The present work assesses the advantages carried by the use of external 

shadings for an office room both in terms of electric consumption and indoor comfort 

conditions. After showing the advantages given by this passive solution to the baseline 

model and choosing the most suitable shading type, different approaches have been 

compared in the optimization of the geometrical properties of the chosen shading 

device: a full search optimization and a nature-inspired metaheuristic search have been 

studied, in order to understand the scale of reliability and eventual time-saving of an 

algorithmic approach to such kind of problems, which is the main aim of the thesis. A 

final cost analysis converts into economical terms, in a long-term evaluation, the 

benefits of the optimized shading device compared to the baseline model and to a more 

common but expensive solution, characterized by mechanically controlled venetian 

blinds. Finally, the analysis has been extended to the optimization of glazing properties 

(simultaneously with the shading geometrical properties) in order to find out the real 

time advantage of this process when the number of variables increases, i.e. when a full 

search would not be realistically possible, also including the development of an 

additional algorithm which has been compared to the standard accelerated particle 

swarm optimization to understand the advantages and drawbacks of each algorithm 

and how to improve it according to the boundary conditions of the problem.  
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Nomenclature 
 

- HSA: Horizontal shadow angle [°] 

- VSA: Vertical shadow angle [°] 

- CO2: Carbon dioxide 

- GB: Green building 

- DbT: Dry bulb temperature [°C] 

- σ: Standard deviation [°C] 

- WWR: Window to wall ratio [%] 

- T0: Operative temperature [°C] 

- hr: Radiative heat transfer coefficient [W/m2K] 

- hc: Convective heat transfer coefficient [W/m2K] 

- tmr: Mean radiant temperature [°C] 

- ta: Ambient temperature [°C] 

- Fsi: Shape factor between objet ‘s’ and surface ‘i’ [-] 

- ac/h: Air changes per hour [vol/h] 

- DGI: Discomfort glare index [-] 

- DA: Daylight autonomy [%] 

- cDA: Continuous daylight autonomy [%] 

- U: Thermal transmittance [W/m2K] 

- g: Solar transmittance [-] 

- τvis: Visible transmittance [-] 

- COP: Coefficient of performance of the HVAC system [-] 

- SPF: Seasonal performance factor [-] 
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- DF: Daylight factor [%] 

- CPU: Central processing unit 

- RAM: Random-access memory 

- PSO: Particle swarm optimization 

- δ: Inertia function [-] 

- γ: Damping factor [-] 

- α, β: Learning parameters, or acceleration constants [-] 

- φ1, φ2: Random vectors [-] 

- abs: Absolute value 

- €: Euro 

- CG: Global cost [€] 

- CI: Initial investment cost [€] 

- Ca,i: Annual running cost during each year ‘i’ [€] 

- r: Real interest rate [-] 

- Vf,t: Residual value of the components at the end of the reference period ‘t’  [€] 
 

- CO2e: Carbon dioxide equivalent 
 

- m-PSO: Mutated particle swarm optimization 

- damp-m-PSO: Damped mutated particle swarm optimization 

- mrate: Mutation rate [%] 

- ψ: Damping factor for damped m-PSO [-] 

- LHS: Latin hypercube sampling 
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1. Introduction 
 

The use of shading devices is one of the most efficient passive strategies to reduce 

solar gains, possible visual discomfort in buildings and cooling loads, though 

sometimes giving little disadvantages in terms of heating loads, during the winter 

period, especially if fixed devices are considered. A common way in which external 

devices could be designed is, for example, the rule of thumb1 by C. Reinhart, that 

focuses on two angles (HSA and VSA) in order to find the maximum dimensions of 

the shading device based on the desired internal daylight factor. The aim of the present 

research is to show how, in the building engineering field, each case studio has to be 

properly studied and evaluated, in particular when dealing with existing buildings, 

which geometry might not be adapt to general design procedures. The analysis will 

then be extended to the glazing properties in order to show how a simultaneous 

combined study of different parameters could bring to greater advantages rather than 

analysing each parameter singularly.  

 

 

1.1 Background and motivation 

Recently, it is always more common to hear about problems related to climate change. 

The main concern is related to the CO2 concentration in the atmosphere. After the 

industrial revolution, in the second half of 19th century, due to the huge increase of 

fossil fuels usage that produces carbon dioxide during its oxidation process, the 

production of the latter gas has reached incredibly high values. When solar radiation 

reaches the earth, this radiation is re-emitted from the earth surface at longer 

wavelength; the greenhouse gases present in the atmosphere, however, absorb these 

re-emitted longer rays leading to an increase of the atmospheric temperature: CO2 

represents one of those gases, and its presence is then one of the main responsible of 

the increasing of the atmospheric temperature. This temperature increment, if not taken 

underneath 2°C will lead our planet to calamitous situations. It is vital to be aware of 

the fact that, without the greenhouse effect, it would not be possible to have water on 

earth, so no life would be possible; be that as it may, with the passing of time, human 
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beings have altered this perfect carbon cycle equilibrium increasing too much the 

greenhouse effect until a point where it started to adversely affect our environment. 

Thus, it is people's obligation to confront and tackle this issue. The IPCC 

‘intergovernmental panel on climate change’ assesses reports every 6 years (but also 

partial reports more frequently) checking the evolution of the situation; they use a 

parameter, called climate forcing, or radiative forcing, to model possible future 

scenarios. The problem related to CO2, in fact, is not only at present time, but also in 

the future, due to its latent behaviour: even a theoretical sudden stop of CO2 production 

would not completely solve the problem, because its effect endures very long in time, 

especially for the part of CO2 absorbed by oceans, due to their high heat capacity. 

The building sector is highly affecting the world`s energy use, covering almost 40% 

of the total energy consumption2, having an huge impact on CO2 production. 

Nowadays, big importance is given to the aspect of buildings and to the use of 

materials that could give a captivating appearance to the building itself; however, it is 

important to focus more on the new requirements and regulations that could lead to 

the realization of nearly zero energy buildings, as will be required from the Energy 

Performance of Building Directive (EPBD) to all new buildings from 2020. The 

amount of energy used to operate the building is strongly related to the level of comfort 

of the occupants; this gives a key role to the façade as a fundamental mean for the 

reduction of energy use. Many rules of thumb and conventional behaviour are used in 

the design of shading devices, such as the orientation of the building long-side towards 

North/South, the use of vertical fins or louvres on the East/West façade and so on. 

Conventional rules, however, might bring to not optimal or even negative results when 

applied without consciousness of the particular situation and context in which they are 

being adopted. Also it is fundamental, when simulating the behaviour of a certain 

solution, to consider all the different parameters that are affected by it; shading a 

building does not only mean reducing direct solar radiation entering the room, but also 

neglecting the useful contribute of daylighting, which can be a big disadvantage for 

visual comfort of occupants and for the costs related to the need of artificial lighting. 
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1.2 Research objective 
 
In order to reduce as much as possible the energy consumption in buildings, main 

responsible of all the negative effects described in the previous paragraph, a 

fundamental step is the consideration of solar gains, both in their positive and negative 

aspects. Solar gains are, in fact, a useful source of heat and daylight during the winter 

period, while they are usually undesirable during summer months, at least in moderate 

and hot climates. Shading devices represent a possible way to control sun beams in 

order to maximise gains during colder months and minimize them during the hot ones, 

still paying attention to guarantee visual comfort to the indoor environment, avoiding 

high glare or low daylight illuminance. Another way to control solar gains is through 

the glazing system, which is characterized by two fundamental properties in terms of 

solar control: solar transmittance and visible transmittance. The solar transmittance of 

the glazing is usually required to be low in hot climates, in order to reflect as much 

unwanted heat as possible outside, while a high value of visible transmittance is 

usually preferred in order to have a higher illuminance and thus decrease artificial 

lighting costs, but always considering the possibility of glare. 

 

These considerations brought this research to focus on the optimization of shading 

devices for office rooms, where the absence of shading devices would lead the cooling 

loads during summer to incredibly high values and high visual discomfort for the 

workers. Additional studies have also been carried on the eventual possibility of acting 

on the the glazing properties, optimizing the values of solar and visible transmittance 

of the latter, both in terms of visual comfort and electricity savings. 

 

 

1.3 Solar shading devices 
 
In moderate and warm climates, the use of shading devices to control the amount of 

sunlight admitted into the space is crucial in the reduction of cooling loads during hot 

months. The use of such devices can also be fundamental in the reduction of visual 

discomfort of the users, controlling glare and reducing contrast ratios. Their design, 
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however, is not always so easy especially when dealing with buildings with particular 

orientations. South-facing windows, for example, are relatively easy to shade with a 

simple use of a fixed overhang due to the high sun angles during summer, where up to 

70% of the summer gains can be cut off3, while the same solution is not efficient in 

West-facing facades due to the low-angle sun beams during afternoon. The ideal size 

of an overhang depends not only on the size of the window but also on the relative 

importance of heating and cooling within the building, taking into account the fact that, 

for example, an overhang sized to shade completely a South-facing window during 

August will also shade the same window during April, in which solar gains may be 

desirable.  While North-exposed façades are usually left unshaded, East and West 

façades should, when possible, have a limited window to wall ratio since they are 

harder to shade. When this is not possible, however, a possible solution is the use of 

landscape elements (e.g. trees) as natural shadings, or a properly made glazing system 

with adequate properties eventually combined with vertical fins. Vertical fins, with a 

proper orientation, might be able to shade during summer periods but still keeping the 

advantage of solar gains during colder months; however, it is not possible due to their 

position to shade the window during the whole summer days, especially in the late 

morning when the sun is particularly high. For this reason, in some particularly hot 

climates ‘egg crates’ shading devices are adopted, which are characterized by a 

combination of horizontal and vertical elements that often have also a primary role in 

the architectural design of a building façade. Their use is however highly increasing 

artificial lighting needs, which have to be carefully evaluated in the analyses as well 

as the decrease of daylight illuminance of the internal space. 

 

Each of those decisions, however, cannot be considered globally true at any time and 

in any part of the globe; different latitudes affect such choices due to different relative 

sun positions during the year4. Also, different window to wall ratios or even different 

glazing properties might change completely the adequacy of a shading system even if 

applied in the same climate. For this reason it is fundamental to analyse each single 

case study with proper dynamic simulations in order to avoid the application of a 

completely inefficient shading, which might only lead to unjustified investment costs. 
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Another possible solution that is finding wider and wider use in modern times is the 

application of mechanical shading devices which are able, through an intelligent 

building system, to shade from sun beams only when particular conditions are met. 

Those conditions are established through sensors, which are able to activate and/or 

change the angle of the device whenever the real-time inputs received (sun, 

temperature etc.) overwhelm the pre-defined activation threshold. This solution is 

efficient especially during unpredictable weather conditions, where a fixed device 

might result not ideal; investment and maintenance costs, however, are higher for the 

presence of electric components and thus need to be evaluated during the design phase. 

 
 
 

1.4 Research methodology and tools 
 

In modern design, having to deal with standard codes and various GB restrictions and 

guidelines, it is fundamental to approach the building design process with adequate 

software by the use of dynamic simulations, starting from a general understanding of 

the climate and the location and going deeper and deeper in the analysis of the building 

itself until being able to define the smallest particular able to bring advantages in terms 

of comfort and energy efficiency. 

 

 

1.4.1 Model creation 

 

SketchUp, a 3D modelling computer program, has been used for the design of the 

model that will be subjected to dynamic simulations. A simplified model of an office 

space has been drawn, with only one thermal zone and with real dimensions, given in 

metres.  

 

The model has then been imported in OpenStudio, a free and open-source software, 

directly from the OpenStudio plugin for SketchUp, in order to assign the various 

constructions to each element and the relative boundary conditions, considering only 
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the West façade as exposed to the external environment. Also, internal loads and 

heating/cooling set points have been assigned during this phase. Infiltration and 

mechanical ventilation rate for IAQ have been assigned as well. OpenStudio allows to 

export an IDF file including the model geometry and all the previously described 

parameters assigned: this will allow EnergyPlus to analyse the IDF file by running 

dynamic simulations. 

 

 

1.4.2 Climate analysis 

 

The IES-VE (Integrated Environmental Solutions, Virtual Environment) software has 

been used for the initial climate analysis, in order to have a clear and also visual idea 

of the sun path that the office space is subjected to along the year, and to understand 

which loads are predominant within the year by identifying the cooling and heating 

seasons. This is fundamental during the design phase (even more if the building would 

have been a new construction) in order to have an idea of which parameters will have 

a higher influence on the overall energy consumption. For this purpose, the office 

space was modelled directly within the Model-IT function inside the IES software. 

