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A METHODOLOGY FOR ENERGY OPTIMIZATION OF BUILDINGS 
CONSIDERING SIMULTANEOUSLY BUILDING ENVELOPE 

 HVAC AND RENEWABLE SYSTEM PARAMETERS 

SUMMARY 

Energy is the vital source of life and it plays a key role in development of human 
society. Any living creature relies on a source of energy to exist. Similarly, machines 
require power to operate. Starting with Industrial Revolution, the modern life clearly 
depends on energy. We need energy for almost everything we do in our daily life, 
including transportation, agriculture, telecommunication, powering industry, heating, 
cooling and lighting our buildings, powering electric equipment etc. Global energy 
requirement is set to increase due to many factors such as rapid industrialization, 
urbanization, population growth, and growing demand for higher living standards. 
There is a variety of energy resources available on our planet and non-renewable 
fossil fuels have been the main source of energy ever since the Industrial Revolution.  

Unfortunately, unsustainable consumption of energy resources and reliance on fossil 
fuels has led to severe problems such as energy resource scarcity, global climate 
change and environmental pollution. The building sector compromising homes, 
public buildings and businesses represent a major share of global energy and 
resource consumption. Therefore, while buildings provide numerous benefits to 
society, they also have major environmental impacts. To build and operate buildings, 
we consume about 40 % of global energy, 25 % of global water, and 40 % of other 
global resources. Moreover, buildings are involved in producing approximately one 
third of greenhouse gas emissions. Today, the stress put on the environment by 
building sector has reached dangerous levels therefore urgent measures are required 
to approach buildings and to minimize their negative impacts. 

We can design energy-efficient buildings only when we know where and why energy 
is needed and how it is used. Most of the energy consumed in buildings is used for 
heating, cooling, ventilating and lighting the indoor spaces, for sanitary water heating 
purposes and powering plug-in appliances required for daily life activities. 
Moreover, on-site renewable energy generation supports building energy efficiency 
by providing sustainable energy sources for the building energy needs. The 
production and consumption of energy carriers in buildings occur through the 
network of interconnected building sub-systems. A change in one energy process 
affects other energy processes. Thus, the overall building energy efficiency depends 
on the combined impact of the building with its systems interacting dynamically all 
among themselves, with building occupants and with outdoor conditions. Therefore, 
designing buildings for energy efficiency requires paying attention to complex 
interactions between the exterior environment and the internal conditions separated 
by building envelope complemented by building systems. 

In addition to building energy and CO2 emission performance, there are also other 
criteria for designers to consider for a comprehensive building design. For instance, 
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building energy cost is one of the major cost types during building life span. 
Therefore, improving building efficiency not only addresses the challenges of global 
climate change but also high operational costs and consequent economic resource 
dependency. However, investments in energy efficiency measures can be costly, too. 
As a result, the economic viability of design options should be analysed carefully 
during decision-making process and cost-effective design choices needs to be 
identified. Furthermore, while applying measures to improve building performance, 
comfort conditions of occupants should not be neglected, as well. 

Advances in science and technologies introduced many approaches and technological 
products that can be benefitted in building design. However, it could be rather 
difficult to select what design strategies to follow and which technologies to 
implement among many for cost-effective energy efficiency while satisfying equally 
valued and beneficial objectives including comfort and environmental issues. Even 
using the state-of-the-art energy technologies can only have limited impact on the 
overall building performance if the building and system integration is not well 
explored. Conventional design methods, which are linear and sequential, are 
inadequate to address the inter-depended nature of buildings. There is a strong need 
today for new methods that can evaluate the overall building performance from 
different aspects while treating the building, its systems and surrounding as a whole 
and provide quantitative insight information for the designers. Therefore, in the 
current study, we purpose a simulation-based optimization methodology where 
improving building performance is taken integrally as one-problem and the 
interactions between building structure, HVAC equipment and building-integrated 
renewable energy production are simultaneously and dynamically solved through 
mathematical optimization techniques while looking for a balanced combination of 
several design options and design objectives for real-life design challenges. 