Being interested, in this phase, only to the environmental loads and weather data, 

constructions of the various elements have not been considered.  

 

 

1.4.3 Dynamic simulation 

 

In order to perform dynamic energy simulations of the previously described model, 

EnergyPlus software has been used; EnergyPlus is a building energy simulation 

program used to analyse energy consumption for heating, cooling, ventilation and 

lighting in buildings. It is a console-based program that reads inputs and writes outputs 

to text files (IDF). This open-source, free software, with its wide documentation and 

user guide, is widely spread within engineers, architects and researchers. In this 

research, its role has been analysing the input files exported from OpenStudio, creating 
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some new constraints and parameters for the analysis (e.g. illuminance reference 

points, operative temperature set points...) and running simulations in order to obtain 

the required outputs. During the optimization process, it has been possible to combine 

this simulation software with Matlab in order to run iterative simulations aiming at a 

higher time-efficiency. 

 

 

1.4.4 Optimization process 

 

Traditionally, several dynamic simulations are performed in order to understand which 

is the sensitivity of the model under particular changes; in this research, the traditional 

approach has been substituted with an automatized optimization process in which 

Matlab software has been linked to the EnergyPlus software in order to perform a high 

number of simulations optimizing the variables of the problem (i.e. the shading device 

geometrical properties) with the aim of minimizing the energy consumption. Matlab 

is a high-performance language for technical computing, which gives the possibility 

to compute, visualize and program functions through the use of mathematical 

functions. In this research, Matlab came into action when we had to deal with the 

optimization process of the shading device selected in chapter 2; the best geometrical 

configuration of the device had to be found, and a manual optimization process would 

have been extremely time expensive or, otherwise, would not have been accurate. With 

the use of this tool it has been possible to iterate the EnergyPlus simulations by writing 

a script that also includes the simulation run command and result reader, which iterates 

hundreds of simulations automatically changing the parameters at each iteration until 

covering the whole pre-defined search grid. Also, an optimization nature-inspired 

algorithm has been later created and inserted into the code in order to compare a full 

search approach with natural inspired metaheuristic algorithms. Numerical 

optimizations have been used since years in the most different fields, from business 

models to HVAC control systems, allocation of web-hosting servers and so on. The 

use of Matlab allowed us to analyse the feasibility of the application of such a 

metaheuristic process in a different field, which is the optimization of passive design 

strategies.  
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2. Case study 
 

The idea of the research was applied to a real case study, born from the necessity of 

the users of the Institute of Industrial Science, whose comfort conditions during 

working hours were not always ideal, to work in a more comfortable and healthier 

environment. The analysed room is part of the Institute of Industrial Science building, 

located in a neighbourhood within the Northern area of Meguro, wards of Tokyo. The 

whole building is dedicated to research activities for students, PhD, researchers and 

professors of the University of Tokyo; it covers an overall ground area of about 

2300m2 with the long façades exposed towards West and East direction, with a slight 

anticlockwise inclination of 14° from North direction. The internal space distribution 

is homogeneous and repetitive for the 1st and 2nd floor, and the same happens from 3rd 

to 7th (last) floor. Office spaces, meeting rooms and services are however similar for 

dimensions and internal distribution in all the floors. For this reason, this study is 

focused on a single room, a common working space situated on the 4th floor of this 

building with South-West exposure, which is representative of the building office 

spaces and will be further described in its geometry and orientation. All the plans and 

sections of the building have been furnished by the IIS archive, in order to be able to 

correctly reproduce, even if in a simplified way for a correct simulation process, the 

geometry of the office and the exact measures of glazed elements as well as lights 

positioning and working plans height and distribution. 

 

The indoor comfort conditions of the room, especially during the summer period, are 

at present conditions met only with a high use of electricity for the cooling of the 

indoor space. The users are disadvantaged by the fact that, being the glazed façade 

exposed towards South-West direction (104° anticlockwise from North), the sun 

beams reaching the windows during afternoon, in summer, are particularly annoying, 

even more considering that no external shading devices are present at the moment. The 

majority of the students, in particular those whose working position is close to the 

glazed façade, are obliged to close the internal blinds almost during the whole 

afternoon during summer months; this is related not only to the non-comfortable 
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thermal sensation but also due to glare problems negatively affecting their visual 

perception on desks and computer screens. This behaviour will be taken into account 

later on during the software analysis, by using constraints and reference points in such 

a way to simulate the users’ discomfort with as much accuracy as possible relatively 

to their position within the office.  

 

Being this the actual situation, and being impossible or particularly difficult and 

expensive to act on window to wall ratio or other glazing parameters, the first idea 

when dealing with existing buildings is to consider how to passively control sun beams, 

trying to avoid direct radiation during the cooling period while trying to maximize 

them during the heating season; this, obviously, can be accomplished with external 

shading devices. However, a possible mistake that has to be absolutely avoided is to 

design those devices only considering the heating and cooling loads, without taking 

into account the electric consumption for lighting and the internal visual comfort of 

the users. Being the actual situation particularly inefficient during summer period, in 

fact, we would expect that shading a great percentage of the glazing area will lead to 

obvious advantages; we will see that this conclusion is not always so obvious, in 

particular if dealing with fixed devices. 

 

An initial comparison between the baseline model and different shading devices is 

treated, in order to understand how the different solutions are affecting the behaviour 

of the room in terms of internal comfort and electric consumption; numerical 

optimizations and metaheuristic algorithms are then used in order to optimize the 

chosen shading type. A further study is developed in chapter 4 comparing the final 

obtained results with the ones obtained with the application of a movable shading 

mechanically controlled according to the sun beams direction and intensity, followed 

by an economic evaluation that allows to understand the long-term behaviour of both 

solutions. The final chapter is focused on the extension of the optimization process to 

the glazing properties, with an in-depth analysis and further implementation of the 

particle swarm optimization. 
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2.1 Geographical data and climate analysis 
 

The office building is located in Tokyo, the capital of Japan and one of its 47 

prefectures; it represents, as well, the most populous metropolitan area in the world. 

The city of Tokyo, lying in the humid subtropical climate zone, presents moderate/cold 

winters and hot, very humid summers; the hottest month, as evinced from further 

analysis, is August while January is the coldest one. 

 

 
Fig. 1: Japan - geographical map 

 

The location of a building strongly influences its behaviour and the approach that 

should be used in the design process. The IES-VE software has been used in order to 

evaluate and summarize, as shown below, the distribution of dry bulb temperatures 

and humidity along the year; the monthly standard deviation from the average value 

of dry bulb temperature is also shown, as well as the sun path during the two equinoxes 

and solstices. The weather data is based on the location of Tokyo, which temperature 

is higher than one of the surrounding countryside areas due to the heat island effect 
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that strongly affects the thermal sensation of the metropolitan area; 20 years of weather 

data were collected from 1981 to 2000 using the expanded AMeDAS (EA) method 

(Soga e Akasaka, 2004)5 in order for the weather data to be representative of this 

situation.  

 

 
Fig. 2: Yearly dry bulb temperature distribution, Tokyo 

 

Table 1: DbT and standard deviations 

 

The graph above, which values are 

summarized in the table on the left, 

shows the yearly distribution of dry bulb 

temperatures, considering both hourly 

values and monthly average values. Also, 

the standard deviation has been 

calculated to compute the monthly upper 

and lower limits in terms of DbT; the 
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standard deviation (σ) is used to measure the range of variation of a set of data. 

This parameter is defined as the square root of the variance, where the variance of a 

certain variable is the expected value of the squared deviation from the mean of that 

variable. Below, a quick mathematical explanation: 

 

Random variable X, with mean value  m = M(X)   (within a certain period range) 

 

Variance (X) = M [ ( X – m )2 ] 

σ = 𝑉𝑎𝑟𝑖𝑎𝑛𝑐𝑒(𝑋) 
 

 

Note that a low standard deviation indicates that the data tend to be close to the mean 

value, so that the monthly temperature does not fluctuate too much from its average; 

in this case, the standard deviation has medium values, meaning that we can have a 

moderate difference in average temperature between different days of the same month, 

up to a value of 4.3° during February. 

 

According to local standards and norms, the internal set points for thermal comfort 

have been set to a value of 22°C for winter heating and 26°C for summer cooling. As 

shown in Fig.4, according to those values it is clear that the whole summer will be 

characterized by high cooling loads while heating loads will be mainly present from 

October/November until April/May. June and September are the months in which the 

highest number of hours are between the thermal comfort set points. However, as it 

will be possible to see in further analysis, the summer cooling loads will be even higher 

than what expected from this picture, due to the strong influence of solar radiation on 

the internal operative temperature. For this reason, and also due to internal gains, we 

will see that in the real situation of our case study, representative of a typical office 

room in Tokyo, the only period in which heating is really needed goes from December 

until February, while the biggest part of the year is characterized by cooling needs. 
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Fig. 3: Yearly outdoor air temperature and humidity distribution – Tokyo 

 

 

Another interesting study about the climate of a particular location regards the 

understanding of the air temperature range within the year related to the air absolute 

humidity. This helps to understand whether the feeling of hot or cold could be 

improved or get worse due to air humidity; in order to have a clear image of this, all 

the yearly data related to the air humidity and dry bulb temperatures have been plotted 

in the following psychrometric chart, where red dots are representative of the hourly 

data of the ‘heating season’ while the blue ones are related to the ‘cooling season’, 

defined by set points as shown in Fig. 3. The good visual separation between red and 

blue values is representative of a quite predictive climate, in which seasonal 

temperatures are quite stable.  
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Fig. 4: Yearly outdoor air DbT and thermal set points – Tokyo 

 

 

When dealing with devices to control light and sun radiation, however, it is 

fundamental to have in mind a clear image of what the sun path looks like with respect 

to the building exposure; sun paths during the two equinoxes and two solstices are here 

represented, with the sun position representing 12.00pm. These four days have been 

considered as representative of the whole year; it is easy from this rough analysis to 

have already a clear idea of what the eventual shading devices orientation would be, 

in case of devices with a tilted angle: solar gains, for our purpose, have to be reduced 

during summer but act as a positive mean during the winter period, both in terms of 

daylighting and reduction of heating consumption. Below, the sun position during the 

two equinoxes and two solstices at noon. 
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Fig. 5: Sun path, March 21st                                     Fig. 6: Sun path, June 21st 

 

Fig. 7: Sun path, September 23rd                              Fig. 8: Sun path, December 21st 

 

As possible to evince from the above figures, the sun beams during winter are reaching 

the glazed façade of the building mainly in the afternoon, from a South-West position. 

This is different from what happens during summer months, where the sun position 

during afternoon, especially after 2pm, is mostly oriented in a North-West position 

with respect to the building. This justifies the decision that will be made in paragraph 

2.4, where the angle of the vertical fins will be initially selected with the aim of shading 

the windows from solar beams during summer period, to reduce unwanted heat gains. 

 

 

2.2 Model description and indoor comfort conditions 
 

Constructions and partition stratigraphy have been reproduced in a good extent faithful 

to reality. The façade of interest is the West side of the room, where the glazed area is 
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located, with a window to wall ratio (WWR) of 55%; the other walls and roof/ceiling 

have been considered as adiabatic. The profiles corresponding to the internal gains, 

ventilation and heating/cooling systems are the ones corresponding to normal office 

hours, from 9am until 6pm weekdays, and closed during weekends and holidays. 

Values of internal gains have been taken as suggested from CIBSE regulations, 

considering an office space outside the city center. Infiltration of 0.2 ac/h and a 10% 

of the equipment latent loads have been considered with a continuous profile during 

the whole year, except for long holidays in which the equipment latent loads goes 

down to a value of 2%. Indoor comfort set points have been set both in terms of 

temperature and visual perception. 

 

 

2.2.1 Thermal comfort 
 

Regarding the temperature, boundary conditions have been put on the operative 

temperature rather than the dry bulb temperature in order to take into account the effect 

of solar radiation on the thermal sensation of users, especially affecting those users 

whose working position is situated near the glazed façade, that during summer would 

perceive a much higher temperature with respect to the measured one. The operative 

temperature To, defined as the uniform temperature of a radiantly black enclosure in 

which an occupant would exchange the same amount of heat by radiation plus 

convection as in the actual non uniform environment, is defined as follows: 

 

t0 = (+,-.,	0		+1-2)
+,		0		+1

 

 

where: 

- hr : radiative heat transfer coefficient 

- hc : convective heat transfer coefficient 

- ta : air temperature 

- tmr : mean radiant temperature 

 



 22 

The mean radiant temperature, defined as the uniform surface temperature of an 

imaginary black enclosure in which an occupant would exchange the same amount of 

radiant heat as in the actual non uniform space, is calculated as below: 

 

 

         𝑇456 = 𝐹9:𝑇:6
;
:  

 

where: 

- Fsi : shape factors between the object ‘s’ and the ‘i’-surface. 

- Temperatures are in Kelvin 

 

Due to the unknown value of heat transfer coefficients for our particular situation, an 

equal weight of 0.5 to each contribute (ta and tmr) has been assigned within the software 

when computing the value of operative temperature. 

 

 

2.2.2 Indoor air quality 
 

Indoor air quality is also an issue that needs to be carefully evaluated when dealing 

with office buildings as well as any kind of space in which people are spending most 

of their daytime; this parameter does not only affect users working efficiency, but also 

their health conditions. For this purpose, ventilation rate of 2 ac/h of external air has 

to be guaranteed; this value has been calculated taking into account the number of 

people that are present, in average, in the office space and calculating the requirement 

related to each of them through the following formula: 

 

         n = 4	∗	=	∗	>.@	
A

 = 2.7 

 

where: 

- n = number of air changes per hour [1/h]  

- m = mass flow rate per person [l/s/p] 
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- p = number of people [-] 

- V = room volume [m3] 

 

Note that the value of mass flow rate per person, in this case chosen equal to 15 [l/s/p], 

have been selected from CIBSE standard guidelines according to the category of 

interest, in this case considering for our office space average air quality standards6. 

 

 

2.2.3 Visual comfort 
 

In order to properly assess the electricity energy consumption related to artificial 

lighting, two illuminance reference points have been considered in the room, equally 

dividing the internal space, using a value of 500 lux as minimum value of illuminance 

on the work plane (0.8m height)7. Computer working conditions of illuminance are 

suggested to stand between 300 and 500 lux, but we chose the highest level in order to 

guarantee good conditions also in the rest of the grid which might be further from the 

window compared to the two reference points. Considering the use of LED light with 

a luminous efficiency of 120 lm/W, the peak power of artificial lights in order to reach 

the desired illuminance level has been set equal to 10W/m2. On the other hand, when 

the external daylight is able to satisfy internal conditions of 500 lux in both reference 

points, the artificial lighting is turned off; a linear continuous dimming profile has been 

adopted between artificial lights and sensors outputs as shown below (although, a 

minimum constant value of 0.3 has been considered for artificial lighting to take into 

account occupants behaviour and the fact that in areas further from the window the 

illuminance values are usually lower than the ones at reference points).  
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Fig. 9: Illuminance: continuous dimming profile 

 

Fig. 10 and Fig. 11 show the positioning of the artificial lights within the room and the 

location of the reference point sensors within the office space.             

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10: Lab room – plan view                         Fig. 11: Lab room – section view [A-A] 
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In order to guarantee visual comfort within the space, different parameters can be 

considered; one of the main problems related to sunlight in absence of a proper shading 

device is constituted by the possibility of glare, which is highly uncomfortable for the 

users, and strongly depends on their eye position relatively to the window. For this 

reason, we imposed a discomfort glare index (DGI) equal to 28, value above which 

the glare sensation becomes unsustainable8, in order to understand how many hours 

during the year are overcoming this value for any of the two users facing opposite 

sides of the room. 

 

Another important parameter regarding visual comfort within buildings is the Daylight 

Autonomy (DA). This metric is a representation, in percentage, of the number of 

working hours within the year in which the illuminance of a given point in the space 

is above a certain value. For our purposes, we decided however to use instead a 

modification of the daylight autonomy, so called Continuous Daylight Autonomy9 

(cDA), which also gives partial credit to values which are below the defined threshold, 

depending on their specific weight compared to the threshold value. If in a specific 

timestep, being the threshold illuminance 500 lux, the measured value on the reference 

point is equal to 250 lux, that value will give 0.5 credits to that timestep (it would 

instead be counted as zero in a normal DA analysis). This dynamic parameter gives a 

better understanding of the overall behavior of the building within the year in terms of 

daylighting, especially when the illuminance is computed only in two points of the 

room instead of a more accurate grid; this will however only be introduced during the 

optimization process, where it will be used as a constraint, given in terms of minimum 

percentage of hours above a given value. 

 

Both glare and cDA will be computed relatively to the two reference points shown 

before in Fig. 10 and Fig. 11. 
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2.2.4 Constructions and comfort set points 
 

The selected room presents a floor area of 30 m2 and a floor to ceiling height of 2.7m. 

All opaque surfaces are adiabatic except for the West facing wall, which is 

characterized by an internal plaster, hollow bricks, insulation material and an external 

plaster with a 0.3 value of solar absorptance. Windows are composed by a standard 

double glazing filled with air, with a frame percentage of 10%; the U value is 

representative of the overall window system. For the internal gains, average office 

lighting gains are considered while 4 people are working in the reference room. 

Following, a view of the model from the SketchUp modeling software and some tables 

summarizing construction properties, internal loads and selected set points.  

 

 

    Fig. 12: SketchUp model 

 

 

 

 

 

 

 

 

 

 

N

 

Table 2 - Constructions 

                                U [W/m2K]                  g             τvis 

External wall               0.293                     /                /          

Window                          1.5                0.72          0.75 

 

Table 4 - Indoor comfort conditions 

Cooling set point [°C, operat. temp]                                             26                           

Heating set point [°C, operat. temp]              	                            22 

Relative humidity range [%]                                                 40-60 

Ventilation for indoor air quality [ac/h]                                         2 

Minimum illuminance on workplane (0.8m) [lux]                   500 

Maximum allowable discomfort glare index [DGI]                    28 

 

Table 3 - Internal gains10 

                   Occupancy [m2/p]     Sensible gains [W/m2] 

People                               /                                 12     

Lighting                            /                                 10 
Equipment                        /                                 15 
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2.3 Simulation criteria and output parameters 
 

Simulations have been carried out with the use of EnergyPlus software, focusing 

mainly on the outputs related to: 

- Sensible cooling loads 

- Sensible heating loads 

- Artificial lighting electric consumption 

 

In order to sum up the values of lighting and cooling/heating needs on the same scale, 

and to give them a proper weighting factor, a seasonal performance factor (SPF) of 2.5 

for the HVAC system has been assumed; the HVAC system considered is 

comprehensive of an electric air source heat pump coupled with fan-coil units. The 

SPF value considered, which is based on real performances of common heat pumps11 

and represents the ratio between the annual useful thermal energy emitted in the room 

and the the electricity needed to run the entire plant, is representative both of the 

coefficient of performance of the heat pump12,13 and the efficiencies of the subsystems 

(emission, control, distribution) and auxiliary systems (circulation pumps, fans etc.). 

this value has been considered as an average value through the year. With this 

assumption, it has been possible to convert the energy needs for heating and cooling 

in terms of electricity needs. 

 

 

2.4 Selection of the shading device geometry 
 

Three model configurations have been considered for the first comparisons. The 

baseline solution represents the actual situation; the other solutions are instead 

characterized by a horizontal overhang and  vertical fixed fins. Both shading types are 

characterized by aluminum materials, with surface emission coefficient of 0.1 and 

reflection coefficient of 0.7. In order to reach the final configuration of the vertical 

fins, in terms of length and angle, different trials have been made, as summarized in 

the following table.  



 28 

Table 5 - Vertical fins geometrical properties 

      Length* [m]          Tilt angle** [°]        

Vertical fins – Conf. 1                        0.2                              30  

Vertical fins – Conf. 2                        0.2                              45  

Vertical fins – Conf. 3                        0.2                              55  

Vertical fins – Conf. 4                        0.2                              65  

Vertical fins – Conf. 5                        0.3                              30  

Vertical fins – Conf. 6                        0.3                              45  

Vertical fins – Conf. 7                        0.3                              55  

Vertical fins – Conf. 8                        0.3                              65 

*dimension of the fins along the y-axis 
** 0° = parallel to window pane, 90° = perpendicular to window pane 
 

Table 6 is representative of 8 different possible geometries of the vertical fins, and is 

a good representation of the usual way in which shadings are designed, by the trial of 

different configurations before choosing the ideal one that is, however, only ‘partly’ 

ideal, because the whole range of possible solutions would in reality be huge and thus 

the final result is influenced by the experience of the designer and the accuracy of his 

initial guess. Below, the results in terms of overall yearly electric consumption for 

lighting, cooling and heating of the different trials of vertical fins. 

 

 
  Fig. 13: Tilt angle and length comparisons – yearly electric consumptions 
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The overall best configuration in terms of electric consumption, between the ones 

analysed until now, is Conf. 2, which represents the design of vertical fins 

characterized by a length of 0.2m and an inclination angle of 45° with the aim to shade 

the glazed area on the West façade of the building. 

 

The analysis below is showing how the 8 previously described configurations behave 

in terms glare, clearly showing how some solutions (the ones with a higher opening 

angle) are overcoming the threshold of 10% previously imposed and are thus not 

satisfying the visual comfort that has been required for our room. However, Conf. 2, 

which is the best performing in terms of electric consumption, is as well satisfying 

visual comfort criteria and is thus selected, for now, as the best solution. 

 

 
Fig. 14: Discomfort glare index 

 

It is important to underline that all the different configurations of vertical fins present 

quite good results in terms of visual comfort; the few values that are outside the 

comfort ranges are in fact only slightly outside the given boundaries. 
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2.5 Model configurations and comparison 
 

Once selected the most suitable geometrical properties of the vertical fins, we are now 

able to compare the three different models previously introduced, which details are 

described in Table 6. 

 
Fig. 15: Baseline model                          Fig. 16: Overhang                         Fig. 17: Vertical fins   

 
 

 

 

 

 

     

 

 
           Fig. 18: Overhang geometry                                              Fig. 19: Vertical fins geometry 
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Table 6 - Shading types 

                                          Depth [m]        Tilt angle [°] 

Baseline model                              /                              / 

Horizontal overhang                  0.5                              / 

Vertical tilted fins*                    0.2                            45 

* The orientation of the tilt angle is shown in Fig 16 
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The length of the horizontal overhang, which is protruding from the very top of the 

window frame, has been chosen considering a value that was below the maximum 

allowable dimensions, according to Reinhart formula1, but high enough to see 

considerable differences compared to the baseline model, in order to evince pros and 

cons of such a device in West facing façade. 

 

WWR >  B.BCC	∗	DE
FG:9

 HB
I

 

 
 

Find  𝜗 = 49◦ à Lmax (overhang) = 71cm 
 
 
 
This case, characterized by the addition of a horizontal overhang to the baseline model, 

has however been realized for pure comparison sake, as we already know from 

experience that a fixed horizontal protruding shading device is definitely not ideal for 

a West oriented façade.  

 

In a similar way of the previous analysis, the electric consumptions of the three models 

have been compared, but this time the first analysis is performed on a monthly base. 

By collecting data into monthly consumptions, in fact, it is possible to analyse and 

understand better how the different configurations work and which are the strengths 

and the weaknesses of each system along the year, while with a yearly analysis it would 

be difficult to understand the reason of the increase or decrease of the overall electric 

consumptions. Following, the results of the simulations, in which peak values of 

heating and cooling related electric consumptions are highlighted. 
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Fig. 20: Baseline model – monthly electric consumptions        

    

                                

 
Fig. 21: Overhang – monthly electric consumptions 
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 Fig. 22: Vertical fins – monthly electric consumptions 

 

The highlighted data put evidence on the coldest and hottest months of the year, with 

numbers referred to heating and cooling electric consumptions only; it is clear that the 

more the glazed surface is shaded the higher the heating consumption during winter, 

but the lower the cooling one during summer. The vertical fins, for example, are able 

to reach very low cooling values during August, but they slightly increase the heating 

loads and might in certain periods of the year influence negatively the lighting ones.  

 

An interesting data to notice is the fact that, even by highly shading the glazing area 

during summer months, the electric consumption due to lighting is not increasing so 

much compared to the baseline model: this is due to the fact that during great part of 

the year, the illuminance set point is met even with the use of vertical fins, which do 

not bring high disadvantages in terms of artificial lighting electric consumption.  In 

order to understand better the behaviour of the different solutions, the three pictures 

below show, for each configuration, the relation between total transmitted solar energy 

through the windows and lighting/cooling electric consumptions during August 15th, 

which is the day in which the solar irradiance on the West façade is the highest during 

the year. 
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Fig. 23: Baseline model – August 15th hourly analysis 

 

 

 
Fig. 24: Overhang – August 15th hourly analysis 
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Fig. 25: Vertical fins – August 15th hourly analysis 

 

The attention has been focused on August 15th, at 3pm. In the baseline model, the 

irradiance on windows was so high that the cooling loads were reaching enormous 

values; even with a hypothetical use of internal blind, this would not reduce the heat 

released into the space due to the absorption of that solar radiation from the curtain. 