The objective of the methodology is to explore cost-effective energy saving options 
among a considered list of energy efficiency measures, which can provide comfort 
while limiting harmful environmental impacts in the long term therefore financial, 
environmental and comfort benefits are considered and assessed together. During the 
optimization-based search, building architectural features, building envelope 
features, size and type of HVAC equipment that belong to a pre-designed HVAC 
system and size and type of  considered renewable system alternatives are explored 
simultaneously together for an optimal combination under given constraints. 

The developed optimization framework consists of three main modules: the 
optimizer, the simulator, and a user-created energy efficiency measures database. 
The responsibility of the optimizer is to control the entire process by implementing 
the optimization algorithm, to trigger simulation for performance calculation, to 
assign new values to variables, to calculate objective function, to impose constraints, 
and to check stopping criteria. The optimizer module is based on GenOpt 
optimization environment. However, a sub-module was designed, developed and 
added to optimization structure to enable Genopt to communicate with the user-
created database module. Therefore, every time the value of a variable is updated, the 
technical and financial information of a matching product or system equipment is 
read from the database, written into simulation model, and fed to the objective 
formula. The simulator evaluates energy-related performance metrics and functional 
constraints through dynamic simulation techniques provided by EnergyPlus 
simulation tool. The database defines and organizes design variables and stores user-
collected cost related, technical and non-technical data about the building energy 
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The methodology aims to answer design questions such as to what extent it is wise to 

invest in expensive but higher efficiency products for building envelope and HVAC 

system equipment, how to integrate building architectural features with building 

systems, what are the optimal combinations of renewable energy options and energy 

conversion systems, as early as possible in the design process.  

The application of the methodology ensures that architectural elements and the 

engineering systems work efficiently together for true efficiency and it can be used 

as a decision-support tool for both new building design and renovation projects since 

both processes provide significant opportunities to improve building performance but 

also goes through a complicated decision making process.  

The developed optimization procedure implements a Particle Swarm Optimization 

technique and it is based on the combination of EnergyPlus simulation tool and an 

enhanced GenOpt based environment that is specifically designed to be in 

simultaneous interaction with a proposed database application that stores information 

on energy efficiency measures. 

Within the scope of the work, the motivation of the work is explained, the 

background that supports the methodology is introduced, the research gap is 

discussed, the  details of the  methodology is presented and the performance of the 

methodology is assessed through a case study application.  

1.3 Thesis Chapter Overview 

This thesis is organized as follows. 

Chapter 1 provides a background summary and explains the motivation of this thesis 

work.  

Chapter 2 includes a literature review on whole-building design approach. Basics of 

high performance building design are introduced with a focus on energy efficiency. 

The chapter also summarizes the most influential factors to consider for a successful 

building and system design including outdoor conditions, building architectural 

design characteristics, indoor conditions, building system characteristics and building 

integrated renewable system characteristics. Moreover, building simulation concept 

and its importance in energy efficient building design practices are discussed. 
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Chapter 3 investigates the optimization phenomenon and presents a review of the 

history of simulation-based building performance optimization and the most 

commonly used techniques by highlighting their relevant assets and limitations. 

Moreover, the current research status of simulation-based building performance 

optimization is introduced. The chapter also identifies the research gaps, and explains 

where the current research fits within what has already been accomplished. 

Chapter 4 includes the description of the proposed building performance 

optimization methodology and explains the essential steps of the developed structure.  

Chapter 5 includes the implementation of the proposed optimization model on a 

group of case studies. Comprehensive analyses were conducted through a 

hypothetical office building to quantify the success of the method in terms of thermal 

comfort, energy consumption, CO2 emission and economy. A detailed description of 

the case study building is given, the database that includes technical and financial 

information about the considered energy efficiency measures is explained and the 

results are documented. 