This effect would not only not be able to reduce sensibly the cooling demand but will 

also negatively affect lighting expenses, showing off all the disadvantages related to 

the absence of a proper external shading device during summer. With the other 2 

solutions, instead, the value of irradiance reaching the room is clearly decreased, 

highly lowering the cooling loads and only slightly increasing the lighting needs. The 

best behaviour is, once again, reached with the use of vertical fins. 

 

In order to have a clearer idea of the differences between the various models, the figure 

below summarizes those results during each month, summing up all the factors 

affecting the electric consumption.  
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Fig. 26: Models comparison – total monthly electric consumption 
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Fig. 27: Models comparison – yearly electric consumptions 

 

The yearly comparison gives evidence of the better behaviour of the vertical fins, 

although good savings are reached with a simple overhang as well. However, as 

explained in paragraph 2.2, it is important to consider the visual comfort of the 

working space during office hours. In order to consider this problem, glare has been 

evaluated during the yearly working hours of all the three configurations, computing 

the number of hours during which it exceeds the threshold of 28 DGI. We hypothesized 

an amount of 10% of the total working hours as maximum acceptable number of hours 

in which glare can exceed the threshold, also considering the limitations related to a 

proper definition of this index when dealing with multiple light sources14. 

 

Also, for comparison’s sake, we computed the same values in case the discomfort glare 

index would instead have been chosen as 26 or 30 DGI. During the optimization 

process of the next chapter, however, this will be fixed at 28 as explained in chapter 2. 

Note that a value between 26 and 28 DGI is already considered to be uncomfortable, 

but below the unbearable threshold. 
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Fig. 28: Discomfort glare index 

 

The baseline model and the overhang configuration, with their relatively high 
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enhancement of this office space performances. The advantage of vertical fins, instead, 

which brings the number of uncomfortable hours below the threshold value of 10%, 

as shown in the previous tables (even eventually decreasing the discomfort glare index 

up to a value of 26), can still be further increased by finding their optimal tilt and 

dimension, trying to maximise their summer advantage and minimise the winter 

disadvantages; the previous analysis was carried out on a series of 8 fins (for each 

window) 20cm deep with a tilt of 45°, but we do not know yet if that solution is optimal 

or not.  

 

 

2.6 Conclusions 
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Fig. 29: Baseline vs selected shading – electricity consumption comparison 

 

 
Fig. 30: Baseline vs selected shading – visual discomfort comparison 
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incredibly high time cost for the re-design of each single model repetitively for all the 

hundreds of possible solutions. For this reason, in the next chapter it will be studied a 

possible process to automate this idea by coding a script that is able to run hundreds 

of simulations by iteratively changing our model within the whole combinations range 

without the need of touching at all the SketchUp model. 

 

Another interesting result evinced from Fig. 29 is the fact that, even if the overall 

electric consumption of the optimized model is lower than the baseline one, we still 

have disadvantages in terms of lighting and heating, due to a negative effect of the 

shading device during winter. For this reason the optimization function that we will 

see in the next chapter could also be taken further, by trying to find the optimal 

geometrical properties of the vertical fins not only considering the overall year, but 

also seasonally changing the angle in order to reduce the negative effect during cold 

months, by what can be called a ‘seasonal optimization’ that would lead for sure to a 

different tilt value for each season.  
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3. Numerical optimization 
 

The idea of optimization is widely diffused in many fields, such as business 

development, internet rooting, schedule planning, or any kind of engineering problem; 

this approach is based on the analysis of a certain function with the aim of minimising 

(or maximising) certain parameters by acting on the free variables of the system, 

enabling the user to save time and money in the research of those ‘optimal’ parameters. 

Usually, the values to be minimised are expressed in terms of costs, time, energy use 

and so on; the variable range is instead wider and changes completely from problem 

to problem. In an engineering problem, for example, if the energy consumption is 

considered as function to be minimised, there could be hundreds of different 

parameters that we want to analyse, among which, the most diffused: construction 

materials, glazing properties, building orientation, HVAC systems design or control 

methods. The aim of this research is to understand if such optimization process could 

be applied with good results to a geometrical problem, in which the variable, having 

to deal with an existing space, is represented by the geometry of external shading 

device system that has to be applied on the West façade of the building, as found out 

in the previous analysis. This process can be carried out only after deciding the type 

of device to be used, but can, theoretically, save huge amount of time and lead to more 

accurate results compared with a traditional approach. 

 

 

3.1 Full search optimization 
 

A full-search approach is particularly fit when we deal with simple optimization 

processes in which the parameters to be found are not too many, making it relatively 

fast and easy to find the exact best solution to the problem. In this research, being 

initially the parameters to optimize only the length and the tilt angle of the shading 

devices, it has been possible to use this strategy first. However, this approach will then 

be compared to an algorithmic optimization process in order to understand which are 
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the advantages or disadvantages of both processes and, mainly, if the algorithmic 

optimization will be able to find an approximately good solution or not. 

 

The full search explores the whole range of possible parameters combination, finding 

exactly the ideal one, in terms of the function that needs to be minimised, without any 

error possibility. In this research, the two geometrical parameters previously stated had 

to be varied into all their possible range of values (given by the user) in order to 

optimize a function that calculates the overall yearly electric consumption of the office, 

summing up the lighting, cooling and electric consumption with a proper weight as 

defined in chapter 2. Also, being the continuous daylight autonomy an important 

parameter to take into account, according to what has previously been said, we wanted 

to exclude all the solutions for which the total amount of cDA (at reference points, 

during the whole year) was resulting lower than 65%. Also, all the solutions with a 

yearly percentage of working hours overcoming 28 DGI higher than 10% were 

excluded as well. Imposing these two constraints, we were able to exclude the most 

extreme configurations. The total number of possible solutions, given by all the 

combinations between the possible values of tilt angle and length of the devices 

(assuming all the fins being oriented in the same way and having the same tilt) was 

about 400; this means that almost 400 simulations needed to be carried out manually 

by changing each time the model configurations, requiring an incredibly high amount 

of time. Often, this would be solved by increasing the interval between each simulation, 

trying only some of the possible parameter values, arriving at a nearly-good solution, 

or analysing the parameters separately, with the risk of finding a final solution that is 

far beyond the optimal one and inevitably giving a higher weight to one of the two 

parameters. However, as we wanted to find the exact optimal solution, another 

approach has been used. A code has been created within Matlab, which was able to 

iteratively run simulations by changing the parameters at each iteration, while plotting 

each simulation result in an external excel file. The results were already given in terms 

of yearly electric consumption, summing up the lighting electric consumptions to the 

ones of heating and cooling, properly divided for the coefficient of performance of the 

system as hypothesized in chapter 2. At the same time, all the results were being 

plotted in a 3D pareto diagram that, after all the simulations were finished, was able to 
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immediately show the solutions distribution making it really simple to find the optimal 

one. Below, we will see how the code was developed, the simulation results and the 

time-efficiency of the method.  

 

 

3.1.1 Full search flowchart and simulation results 

 

EnergyPlus software runs simulations by reading IDF files, which summarize the 

whole geometries, material properties and set points given to our model; for this reason, 

the first step was to import in Matlab this text file, read it, and run the simulations by 

iteratively modifying within a for loop the parameters in the IDF file before running 

the next iteration. This has all been done with an automated process, which is 

schematized below in Figure 30.  
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Fig 31: Full search – flow chart 

 

Only one ‘run’ has been used to find and plot about 400 simulation results, with a total 

run-time of 4324s (about 72mins). It is important, when considering the total running 

time, to be aware of the fact that the computational time is mostly due to the number 



 45 

of simulations carried out by EnergyPlus, while the Matlab computational time is 

almost negligible; for this reason, it is important to wisely choose a reasonable 

timestep for the analysis. A timestep of 6 simulations per hour has been set: a higher 

value would require too much time, while a lower one could not be ideal for evaluating 

glare and continuous daylight autonomy for which a certain precision is required 

during particular hours. 

 

Following, the results of the full-search optimization process on a 3D pareto diagram. 

In red, the excluded solutions, thus not satisfying glare or continuous daylight 

autonomy constraints. Both thresholds, in fact, need to be satisfied in order to consider 

the solution acceptable. The optimal solution is highlighted with a ‘*’ symbol. 

Table 22 schematizes the whole range of analysed solutions. 

                   

 Table 7 - Variables: yearly optimization 

             Range                      Interval        

Fins tilt angle                                      20-90 [deg]                               2°  

Fins length                                           10-35 [cm]                        2.5cm 

*solution accepted if glare and daylight constraints are met 

 

 Table 8 - Simulation characteristics 

                                                                         Value  

Tot. n° of combinations                                          396 

Processor                                         Intel Core i7-4790 

CPU                                                                3.60GHz 

RAM                                                                      8GB 

Operating System                                               64-bit    

EnergyPlus sim. timestep                                           6                                                                         

Tot. simulation time                                           72min                         

 

The whole code leaded finally to the creation of the graph below, which is 

representative of the electric consumption values related to each simulation, for a total 

of 396 results; the ones highlighted in red colour will not be considered because out of 

the visual comfort boundary ranges previously defined.  
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Fig. 32: 3D full search solutions distribution and optimal yearly solution 
 
 

Fig 33: 2D solutions distribution                       Fig 34: 2D solutions distribution 

 

As we can evince from the graphs, the optimal solution between the acceptable ones 

is the one related to the use of a shading device with a length of 30cm and a tilt angle 

of 46°. The electric consumption of this solution is also really corresponding to the 
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absolute minimum, which was luckily acceptable due to its satisfaction of both visual 

comfort constraints. This solution is slightly better in terms of electric savings than the 

one obtained in chapter 2 (that was, however, a ‘lucky’ solution due to the fact that 

only 8 random cases had been tried). However, this final selected solution still presents 

higher lighting consumption and heating loads compared to the baseline model; this 

problem can only be solved by dividing the problem into 4 seasonal optimization 

processes, in which we could be able to find 4 different angles (once fixed the length) 

of tilt of the shading device, in order to reduce the total electric consumption of each 

season. We will then expect that during winter, for example, the shading device will 

not be as closed as during summer, since in that case the solar radiation could help in 

reducing heating loads. The code used for this split optimization is very similar to the 

previous one, with the only difference that the period that has been taken into account 

is of 3 months for each optimization, both for the evaluation of the overall electrical 

consumption and for visual constraints. Below, we can see the results of the 4 

optimization processes which, being at this time already fixed the final length, were 

only composed by 36 simulations each, related to the angle change. 

 

 Table 9 - Variables: seasonal optimization 

   Range                        Interval        

Fins tilt angle                              20-90 [deg]                                   2°  

Fins length                                        30 [cm]                              fixed 

*solution accepted if glare and daylight constraints are met 

 

 Table 10 - Simulation characteristics 

                                                                      Value  

Tot. n° of combinations                                           144 

Processor                                          Intel Core i7-4790 

CPU                                                                 3.60GHz 

RAM                                                                       8GB 

Operating System                                                 64-bit    

EnergyPlus sim. timestep                                            6                                                                                                                              

Tot. simulation time                                            15 min                         
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   Fig 35: Summer solutions distribution                  Fig 36: Autumn solutions distribution 

 

 Fig 37: Winter solutions distribution                     Fig 38: Spring solutions distribution 

 

As it was expected, the optimal tilt angle is different season by season: during summer 

a lower angle (28°, more closed configuration) is required to decrease the cooling loads, 

while a intermediate angle (46°) is preferred during the mild seasons to have a good 

balance between daylight conditions and solar gains. The higher angle is obtained, as 

expected, during the winter season (76°). 

 

Figure 35 shows, in terms of monthly electric consumption, the comparison between 

the baseline model, the full search annual optimization and the seasonal one (found by 
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summing up the results of the seasonal optimizations). The advantage is small in terms 

of electric consumption but, with the seasonal analysis, the constraints related to glare 

and continuous daylight autonomy are also based on seasonal values, so in this way 

we were able to reduce even more the visual discomfort, ensuring that the percentage 

of uncomfortable hours is below the percentage threshold for each season, while with 

the yearly analysis it was possible to have some seasons with a higher discomfort. This 

is clearly visible in the following figures. 

 

 
Fig 39: Optimization comparison – monthly total electric consumption 

 

 
Fig 40: Optimization comparison – visual discomfort 
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Figure 42 shows the same comparison of Figure 40 in terms of yearly values, but 

dividing them into lighting, heating and cooling in order to give a better understanding 

of the real savings obtained with the seasonal optimization. It is clearly visible that we 

are saving much in terms of cooling loads due to a higher area of window shaded 

during summer, while slightly increasing heating loads in winter in advantage of 

having a better visual comfort for the users, due to the fact that being the fins more 

‘opened’, they are actually shading more from direct sunbeams while reducing glare 

and allowing at the same time more diffuse light to enter the windows (see Chapter 2, 

Fig. 7).  

 

 
Fig 41: Study comparison – yearly total electric consumption 

 

This seasonal approach, however, could only be applied if there is the possibility to 

install movable devices and if the investment and maintenance costs would be justified 

by the savings in long terms. 

 

From the baseline model to the final solution obtained with a seasonal optimization 

process, the yearly electric consumption goes from a value of 41.2 KWh/m2 to a value 

of 29.6 KWh/m2, with an overall saving of 11.6 KWh/m2. Also, glare is reduced from 

a value of 437 hours per year over the threshold to a value of 151 hours.  The 

eventuality of a seasonal tilt change of the fins, however, is something that could 

7.26

9.70

9.35

2.44

6.99

7.14

31.46

14.71

12.66

0 4 8 12 16 20 24 28 32 36 40 44

Baseline

Yearly
optimization

Seasonal
optimization

Electric	Consumption	[kWh/m2]

Yearly	Electric	Consumption	 - Comparison

Artificial	Lighting Heating Cooling



 51 

eventually be performed after the necessary yearly analysis used to fix the length of 

the device. The very small savings obtained with this additional feature (with respect 

to the previous optimization) are considered not enough to justify the use of such kind 

of movable system, which also has very low possibility of comparison in the research 

field. The final ideal solution, at this point of the analysis, is then the one obtained with 

the yearly optimization process, which is characterized by an overall electric 

consumption of 31.4 kWh/m2 and a number of uncomfortable hours due to glare equal 

to 176. This solution has also been chosen in order to have a better term of comparison 

between the full search approach and the metaheuristic one, that will be treated in the 

next paragraph. Below, the summary of the overall yearly consumption of the final 

choice compared to the baseline model. 

 

 

 
Fig. 42: Baseline vs optimized shading – electricity consumption comparison 
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3.2 Nature-inspired metaheuristic algorithms 
 

Often, in engineering problems, a full search approach might not be particularly 

convenient; this happens especially when the parameters to optimize are multiple and 

exploring the whole range of possible solutions would require an incredibly high 

computational time and thus become not efficient anymore. Optimization algorithms 

are used to speed-up the whole process by the computation of mathematical formulas 

able to reproduce human functions or typical behaviours in nature. Algorithms can be 

divided into deterministic, following a rigorous procedure with repeatable design 

variables and functions, or stochastic, characterized by higher randomness. This last 

method is also called gradient-free; gradient-free optimization is fundamental when 

we deal with mixed variables or non-differentiable functions; also, with this method it 

is easier to avoid the interruption of the process at local minima that could be far from 

the global one that we aim to reach. An example of stochastic approach can be seen 

with genetic algorithms, where the optimality research path will be different each time 

the program is run, due to the randomness of the numbers, although the final result 

should not differ much if the optimization is working properly. 

 

Heuristic (from Greek εὑρίσκω "find, discover") is a technique designed for solving a 

problem more quickly when classic methods are too slow, or for finding an 

approximate solution when classic methods fail to find any exact solution. Through 

this process it is possible to find within a limited amount of time good solutions to our 

problems, although having no guarantee that the optimal one has been reached. A 

further development of this approach is called meta-heuristic, that leads higher 

accuracy and efficiency to the previously described method. Metaheuristic is 

commonly used when the complexity of the problem or the width of solutions range 

make it impossible or too much time-consuming to analyse all the possible variable 

combinations and gives us the possibility to reach a good feasible solution in an 

acceptable timescale. In order to be sure to converge as much as possible to the global 

optima, two parameters are fundamental when dealing with metaheuristic: 

diversification and intensification. The first one allows to explore the whole pattern 



 53 

avoiding being trapped into local optima, while the second one ensures a good level 

of information about a region during local search; a feasible solution can only be 

reached with a proper combination of these two components. Algorithms in which the 

candidate solutions are represented by a population are called population-based 

algorithms; two of the most popular population-based algorithms are genetic 

algorithms and particle swarm optimization (PSO). The other family is represented by 

trajectory-based algorithms such as, for example, the simulated annealing15 (SA) 

which mimics the metal annealing process by which defects in the metallic structure 

are reduced through freezing into a crystalline state with minimum energy and larger 

crystal size. 

 

Genetic algorithms 

In a genetic algorithm, all the possible values that our variables can take are 

represented by a population of candidate solutions called individuals, each identified 

by a set of properties (chromosomes) which can be altered or combined differently; 

during the optimization process, usually characterized by an iterative process starting 

from randomly generated individuals, one further generation is created at each 

iteration. At each of these generations, the fitness of the individuals is evaluated, being 

the fitness a quantitative representation of the objective function minimisation. Only 

the most fit individuals are selected to give birth, by modification and recombination, 

to a new generation; this process goes on iteratively until a satisfactory result has been 

reached or when a maximum number of generations have been produced (the iteration 

number can be set in the algorithm itself, as well as eventual constraints). 

 

PSO: Particle swarm optimization 

The particle swarm optimization is based on the swarm behaviour such as fish and bird 

schooling in nature. The candidate solutions are here identified by particles, 

constituted by positional vectors, moving around in the search-space according to 

simple mathematical formula. The advantage of this method is that particles are 

characterized by both a stochastic and a deterministic component; their movement is 

generated by being attracted simultaneously by the current global best and their own 

best location in history, while incorporating at the same time a random movement 



 54 

component. During the iteration, all the particles are communicating between them 

updating both their own best and the global best, when it changes; the final solution is 

obtained when the objective function no longer improves, or after reaching the 

maximum imposed iterations number. 

 

 

3.2.1 Optimization criteria and boundary conditions 
 

The PSO algorithm has been developed with the aim of minimizing an objective 

function ‘Z’ which is representative of the sum of the electric consumption due to 

heating, cooling and artificial lighting, taking into account the SPF previously defined 

for heating and cooling. The idea behind this optimization is to start with a certain 

population of particles (nPop) given by random values of the variables (angle, length) 

which varies within their range of existence. Each particle is thus characterized by two 

values: a length and an angle. Those random solutions will store their relative value of 

Z and will keep that as personal best; after this step, a certain number of iterations will 

occur for each particle, that moves in each iteration with a certain speed given by the 

attraction of the particle to its personal best, the global best among the whole 

population and a random factor that guarantees randomness in the search. Below, a 

schematic description of the particle movement within the particle swarm optimization. 

 

 
Fig 43: PSO – particle movement description 
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The velocity vector is described by the following equation: 
 

       Vi
k+1 = µ *δVi

k + αφ1 * (Gbest – Xi
k) + βφ2 * (Pbest,i – Xi

k)  
 

          Xi
k+1 = Xi

k + Vi
k+1 

 

where: 

- Xi
k is the particle position at iteration i 

- Xi
k+1 is the particle position at iteration i + 1 

- Gbest is the global best position  

- Pbest is the particle best position in history 

- Vi
k is the particle velocity at iteration i  

- Vi
k+1 is the particle velocity at iteration i+1 

- δ is the inertia function, in the range between 0 and 1 

- γ is the damping factor  

- α and β are the ‘learning parameters’ or acceleration constants  

- φ1 and φ2 are random vectors in the range between 0 and 1 

 

Note that the position and velocity of the particles at each iteration are characterized 

by a number of components equal to the number of variables of the problem; in this 

chapter, the number is equal to 2 (corresponding to the length and angle of the shading 

device). It is important to carefully evaluate the multiplication factors of each term in 

order to give a certain equilibrium to the search; if, for example, the results would 

show solutions trapped into a local optima, it means that the randomness component 

of speed of the particle (φ1, φ2) should be characterized by a higher factor, in order to 

let the particle escape from local optima in subsequent iterations. Sometimes, due to 

the inertia function, it is possible instead that the particles keep moving widely even if 

they are nearly reaching the optimal solution; to avoid this, a damping factor has been 

added to the inertia function which decreases at each iteration in order to converge 

quicker to the optimal best solution introducing an ideal virtual mass to the system. 

Table 27 summarizes the chosen values for the current optimization. 

 

 



 56 

 Table 11 - PSO parameters 

                                                    Value  

γ                                                           0.98 

δ                                                       0.7298      

α                                                    1.49618                                                      

β                                                    1.49618                                                      

φ1                                                rand [0-1] 

φ2                                                rand [0-1] 

 

 

The values of δ, α and β have been chosen according to a study of particle swarm 

optimization developed by Bergh and Engelbrecht16 which demonstrate that the PSO 

is characterized by an extremely convergent trajectory if those parameters are used; 

the value of σ has been chosen instead for this particular situation, in order to damp 

the inertia function giving additional priority to the global and local optima with the 

increase of the iteration number. 

 

In order to consider the restrictions given by visual comfort requirements, as it has 

been done in the full search analysis, all the solutions presenting a glare above the 

threshold for more of 10% of the yearly working hours have been excluded, as well as 

solutions which continuous daylight factor was lower than 65%; in the case of PSO 

optimization, however, those boundaries are more complex to define. In order for the 

particle ‘not to be attracted’ from eventual best solutions outside the comfort 

boundaries, a penalty function has been assigned to those particles which were not 

satisfying at least one of the two requirements; this function assigns a particularly high 

pre-defined Z value, in order to ensure the exclusion of those solutions from being 

local or global bests, thus not influencing the next particle iterations.  

 

The last fundamental step of the algorithmic optimization is characterized by the 

assignment of an end criterion; this gives us the possibility to decide when the particles 

have reached a solution that is good enough to stop the iterations. Many different 

criteria could be adopted, such as limiting the number of iterations or stopping the 
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simulations whenever the value of the objective function does not significantly vary 

anymore, which are among the most used ideas. For the sake of this research, the end 

criterion has been set acting on the variables, which will end the iterations whenever 

the difference between the global best value of each single variable (i.e. the value that 

minimizes the objective function) and the value of the same variable for all the 

particles components in the current iteration is below a certain threshold, as shown in 

the following equations. 

 

End Criterion 

 

EC,length,i = abs(length(Gbest) – length(Xi)) 

EC,angle,i = abs(angle(Gbest) – angle(Xi))  

 

if at any iteration, for each particle i,  EC,length < 0.04m,  &  EC,angle < 6° 

 

à stop iterations. 

 

This criterion has been developed in such a way that the iterations stop whenever all 

the particles at the current iteration are in such a position in which they are converging 

to the same values of the variable parameters, and thus their objective function is really 

close to the one of global best. Once this point is reached, any further implementation 

could only lead to negligible advantages. In the eventual case the optimization process 

would be stuck into local optima, we should act on learning parameters and random 

vectors, because the end criterion is not responsible for that, but is only influencing 

the final accuracy that we are seeking for. 
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3.2.2 PSO flowchart and simulation results 
 

In order to combine the use of Matlab and EnergyPlus to automate the optimization 

process, the following workflow has been considered. 

 

 
      Fig 44: PSO – flow chart 
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As it is possible to evince from Figure 44, the correspondence between the two 

software is bilateral, in such a way that the new parameters created on Matlab are 

simulated in EnergyPlus within a for loop and the simulation outputs are then 

evaluated within Matlab in order to be used as velocity components for the next 

movement of the particles, until all the iterations are over, i.e. when the end criterion 

has been met. 

 

Table 12 schematizes the parameters used for the algorithmic optimization; the 

variables values are initially randomly selected within the given range considering a 

continuous interval, corresponding to a hypothetical infinitesimal grid. Following, the 

solutions distribution of the first random population generations and their movement 

during the iterations, converging to the optimal best.  

 

 Table 12 - Variables: particle swarm optimization 

                                               Range                         Interval 

Fins tilt angle                     20-90 [deg]                     continuous  

Fins length                               20 [cm]                     continuous 

 

 

 Table 13 - Simulation characteristics 

                                                                      Value  

nPop                                                                  	   30     

Iterations                                                                 9*       

Tot. n° of simulations                                          270* 

Processor                                       Intel Core i7-4790 

CPU                                                              3.60GHz 

RAM                                                                    8GB   

Operating System                                              64-bit    

EnergyPlus sim. timestep                                         6                                                                                                                           

Tot. simulation time                                        39min*                              

*average value of 5 different optimization trials 
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Fig 45-48: PSO – particles iterations 
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3.3 Results comparison 
 
Different results have been obtained from the use of a full search and a metaheuristic 

approach. The final results are compared in Figure 49, which shows how the algorithm 

has been able to find a solution that is only 0.35% far from the absolute best, saving 

about 50% of the time (i.e. 36 minutes). Considering the fact that metaheuristic is 

based on randomness, each different trial would bring to different movement of the 

particles and different initial positions; for this reason, several trials of the same code 

have been run, showing that the PSO is correctly working and always leading to almost 

identical solutions. Table 14 summarizes the results of 5 different trials. As final 

solution, the nearest simulation to the average value of the different trials has been 

considered for comparison purpose. 