Chapter 6 summarizes current concept, major accomplishments achieved in this 

thesis and conclusions drawn from the work. It also discusses the limitations of work 

and outlines the future directions of research in order to improve the proposed 

methodology. 
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2.  HIGH ENERGY PERFORMANCE BUILDINGS 

2.1 Introduction 

Buildings served as a protective shelter to people for many centuries but they also 

respond to several needs of society nowadays. People of modern life spend most of 

their time indoors for several activities including living, working, shopping, 

entertainment etc. and buildings are expected to provide comfortable and healthy 

indoor conditions to the people who are using it. 

While buildings provide numerous benefits to society, they also have major 

environmental impacts. To build and operate buildings, we consume about 40% of 

global energy, 25% of global water, and 40% of global resources. Moreover, 

buildings are involved in producing approximately one third of greenhouse gas 

emissions (UNEP, 2011). Today, the stress put on the environment by building sector 

has reached dangerous levels therefore urgent measures are required to approach 

buildings and to minimize their negative impacts.  

Fortunately, there is a growing public awareness of environmental issues and human 

health concerns due to buildings. The professionals in the building sector are 

beginning to realize that conventionally designed, constructed and operated buildings 

are not sufficient to address global environmental challenges. As a result, new design 

concepts are being developed and high energy performance buildings, which exceed 

current requirements of basic building standards, are evolving.  

In this chapter, main definitions and requirements of building performance will be 

explained with a special focus on energy-efficiency in the built environment. The 

main factors that influence building energy performance will be introduced and 

methods and tools for assessing building performance will be summarized. 

2.2 Basics of High Performance Building Design 

There is not a single globally acknowledged definition of building performance 

because it is an ever-evolving process. A report on terms and definitions for high-
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Similarly, buildings use a large portion of municipally supplied water for cleaning, 

personal hygiene, heat transfer, and for landscaping however, water efficiency 

receives little attention in building design and operation. Potable water also has 

embedded energy due to the effort to bring drinkable water to our buildings. To 

address water related environmental concerns, high performance building should use 

water efficiently, and reuse or recycle water for on-site use, when feasible (NIBS, 

2014).  

In addition, energy and water are used not only during building operation but also 

during production of building materials or equipment.  There is embodied energy to 

mine or harvest natural resources and raw materials; to manufacture the products; 

and to transport them to building site and to install. Moreover, during material and 

equipment life-cycle, other natural resources are consumed, landscapes are 

destroyed, and pollutants are released into the nature as well where raw materials are 

extracted from the earth, are transformed into the concrete, steel, glass, rubber, and 

other construction materials. Therefore, in high performance buildings, sustainably 

produced and recyclable materials that minimize life-cycle environmental impacts 

and contribute to occupant safety and health should be used (NIBS, 2014). 

A healthy indoor environment promotes comfort, productivity, health and well-being 

of the building users therefore; the physical, chemical and biological properties of the 

indoor air must be assured at all times. Hazardous gases such as volatile organic 

compounds from building materials, products, and furnishings should be avoided by 

appropriate ventilation and moisture control and selection of non-toxic materials. 

Moreover, appropriate levels of thermal, visual and acoustic comfort must be 

provided to ensure the total quality of the indoor environment (NIBS, 2014). 

Lastly, operational phase of a building starts after completion of construction 

however, operating and maintenance issues should be planned at early design stages 

for better integration and consequently for improved overall performance. The 

operational phase of building is quite longer than the design and construction phases 

and the lifecycle cost of the operational life could be highest in whole building life 

cycle. Therefore, to operate a high performance building, professionals need make 

sure that the building would perform as it is intended. High performance operation 

requires good planning, integration and control of occupants, processes, mechanical, 

electrical, renewable energy systems and, information technology (NIBS, 2014). 
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building design. Macro-climate represents the climate of a larger area such as a 

region or a country where micro-climate is the localized climate in building site 

(ESRU, 2006). 

The successful design of buildings relies on an appropriate understanding and 

controlling of climatic influences at the building site through prevailing climatic 

conditions when unwanted and benefiting when useful. When designing an 

individual building the outdoor climate is to be regarded as a given condition. 

Cooling and heating loads are partially driven by weather patterns specific to a 

particular climate region. Lovell (2009) explain that different locations in the world, 

with their specific climatic conditions, certainly present different priorities and they 

require different design approaches.  