 

 Table 14 - PSO: different trials 

                   Opt. Angle [°]     Opt. Length [cm]        Tot. Cons [kWh/m2]       Time [min] 

PSO – 1                      48                             27                                31.51                            36 

PSO – 2                      47                          26.5                                31.01                            31 

PSO – 3                      39                             27                                30.92                            36 

PSO – 4                      47                          28.5                                  31.7                            42 

PSO – 5                      49                          29.5                                31.55                            36 

 

 

 

 Table 15 - PSO: average values and boundary values 

                       Opt. Angle [°]     Opt. Length [cm]      Tot. Cons [kWh/m2]      Time [min] 

PSO aver.*                     48                             27                              31.51                           36 

Min-Max                39 - 49               26.5 – 29.5                   30.92 – 31.7                    31 - 42 

*average values based on 5 simulation trials 
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Fig 49: Optimization approaches: electric consumption comparisons 

 

 
Fig 50: Optimization approaches: visual comfort comparison 
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 Table 16 - Optimizations comparison 

                                     Tot. Cons [kWh/m2]            Glare [hours]          Time [min] 

Baseline	 	 	 	 	 	                      	          41.2                            437                            0 

Full search optimization                                 31.4                            176                          72     

Particle swarm optimization                         31.51                           198                           36    
 

 

The final overall time saving of the metaheuristic approach might not be enough to 

justify its utilization for such a case study in which only two parameters need to be 

optimized; still, the good results obtained show how this process could instead be 

utilized in presence of more complex problems, where the simulation time of a full 

search would be incredibly high, as we will see in the additional in-depth studies in 

chapter 6. Also, it is interesting to notice from table 14 how some of the solutions 

found with the algorithm are even better than the one found with the full search, due 

to the fact that the algorithm is searching in a continuum space while the full search 

has got a fixed search grid, which will not consider intermediate values of the variables 

between two adjacent points of the grid. For this reason, implementing the algorithm 

with an even more accurate end criterion and starting parameters would mean finding 

the optimal values of the variables in a continuous grid, which would mean, in a full 

search hypothesis, performing an infinite number of simulations. 
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4. Optimized fixed fins vs mechanically controlled venetians 
 

 
The previous chapter has shown which one is the best configuration of a fixed type of 

shading device to minimize electric consumption while guaranteeing good internal 

comfort for occupants. However, it could be interesting at this point to compare the 

obtained results with the results that would be obtained with a different approach that 

involves the use of horizontal fins oriented with a mechanical control in order to shade 

from direct sun beams. This approach is expected to be the most efficient, due to its 

ability to shade from solar radiation only when really needed, avoiding negative effects 

during the winter season in terms of heating and lighting needs17. This alternative 

solution, however, might increase the investment and maintenance costs, which will 

be considered in the next chapter in order to understand which of the two solutions is 

the most efficient in long terms. 

 

 

4.1 Horizontal venetian blinds control 
 
For this purpose, an additional simulation has been carried out on the same office room, 

but applying an external shading device characterized by aluminium horizontal fins 

mechanically controlled, which properties are described in Table 17. Such device is 

controlled according to the incident solar radiation, with a variable orientation angle 

in order to shade from direct sun beams but avoiding high daylight losses. The 

venetians, however, will only be active during summer season (in order to avoid an 

increase of heating loads during winter), and this will lead (as shown in the figure 53) 

to an increase of hours outside the visual comfort boundaries according to glare 

threshold, due to an high amount of hours of glare during the winter season. If, instead, 

we would activate mechanical control also during the cold season, we might avoid this 

problem completely but neglecting the great advantage of the mechanical control on 

the overall electric consumption, which reduction is our first aim. 
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    Table 17 - Venetian blinds characteristics and control 

                                                                                         Value 

Reflection coefficient                                                                 0.7 

Emission coefficient                                                                   0.1 

Slat width                                                                                  7cm                              

Distance between slats                            	 	 	 	 	            7.3cm            

Distance from glass                                                                   5cm 

Max irradiance level*                                                       100 W/m2 

Max acceptable glare (DGI)                                                        28 

*level of irradiance on vertical surface above which the shading is activated 

 

The maximum irradiance level to impose as a threshold has been chosen according to 

the orientation of the building and to the WWR of our case study. Different levels, 

however, have been compared before finding a good compromise in a threshold of 100 

W/m2 between daylight availability and overheating risk. A lower level would, in fact, 

lead to a very low level of cDA (below 65%), while a higher one would not be 

convenient in terms of summer cooling expenses. Below, the comparison between 5 

different threshold levels and, following, the comparison with the optimized shape of 

the fixed vertical fins. 

 

 
   Table 18 - Venetian blinds activation threshold 

                                          Activation threshold [W/m2] 

Case 1                                                            50 W/m2 

Case 2                                                            75 W/m2 

Case 3                                                          100 W/m2 

Case 4                                                          125 W/m2 

Case 5                                                          150 W/m2 
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Fig 51: Mechanical shade control: activation comparison 

 
 
As we can clearly see from Figure 51, the only way to have a continuous daylight 

availability higher than 65% is to adopt a threshold level of irradiance per meter square 

of glazed area equal or higher than 100 W/m2. Case 1 and 2, in fact, are responsible of 

activating the shade too often, thus causing a decrease in the visual comfort of the 

room. For this reason, Case 3 has been chosen due to the good compromise between 

visual comfort and overall electric consumption. A final overall electric consumption 

of 27.8 kWh/m2 has been reached which will be compared in the next paragraph with 

the previously obtained results. 

 

 

4.2 Results comparison 
 
Figure 52 schematizes the electric consumption, divided into each different term, for 

the baseline model and the two different shading types: the optimized fixed vertical 

fins and the mechanically controlled horizontal venetian blinds. 
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Fig 52: Electric consumption comparison 

 

 

The advantage given by the mechanically controlled shade is mainly due to the winter 

season, in which the heating loads are exactly equal to the baseline model, due to the 

non-activation of the blinds. Cooling loads are instead slightly higher compared to the 

vertical fins, but lower lighting needs are reached; this is due to the activation threshold 

that does not activate the blinds when the solar irradiance is low. Below, glare 

exceedance for all of the three solution is displayed: the difference between the two 

types of shading devices is due to the fact that a good number of discomfort hours is 

reached during winter period with the mechanically controlled shading system, due to 

its non-activation. The result is however very good compared to the baseline model. 
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Fig 53: Visual comfort comparison 

 
 

As a conclusion, we can say that with mechanically controlled venetian blinds, 

compared to the fixed fins, we can save up to 3.7 kWh/m2 per year, while increasing 

the number of hours outside glare comfort boundaries from a value of 198 to a value 

of 277 hours. In order to understand which of the two systems is more efficient, another 

fundamental analysis is required; the next chapter will in fact be focused on the 

economic analysis of the two systems and the baseline one, in order to understand if, 

in long terms, the use of such shading device is really convenient and which of the two 

best suits this situation. 

 

It is important to notice that the higher number of uncomfortable hours related to the 

horizontal mechanical shading system is due to the fact that its activation is denied 

during the winter period, and also in summer when the solar irradiance on the window 

is lower than the threshold level for the activation. Obviously, if the visual comfort of 

the users is put as primary concern, it is possible to control the mechanical shade also 

according to the DGI, activating the shading whenever the glare index is above the 

selected threshold (28 DGI) in addition to the solar control. In this way, however, there 

is an obvious drawback in terms of heating consumption during winter period as well 

as lighting consumption during the whole year. Figure 54 shows the difference 

between the overall yearly electric consumption of the two different mechanical 
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controls for the horizontal shading, considering that no glare is present at all in the 

model with double control system (solar irradiance + DGI control). 

 

 
Fig 54: Mechanical controls: electric consumption comparison 

 

 

According to the fact that our main aim is focused on the reduction of electric 

consumption, however, and that the visual discomfort of the model with only solar 

control is not huge, we will consider in the next chapters the results coming from the 

model with the mechanical control only on solar irradiance. The addition of an 

eventual control on glare is however something that could be eventually considered in 

future studies, as the system design is not affected by the control mode. 

 
Figure 55 summarizes all the results in terms of overall electric consumptions obtained 

with the various solutions analysed in chapter 4, also including the horizontal 

mechanical shade with double control system, even though it is not carried on in the 

next chapter. 
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Fig 55: All models: overall yearly electric consumption comparison 
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5. Economic evaluation 
 
 
In order to have a better understanding of the real efficiency of the systems considered, 

an economic analysis has been developed with the aim of translating the previously 

found results in terms of costs, comparing the baseline model, the traditional solution 

and the optimized one. All the costs have been considered in site, taking into account 

Japanese standards and rates. Prices have been translated into Euros for clearance 

purpose. 

 

 

5.1 Investment and running costs 
 
The global cost CG was calculated during a reference lifetime and takes into account 

the initial investment costs (if any) and the annual operational costs due to electric 

expenses and eventual maintenance of the system. This cost, related to a time period t, 

is calculated with the following formula18: 

                       

𝐶L 𝑡 = 	𝐶N +	
𝐶P,:

(1 + 𝑟):

-

:ST

− 𝑉V,- 

 

where: 

- CI : initial investment cost to purchase and install the shading system [€]; 

- Ca,i : annual running cost during each year i, which considers energy needs for 

heating, cooling and artificial lighting (and maintenance cost, if present) [€]; 

-  t : time length of cost analysis [years]; 

-  r : real interest rate [-]; 

- Vf,t : residual value of the components at the end of the calculation period [€]; 

 

Japanese average national prices have been considered for the computation of the 

initial investment costs CI of the different models, which are shown in Table 20; the 

investment cost is only related to the shading system installation, thus equal to zero in 
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the baseline model. Investment costs of the two shading systems reported in Table 19 

have been computed as an average evaluation of different solutions and proposals 

made by producers (Merlo S.r.l, Griesser S.r.l.) on a market analysis specifically 

conducted hypothesizing the application of such kind of shading devices on the façade 

of a whole office building, with a glazed area of about 50m2. The investment costs 

might decrease for higher glazed areas while increase for lower ones, thus it is 

important to evaluate each single case study as a unique one. 

 

  Table 19 - Investment costs of different solutions 

                                         	 	    Investment costs* [€/m2] 

Baseline model                                                             0  

Vertical tilted fins                                                      185   

Movable venetian blinds                                          240     

*considers material cost plus installation costs 

 

In order to evaluate the actual running costs Ca,i of the different models, the average 

price of electricity consumed by HVAC and lighting systems was derived by the 

official website, updated each year, as the average tariff in Japan for tertiary sector19; 

the values are shown in Table 30, in addition to other assumptions for the values of 

real interest rate and annual electricity cost increase. Those prices are able to convert 

the electricity demand into real costs, to which however one should add the 

maintenance costs of the glazing and eventual shading device, which is strongly related 

to the technological solution and climatic context. For the scope of this research, 

reference maintenance cost of 5 €/m2 for mechanically controlled shades have been 

considered per every year, varying from 1.4% to 3% of the initial investment costs20, 

in which dismissal costs are also included. Regarding this solution, the cost due to the 

power required to move the blinds was neglected due to its infinitesimal contribution 

in the overall cost analysis. The maintenance of the fixed vertical fins is instead equal 

to 2.5 €/m2, while no additional costs have been considered for the baseline solution. 

Obviously, these costs will be added to the normal window maintenance, that is not 

considered in this paper because equal in all the three solutions. 
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  Table 20 - Cost analysis reference parameters 

                                               Unit                 Value	 	 	 	 	 	 	     

Electricity cost                                                [€ / kWh]               0.21 

Real interest rate (r)                                         [%]                            3 

Rate of annual increase of elec. cost               [%]                            2                 

 

In order to simplify the cost analysis and get rid of some parameters like the residual 

value of the components, difficult to evaluate correctly, a calculation period t of 30 

years has been set, equal to the average lifespan of building components such as 

windows or shading devices21; in this way, we were able to neglect the value Vf,t in 

the analysis and thus evaluate the global cost CG simply adding up the annual running 

costs (actualized for each year of the calculation period) to the initial investment costs.  

 
Figure 56 shows the different global costs, in the reference period of 30 years, for the 

baseline model and the two different shading devices. 

 

 

 
Fig 56:  Global costs comparison in the reference period 

 
 
Figure 56 is, however, missing some important considerations; EU regulations22, in 

fact, state that in order for an economic analysis to be exhaustive, it is needed to include 

in the calculations of the global costs also the greenhouse gases emissions. In order to 

find the latter costs, it has been necessary to multiply the overall annual greenhouse 
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gases emissions with the expected price per ton of CO2 equivalent. In order to monetize 

each ton of CO2e  the social cost of carbon (SCC) has been considered, which provides 

an estimation of climate change future effects and is equal to the flood of future 

damages due to an additional unit of carbon emission in a particular year, discounted 

to the current day according to a standard financial calculation23. In accordance to 

researches funded by the US government24 and to values calculated by Jonson et al.21, 

we decided to consider an average cost of 50 €/ton for the entire calculation period, 

with a discount rate of 2% (the IPCC fourth assessment report25 does, in fact, suggest 

using a discount rate lower than 3%). Moreover, an average value of the Japanese 

national GHG emission factors (per kWh of electricity) of  the last 5 years has been 

considered. All these considerations brought us to compute the total cost of GHG 

emissions within the calculation period of 30 years for each one of the three models. 

Such values have been added to the previously analyzed costs, and the final overall 

economic analysis is shown below, in Figure 57. 

 

 
Fig 57:  Global costs and GHG comparison in the reference period 

 

The latter analysis is clearly showing that, adding the GHG costs to the previous 

comparison, the overall costs of the baseline model are overwhelming the ones of the 

solution with  fixed vertical fins, while the horizontal venetian blinds are still a bit 

disadvantaging in economic terms only. 
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A proper evaluation of glare presence is also required in economic terms, and not only 

in terms of visual discomfort. This effect, which is much higher with the baseline 

model as we can see in Figure 58, could in fact not only lead to high risks of health 

problems26, but does also negatively affect the concentration of workers and thus 

decreasing their yearly productivity, as analysed in detail in a research carried out by 

the California Energy Commission27. The analysis, based on experimental data, 

showed how the presence of glare above the bearable threshold can decrease the 

worker performance of about 10-20%. However, the possibility of the workers to 

slightly change their position and/or chair orientation within the office space might 

give them the possibility to reduce the hours of intolerable glare by 15% to 80% 

depending on their freedom of movement28. In order to give more reliability to the 

economic analysis, we evaluated the additional yearly costs due to glare, considering 

a decrease of performance for each worker of 15% and a number of hours equal to 50% 

of the hours above the DGI set point, considering an average freedom of movement 

for each of the 4 workers within the office space.  

 

 
Fig 58: Visual comfort comparison 

 

With those hypotheses and considering an average productivity in the Japanese tertiary 

sector of 35 €/working hour29, the visual discomfort has been translated in economic 

terms, in order to evaluate more accurate and reliable conclusions. Also, being the 
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analysis a long-term study, the annual average growth rate of productivity has been 

considered30.  Results are schematized in Figure 59. 

 

 
Fig 59:  Total theoretical productivity losses due to glare in the reference period  

 

The previous picture is showing the overall productivity losses in the three different 

models for the case study, with 4 workers and a reference time of 30 years. In order to 

have a better measure of the savings reached by the use of the shading device, Table 

21 shows the yearly productivity losses for each model, considering two workers 

facing each other and positioned in the same position of the reference points used in 

chapter 2. 

 
Table 21 - Yearly productivity losses (2 workers) 

                                                                           Productivity loss 

Baseline model                                                      1330  [€ / year] 

Horizontal controlled venetian blinds                     843  [€ / year] 

Vertical fixed fins                                                    602  [€ / year] 

 

This theoretical analysis might justify, eventually, the introduction of the glare control 

on the mechanical shade as discussed in the previous chapter, which would reduce to 

zero the productivity losses while bringing relatively small increases in overall electric 

consumptions.  
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6. Validation and further development of the PSO 
 
 
This chapter aims to validate the previously analysed algorithm (chapter 3) and to 

evaluate its performance in a more complex situation, in which a full search would 

require an amount of time that is definitely too high to be realistic. The case study is 

the same previously studied, with the only difference that in this chapter we will add 

two other variables to the problem, in addition to the shading geometry: the glazing 

solar and visible transmittances (g, τvis). Those variables, plus the two related to the 

shading geometry, give a good representation of how the overall glazing system should 

work in order to optimize electric consumption and indoor visual comfort31. Due to 

the fact that each single variable influences the others, it would be impossible to reach 

an optimal solution by studying each parameter singularly as an independent factor. 

Also, the values of solar and visible transmittance of the glazing are strongly related, 

as it would be extremely difficult to have a glazing with a very low solar transmittance 

and an extremely high visible transmittance; for this reason, this analysis also shows 

which of the two properties is leading the search in this case study. 

 

In addition, possible modifications to the traditional particle swarm optimization are 

proposed and final considerations on the starting population size and distribution for 

the metaheuristic search are evaluated. 

 

 

6.1 Particle swarm optimization 
 
The same PSO used in chapter 3 will be used here for this more complex problem, 

although the full search will not be performed due to the huge amount of time that 

would be needed, as schematized in table 24, which makes its use unrealistic. The 

previous analysis has also shown how even a small change in the variables’ values 

could bring to big changes, thus not allowing to reduce the calculation grid of the 

eventual full search. Table 23 and 24 show the range and interval grid adopted for all 

the four variables that need to be optimized; the full search will not be performed, but 

the definition of a hypothetical interval grid was useful in order to esteem its eventual 
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simulation time. Each particle is now characterized by 4 variables and is thus moving 

into a four-dimensional search space. 

 

  Table 22 - Parameters: full search optimization (not carried out) 

    Range                       Interval                           

Fins tilt angle                                                   20-90 [deg]                                  2°  

Fins length                                                        10-35 [cm]                            2.5cm  

Window solar transmittance (g)                            0.4 – 0.75*                            0.025 

Window visible transmittance (τvis)                      0.5 – 0.85*                            0.025 

*the absolute value of the difference between solar and visible transm. is imposed ≤ 0.3 

 

  Table 23 - Variables: particle swarm optimization 

                                                                             Range                        Interval 

Fins tilt angle                                                  20-90 [deg]                      continuous  

Fins length                                                       10-35 [cm]                      continuous  

Window solar transmittance (g)                           0.4 – 0.75*                     continuous 

Window visible transmittance (τvis)                     0.5 – 0.85*                     continuous 

*the absolute value of the difference between solar and visible transm. is imposed ≤ 0.3 

 

As it is possible to see from the two previous tables, the PSO allows to restrict the 

interval grid for the analysis, taking random variables within a continuous range, while 

the eventual full search (that will, however, not be carried out in this case) requires the 

need of defining a wider interval in order to reduce the computational time, inevitably 

reducing the accuracy of the results. As we will see in table 25 however, the simulation 

time of the full search is in this case, even with a quite wide interval of the parameters, 

too high to be realistically taken into consideration. Only the algorithmic optimization 

will be carried out in this case. 
 

  Table 24 - Simulation characteristics - comparison 

Full Search  

Tot. n° of combinations                                                             89100 

Processor                                                                Intel Core i7-4790 

CPU                                                                                      3.60GHz 
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RAM                                                                                            8GB 

Operating System                                                                     64-bit   

EnergyPlus sim. timestep                                                                 6                                                                  

Tot. estimated simulation time*                                         270 hours                         

PSO  

nPop                                                                                             100    

Iterations**                                                                                    15        

Tot. n° of simulations                                                                1500 

Processor                                                              Intel Core i7-4790 

CPU                                                                                    3.60GHz 

RAM                                                                                          8GB   

Operating System                                                                    64-bit    

EnergyPlus sim. timestep                                                                6                                                              

Tot. simulation time                                                               4 hours                  

*calculated according to a mathematical proportion derived from the values given in Table 25 
**until convergence criteria is met 
 

The same parameters of the previous chapter have been used for this optimization 

(Table 25), and also the same end criterion has been utilized, but it has been extended 

also to the two additional variables that we are considering, as explained in the next 

page. The population number has instead been increased, due to the fact that having 

now four variables instead of two, it is fundamental to have a higher starting 

randomness in order to cover as much as possible the search space, trying to avoid 

local optima. 

 

  Table 25 - PSO parameters 

                                              Value  

γ                                                     0.98 

δ                                                 0.7298      

α                                               1.49618                                                      

β                                               1.49618                                                      

φ1                                          rand [0-1] 

φ2                                          rand [0-1] 
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End Criterion 

 

EC,length,i = abs(length(Gbest) – length(Xi)) 

EC,angle,i = abs(angle(Gbest) – angle(Xi)) 

EC,g,i = abs(g(Gbest) – g(Xi)) 

EC,τvis,i = abs(τvis (Gbest) – τvis (Xi)) 

 

if at any iteration, for each particle i:  

EC,length < 0.1m 

EC,angle < 8°, 

EC,g,i < 0.1  

EC,τvis,i < 0.1   

 

à stop iterations. 

 

Below, the results obtained with the particle swarm optimization process, in terms of 

electric consumption, and values of each variable which characterize the global best 

position.  
 

    Table 26 - PSO: final values 

                                                                          Value*                        min-max** 

Optimized angle [°]                                                   49                               31 - 43 

Optimized length [cm]                                              21                               19 - 24 

Optimized solar transmittance (g)                          0.54                         0.53 - 0.55 

Optimized visible transmittance (τvis)                      0.84                         0.83 - 0.85 

Tot. electric consumption [kWh/m2]	 	 	      	  28.9                        28.17 - 29.8 

Simulation time [hours]                                              4                              3.6 - 4.4 

* average values of the different trials 
** min and max values due to 5 simulation trials 
 
 
The obtained results are interesting; a final electric consumption of 28.9 kWh/m2 is 

obtained, decreasing the baseline value by 12.3 kWh/m2. As we can see, the final 
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geometrical shape of the shading device is different from the previous one, both in 

terms of length and tilt angle; this is the reason why the potential of such an approach 

can be huge, because a traditional analysis would have required to study each variable 

separately, making it impossible to find the real best configuration. If, for example, the 

shading device variables would have been fixed from the previous analysis, the actual 

window properties would not be acceptable due to glare problems, and the 

optimization process would lead to non-optimal solutions in which a smaller saving 

would have been achieved. The same would happen if we decided to fix the window 

properties in advance. We can see, from the pictures below, how the geometry of the 

shading device converges to different results compared to the ones of chapter 3, due 

to the influence of the other variables involved in this search. 
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Fig. 60-63: Shading device geometric properties - particles iterations (PSO) 

 

Another interesting result regards the relationship between the solar transmittance and 

the visible transmittance of the glazing. Being cooling loads particularly high, we 

obviously expected that a glass reflecting solar heat outside the building would be 

more efficient; at the same time, useful daylight could help in reducing lighting 

consumption. Even if the two parameters are treating different wavelengths of the sun 

rays, they are somehow related, and it is really difficult to find in the market any kind 

of glazing system which is able to create an incredibly high gap between solar and 

visible transmittance, allowing both to minimize solar gains and maximise the visual 

ones as if the two things were completely independent. For this reason, giving to the 

variables a strict relationship, it is interesting to see how in this situation the particle 

swarm optimization has clearly shown that the visible transmittance has a leading role 

in the final decision, which might not be true in a different climate, or even if the same 
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building would have a different use or different type of lights would have been used. 

This behaviour can be clearly seen in the following pictures, in which the movement 

of particles during the iterations has been analysed focusing the attention on the two 

variables just described. The final solution is characterized by particles having the 

maximum allowable visible transmittance (0.85) while maximising the gap between 

this value and the value of solar transmittance, that however could not go below 0.55 

due to their relationship (max. gap imposed = 0.3). 
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Fig. 64-67: Glazing properties - particles iterations (PSO) 

 

Differently from the results obtained in chapter 3, however, Table 26 shows a higher 

uncertainty in the final solution obtained with the PSO; this is due to the fact that, 

when the number of variables increases, we need additional randomness to avoid to 

get trapped in local optima and also a higher population to cover as much as possible 

the search space. For this reason, in the next paragraph we will try to apply a mutated 

particle swarm optimization (m-PSO) that could be very helpful to find a more 

accurate optimal solution. 
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6.2 Mutated PSO  
 

The mutated particle swarm optimization32 (m-PSO) is improved in terms of evolution 

compared to the classic one, adding a mutation method with uniformly distributed 

positions of individuals that guarantees a higher amount of randomness during the 

whole search, as described below. 