As climatic elements change dynamically, buildings respond to the changes 

simultaneously. The main climatic elements that affect building heat balance are 

solar radiation, ambient temperature, air humidity, precipitation, air movement, and 

sky condition. The influence of climate on building performance was explored in 

many studies (Erell et al., 2003; Lam et al., 2005; Ochoa and Capeluto, 2008; 

Manioglu and Yilmaz, 2008) and the design strategies that needs to be incorporated 

into the process for different climatic zones are discussed. The studies highlights that 

dynamic nature of the environment must be incorporated into a design response in 

the form of daily, seasonal, and annual cycles of heat transfer, air pressure changes, 

and humidity levels. 

Furthermore, site conditions have an important role in the building design among 

numerous factors. Each building site offers its own conditions and imposes limits on 

the design flexibility.  

The building site might limit the size and shape of the building. Moreover, careful 

site selection and building placement are essential for optimal daylight and solar 

utilization.  

The variations in localized climate around a building create the site-specific 

microclimate. The environmental conditions at the site area are a combination of 

macroclimate as well as the microclimate. Therefore, building site also affects the air 

movement, temperatures, rain penetration, humidity etc. around the building through 

vegetation and topography. 
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Taking advantage of the physical features of the building site and microclimate 

reduces heating and cooling loads, and therefore lowers overall energy consumption 

as mentioned in the literature studies. 

Akbari et al (1997) documented the dramatic differences in cooling-energy 

requirement between houses on landscaped and unlandscaped sites. 

Parker (1981) measured the cooling-energy savings from well-planned landscaping 

and found that properly located trees and shrubs around a mobile trailer reduced the 

daily air-conditioning electricity use by as much as 50%. 

Robitu et al (2006) introduced a numerical approach based on coupling the CFD 

model of airflow, in which the influence of trees is considered as source terms, and 

the radiation exchange, completed with thermal conduction. 

Therefore, site conditions should be considered carefully and necessary arrangements 

need to be realized prior to building design.  

2.3.2 Building architectural design characteristics 

2.3.2.1 Orientation 

Building orientation is one of the main factors in reducing building energy demand 

and keeping the interior conditions in comfort range. Decisions made in adjusting the 

building orientation will have impacts on the energy performance of the building 

over its entire life cycle mainly with regard to solar radiation and wind. Proper 

building orientation can diminish the unwanted effects of severe weather a great deal. 

Therefore, it is very important to orient a building to optimize the effects of the 

nature (Nasrollahi, 2013). 

Orientation of building determines the amount of radiation the building receives. A 

good orientation should allow maximum access to the sun when needed; or, likewise, 

eliminate it when unwanted. Moreover building orientation should provide maximum 

natural light in all climatic conditions. 

The best orientations for a building can literally vary from location to location and 

should be evaluated accordingly. The past studies by Yohanis and Norton (2002), 

Jaber and Ajib (2011); Al-Tamimi et al., (2011) showed approaches for optimal 

orientation selection in different climate zones. 
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In addition to interior loads, the operational patterns of each building (days building 

is open and schedule for typical start and end of day), the target comfort levels, 

temperature set points etc. influence the building energy behaviour.  

2.3.4 Building system characteristics 

As explained in the previous section, a building itself act as a system and depending 

on its interaction with outside environment energy is required to maintain the internal 

conditions. The amount of required energy depends on the building architectural 

characteristics, climate and building site and it can be lowered or sometimes 

eliminated by designing buildings in harmony with its surroundings. On the other 

hand, sometimes it may not be possible to achieve the ultimate building load-

avoidance on every building by only arranging design parameters, especially where it 

is obliged to maintain buildings in a narrow temperature range. In this case, the 

required heating, cooling, ventilation and lighting should be provided through 

building systems and a good architectural design will help to reduce the number of 

hours during the year when the systems are needed. Therefore, building systems 

must work in concert with the building shape, orientation, envelope, electrical 

equipment, and site characteristics (Harvey, 2012).  