 

- Xa,b,c,d,e = µ if rand < mrate 

- Xa,b,c,d,e =  Xa,b,c,d,e  if rand > mrate 

 

where µ denotes a uniformly distributed number which range is represented by the 

lower and upper bounds of each decision variable, while mrate is set equal to 5%. 

Xa,b,c,d  represent the next values that the particle will take, for each variable (a,b,c,d 

are the 4 parameters to optimize). With this method, additional randomness is given to 

the particles’ movement, giving us the possibility to explore wider the field of 

solutions trying to avoid being stuck in local optima. Below, table 27 summarizes the 

results obtained with the mutated particle swarm optimization. The selected values are 

the ones corresponding to the nearest simulation (in terms of energy savings) to the 

average value. 

 

   Table 27 - m-PSO: final values 

                                                                             Value*                          min-max** 

Optimized angle [°]                                                     50                                31 -  35 

Optimized length [cm]                                           22.25                                 21 - 23 

Optimized solar transmittance (g)                           0.55                           0.54 - 0.55 

Optimized visible transmittance (τvis)                       0.85                           0.84 - 0.85 

Tot. electric consumption [kWh/m2]	 	 	  	  	 28.21                       28.11 - 28.35 

Simulation time*** [hours]                                          4                                          4 
 * average values of the different trials 
 ** min and max values due to 5 simulation trials  
 *** due to maximum number of iterations reached –convergence of results is not reached 
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In this type of search, being a certain randomness present in every iteration, it is 

impossible to use the same end criterion used for the traditional PSO, because the 

convergence of all the particles will never be reached. For this reason, the end criterion 

has been imposed in the numbers of iteration, using the same number of iterations that 

was required for the traditional PSO to converge, in order to have a more reliable and 

truthful comparison. Pictures below show how, both regarding the shading geometry 

and glazing properties, the convergence of particles is similar to the traditional particle 

swarm optimization, but some spare particles take random values at each iteration, 

giving to the search less possibilities to be stuck in local optima. 
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Fig. 68-71: Shading device geometric properties - particles iterations (m-PSO) 
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Fig. 72-75: Glazing properties - particles iterations (m-PSO) 

 

The overall convergence behaviour of the particles is the same of the previous search, 

however a higher coverage of the whole searching field is guaranteed, showing more 

accurate final results. As we can see, the only problem of this mutation might be related 
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to the difficulty of finding an appropriate end criterion, in order to be able to stop the 

iterations automatically at a reasonable point. In this case, it has been decided to stop 

the simulation after the same number of iterations that were needed for the traditional 

PSO to converge. For this reason, a further implementation of the mutated particle 

swarm optimization is discussed in the next paragraph. 

 

 

6.3 Damped mutated PSO 
 
In order to keep the strength of the mutated particle swarm optimization, but to be able 

to rely at the same time on the possibility for the particles to converge and satisfy a 

variable-related end criterion, a simple modification has been applied to the previously 

described m-PSO. A damping factor ψ = 0.89 has been applied to the mrate, which 

decreases the randomness of solutions while the number of iterations increases. Also, 

the starting mrate has been increased to 8%. In this way a higher randomness is 

guaranteed in the beginning of the search, when the field to explore is still large, which 

decreases gradually at each iteration until being able to be so small that the particles 

are able to converge to the global optima, enabling the possibility to interrupt the 

search whenever the end criterion is met. Below, a brief explanation of the described 

modification. 

 

for i = 1:it 

mrate = ψ * mrate 

 

- Xa,b,c,d = µ if rand < mrate 

- Xa,b,c,d =  Xa,b,c,d  if rand > mrate 

 

where: 

- mrate = 8% 

- it = maximum number of iterations  

- ψ = 0.89 

 

(12) 
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The results obtained with such analysis show how this implementation is able to reach 

the same result of the mutated PSO, but gives us the possibility to let the particles 

converge without the need of ending the simulation manually, which would imply a 

non-awareness about the accuracy of the results. The pictures below perfectly describe 

how the initial randomness of some particles position decreases with the increase of 

the iteration number, until converging completely. 
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Fig. 76-79: Shading device geometric properties - particles iterations (damp-m-PSO) 
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Fig. 80-83: Glazing properties - particles iterations (damp m-PSO) 

 

Final results of the damped mutated PSO are shown in Table 24. 
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   Table 28 - Damped m-PSO: final values 

                                                                            Value                           min-max* 

Optimized angle [°]                                                    50                                30 -  35 

Optimized length [cm]                                           22.25                              21.5 - 23 

Optimized solar transmittance (g)                           0.55                            0.54 - 0.55 

Optimized visible transmittance (τvis)                      0.85                            0.84 - 0.85 

Tot. electric consumption [kWh/m2]	 	 	 	  	 28.21                        28.09 - 28.33 

Simulation time [hours]                                               4                                3.7 - 4.3 

  *min and max values due to 5 simulation trials  

 

 

6.4 Optimizations comparison 
 

In order to understand the real effectiveness of the mutation applied to the more 

traditional particle swarm optimization, the table below shows the final results 

obtained with the use of both approaches, also in comparison with the baseline model 

which allows to understand how a full study of the all the glazing system components 

could lead to great energy savings. All the different approaches have been carried out 

on a population of 100 particles. 

 

  Table 29 - Optimizations comparison 

                                                          Tot. Cons [kWh/m2]                     Time [hours] 

Baseline	 	 	 	 	 	 	 	 	 	 	 	             	   41.2                                              0 

Full search optimization                                         N/A                                         270*     

Particle swarm optimization                                   28.9                                              4 

Mutated PSO (m-PSO)                                         28.21                                          4**     

Damped m-PSO	 	 	 	  	                	             28.21	 	 	      	 	    	 	 	 	   4                                

*estimated amount of time required 
**fixed number of iterations 
 
 

It is clearly visible that the mutation brings advantages to the traditional particle swarm 

optimization. The impossibility to assign an end-criterion, however, obliges us to 

assign to the function a maximum number of iterations (or running time) which implies 
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the need of experience and trials in order to properly assign this value. For this reason, 

the addition of a damping to the mutated PSO enables to jump this step, reaching in 

the end the same result. This is true for this research in which a high mutation rate is 

not needed when the particles are reaching the global optima while is very important 

in the beginning of the search, but might not be true for other cases in which a high 

mutation rate might be needed also during particles convergence. 

 

 

6.5 Particles generation and population number 
 

The previous analyses have been carried out considering a population of 100 particles 

and a random starting generation, as normally required by the traditional particle 

swarm optimization. In this chapter we will understand why such a population number 

is ideal for this problem and how a different method for the generation of the starting 

population could eventually be considered. 

 

 

6.5.1 Definition of the population size 
 

The population of 100 particles, utilized in the previous chapters, was a quite good 

number to allow to cover the whole space and to allow the simulation to reach an 

accurate result at each trial, limiting the difference between the results of different 

trials. In order to understand better how the population number influences the search, 

this paragraph shows a comparison between the use of the same algorithm (damped 

mutated-PSO) with varying nPop. For this comparison, instead of choosing an end 

criterion based on the parameters convergence, a maximum number of 15 iterations 

has been chosen; Table 30 shows the different cases, while the following picture shows 

the results of each trial in terms of overall electric consumption and time expense 

during iterations. 
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   Table 30 - Damped m-PSO: nPop comparison 

                                                   nPop                      Cons. [kWh/m2]* 

Case 1                                               50                                 29.28 

Case 2                                               75                                 28.89 

Case 3                                             100                                 28.21  

Case 4                                             125                                 28.19 

Case 5                                             150                                 28.22 

*average values based on 5 simulation trials for each case  

 

 

 
Fig. 84: Random population size comparison – Yearly electric consumption 

 

From the picture above, we can evince that the number of particles strongly influences 

especially the first iterations results. Even if there is not a rule in defining the size of 

the first generation of particles in a particle swarm optimization, it is intelligent to 

understand how the curve iterations-function behaves at various population sizes in 

order to decide the optimal size. The picture clearly states that a population of 50 or 

75 particles would struggle in finding a good starting point with the first generation, 

and this would bring to the risk of moving all the subsequent iterations towards a local 

optima. Also, the 50 population size reaches its final best too early, increasing the risk 

of local optima. A population of 100 avoids this risk, but an increase from 100 to 125 
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or even 150 would bring very small advantages in these terms, slowing significantly 

the simulation without bringing clear advantages. All Case 3, 4 and 5 show almost the 

same consumption at the first iteration, meaning that a population of 100 particles is 

already enough to cover the space; the increase of size does not lead to any advantage 

nor in the beginning neither in the end of the simulation (Case 5 is actually performing 

even worse than 3 and 4, due to randomness of solution and to the low number of 

trials). At this point, the accuracy of the search could be better implemented acting on 

the convergence parameters, rather than modifying the population size. 

 

Fig. 85 shows the time consumption required at each iteration with the change of the 

population size; this time increase if justified only wherever the decrease of the fitting 

function would be significant.  

 

 
Fig. 85: Random population size comparison – Simulation time 
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if compared to the cases with smaller population size. The need of this high number of 

particles is mainly due to the randomness of the starting generation, that could cause 

several particles to be situated very near, leaving big gaps in the search space in case 

of a low population number. In some situations, however, the time expense is crucial 

and we do want to reduce it as much as possible; for this reason, we experimented the 

same analysis of the previous paragraph but trying to assign a criteria in the 

distribution of particles at the first iteration, thanks to the use of a Latin hypercube 

sampling method33. 

 

The Latin hypercube sampling is the multidimensional (according to the number of 

variables) generalization of the Latin square concept, which is the definition of a 

statistical sampling in which each row and each column only contains a single sample. 

The position of each sample could however change for each different hypercube 

sampling, and this allows to define it as a near-random generator of sets of parameters 

from a multidimensional distribution. The use of this approach allowed us to uniformly 

distribute the particles within the search space, with a pre-defined distance, allowing 

a coverage of a big part of the search space even whit a lower population number. 

 

Below, we can see the results obtained with the same optimization process of the 

previous paragraph, but implemented with a latin hypercube distribution at the first 

generation instead of a random one. 

 
 
Table 31 - Damped m-PSO with LH distribution: nPop comparison 

                                                   nPop                      Cons. [kWh/m2]* 

Case 1                                               50                                 28.54 

Case 2                                               75                                 28.33 

Case 3                                             100                                 28.22  

Case 4                                             125                                 28.23 

Case 5                                             150                                 28.19 

*average values based on 5 simulation trials for each case 
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Fig. 86: LHS population size comparison – Yearly electric consumption 

 

 

Table 32 - Comparison between random first generation and LH distribution 

                             nPop          random* [kWh/m2]         LH* [kWh/m2] 

Case 1                       50                          29.28                         28.54 

Case 2                       75                          28.89                         28.33 

Case 3                       100                        28.21                         28.22  

Case 4                       125                        28.19                         28.23 

Case 5                       150                        28.22                         28.19 

*average values based on 5 simulation trials for each case 
 

As we can clearly see, the results obtained with this method are basically identical to 

the previous ones when a high population is used (because the search space would be 

covered both with a random generation and with a Latin hypercube sampling), but 

good advantages are instead obtained with the latter method when the population needs 

to be lowered due to eventual time-constraints. This gives huge power to the eventual 

use of the Latin hypercube sampling method connected to the particle swarm 

optimization whenever the fitting function does not need to have extreme accuracy and 

the simulation time is limited. However, the reduction of population does not lead to 

28

28.5

29

29.5

1 3 5 7 9 11 13 15

El
ec
tr
ic
	C
on

su
m
pt
io
n	
[k
W
h/
m

2 ]

iteration

Electric	consumption	 - pop.	size	comparison

Case	1 Case	2 Case	3 Case	4 Case	5



 99 

the same accuracy of results; for this reason, for the aim of this research, the final result 

obtained previously with a population of 100 particles has been considered.  

 

 
Fig. 87: LHS population size comparison – Simulation time 

 

In terms of time, the time expense of both studies (random generation and Latin 

hypercube sampling) is the same, due to the fact that the time consumption is mainly 

due to the EnergyPlus software while the Matlab computational time is negligible. 
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In conclusion, the metaheuristic approach has been found reliable also for the design 

of passive strategies aimed at the reduction of electric consumption and the 

improvement of indoor environmental conditions, especially in terms of time-saving 

when compared to traditional approaches; it has been shown how an in-depth study of 

each parameter of the particle swarm optimization could bring to higher accuracy in 

the final solution. 
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