The energy performance of building systems depends on the properties of each 

system. 

2.3.4.1 HVAC system 

HVAC is an acronym that stands for "heating, ventilating and air conditioning." The 

main purpose of an HVAC system is to regulate the climate within a residential or 

commercial environment to keep its occupants comfortable. An HVAC System 

consists of a chain of components designed to heat, ventilate or cool a specific area 

while maintaining defined environmental conditions. HVAC systems come in a 

broad range of sizes and complexity from the simplest fireplace, used for comfort 

heating, to the extremely reliable total air-conditioning systems that can be found in 

complex buildings (Grondzik and Furst, 2000).  

Today, HVAC systems account for a large portion of national and global energy 

consumption and represent an opportunity for significant energy savings. 
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HVAC systems are used for indoor climate control and they can include functions 

such as heating, cooling, supply of fresh air, air movement, filtration and where 

required by the climate, humidification and dehumidification. 

Heating, Ventilating and Air Conditioning is a huge field and there is a large variety 

of HVAC systems available today. A detailed discussion of HVAC systems is 

beyond the scope of this work. Only the most commonly used types of HVAC 

systems will be briefly mentioned and the parameters that influence the energy 

efficiency of systems will be highlighted.  

For the purposes of this study, HVAC system types are broken down into two broad 

categories as central systems and local systems.  

Central systems 

As explained by Grondzik and Furst (2000), central systems serve multiple spaces 

from one base location. They use a series of equipment to distribute cooling/heating 

media to exchange heat and supply conditioned air from one point to more than one 

room. Central systems are built-up systems assembled and installed on the site. 

A central HVAC system may serve one or more thermal zones and has its major 

components located outside of the zone or zones being served, usually in some 

convenient central location in, on, or near the building. Central HVAC systems will 

have as many points of control (thermostats) as there are zones.  

Central HVAC systems come in a variety of different types and most conventional 

centralized systems fall within one of the following three categories depending on 

the nature of the thermal energy transfer medium used by the system: All-Air 

System, All-Water System, or Air-Water System (Westphalen and Koszalinski, 

2001a). 

All-air systems are central systems, which provide complete sensible and latent 

heating and cooling of the air supply and deliver cooled or heated air from a central 

point via ducting, distributing air through a series of grilles or diffusers to the room 

or rooms being served. 

All-water hydronic system delivers the hot or cold-water from a chiller or heating 

boiler to individual heat transfer devices (terminal units) located in each room of the 

building through a network of pipes. When heating is required, the terminal units 
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draw heat from the water and when cooling is required these reject heat to the water. 

All-water systems only control indoor temperature. 

An air-water system is a hybrid system of all-air and all-water type of systems. Air-

and-water systems condition spaces by distributing both conditioned air for primary 

ventilation and water to local terminal units installed in the spaces for additional 

conditioning. 

The components of a central system fall into two broad categories: "primary 

components" and "secondary components. 

Primary components, often called "central plant" equipment, convert energy from 

fuel or electricity into heating and cooling energy in the form of hot water, steam, 

chilled water or refrigerant: Refrigeration equipment options include water chillers 

and direct-expansion equipment. A refrigeration system must also reject the heat that 

it removes using a water cooling or air cooling. Water-cooled chillers require 

condenser water pumps and cooling towers to reject heat. 

Boilers produce hot water or steam to distribute to heating coils. Pumps circulate 

chilled water, hot water, and cooling tower water. 

Secondary components, sometimes called "system" equipment, deliver heating and 

cooling to occupied spaces: Air handling equipment may be centrally located or 

several air handlers may be distributed throughout a facility. Ducts, plenums and 

shafts distribute air. Terminal units are devices at the end of a duct or pipe that 

transfer desired heating or cooling to the conditioned space. Some types commonly 

used with central HVAC systems include fan-coil units, induction units, and 

convectors (Grondzik and Furst, 2000). 

Controls are used to make components work together efficiently. 

Local systems 

Local air-conditioning systems are self-contained factory made assemblies consisting 

of a heat and/or cool source (depending on climate and occupancy demands), a fan, a 

filter, and control devices. The most common local air-conditioning systems include 

window units, package air-conditioners, rooftop units and heat pumps (Grondzik and 

Furst, 2000). 
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The cooling is delivered directly to the supply air in a refrigerant evaporator coil. 

These units are sometimes also referred as direct-expansion units. 

HVAC energy performance 

HVAC systems utilize energy in many forms. Fuel sources for generation of heating 

and cooling include electricity, coal, natural gas, propane, oil etc. Furthermore, 

energy is also required to distribute heating and cooling within a building, reject the 

heat discharged by cooling systems to the environment, and move air for ventilation 

purposes. (Westphalen and Koszalinski, 2001a) 

As Westphalen and Koszalinski discuss (2001a) the energy performance of HVAC 

systems depends on several factors including system type, system size, efficiency of 

plant equipment, efficiency of distribution system components, system control etc. 

Estimation of HVAC energy use is strictly tied to the system type and the systems 

choice depends mainly on system constraints, architectural constraints and financial 

constraints. 

Haines and Myers (2010) explains that determining the correct size of HVAC 

equipment is key to achieving energy efficiency moreover it also influences first cost 

and operating costs. For HVAC systems, the thermal loads come primarily from five 

sources including building envelope, lighting, occupancy, plugged-in equipment and 

ventilation and they should be all taken into account during sizing calculations. A 

proper HVAC system should always be able to effectively satisfy the peak heating 

and cooling loads that the building experiences throughout the year. Overcapacity 

equipment has a higher initial cost, costs more to operate, and may be less effective 

than optimally sized equipment thus safety sizing factors should be chosen carefully. 

As highlighted by Westphalen and Koszalinski (2001a), the efficiency of plant 

equipment is another factor that determines the energy performance of HVAC 

systems. Equipment efficiency is a measure of how much energy is effectively 

converted into heating and cooling the built environment. More efficient systems use 

less energy to achieve the same degree of conditioning.  Efficiency ratios such as 

Energy Efficiency Ratio (EER) or coefficient of performance (COP) is determined at 

full load and under standard test conditions however, many central plant units spend 

a significant part of their operating life at below full load. Therefore, part load off-

reference equipment efficiency due to changing building load and environmental 

conditions should be also considered. 
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Similarly, the full load and part load-efficiency of the distribution system equipment 

including fans and pumps affects overall HVAC energy performance significantly. 

Good part-load efficiency for distribution systems often involves variable speed 

drives along with components to allow drives to operate at lower frequencies as often 

as possible.  

Application of HVAC control helps operating the building systems in strict 

accordance with demand; thereby it avoids unnecessary use of energy. Supply fan 

speed controls, cooling capacity controls, demand-controlled ventilation supports 

increasing the operational efficiency. 

HVAC energy performance was deeply investigated in several studies. 

Salsbury and Diamond (2000) proposed a method for performance validation and 

energy analysis of HVAC systems using simulation. 

Wang et al. (2011) explained an approach for energy performance comparison of 

heating and air-conditioning systems for multi-family residential buildings. 

Lombard et al. (2011) reviewed energy related aspects of HVAC systems with the 

aim of establishing a common ground for the analysis of their energy efficiency. The 

paper focused on the map of energy flow to deliver thermal comfort: the HVAC 

energy chain. 

Shahrestani et al. (2013) attempted to characterize the performance of 36 HVAC&R 

systems based on the simultaneous dynamic simulation. 

Haniff et al. (2013) provided a detailed review on heating, ventilation and air 

conditioning (HVAC) scheduling techniques for buildings towards energy-efficient 

and cost-effective operations. 

Vakiloroaya et al. (2014) investigated and reviewed the different technologies and 

approaches, and demonstrates their ability to improve the performance of HVAC 

systems in order to reduce energy consumption.  

The studies concluded that several factors such as climatic conditions, expected 

thermal comfort, initial and capital cost, the availability of energy sources and the 

application of the building must be considered to properly design and select an 

energy-efficient HVAC system. 
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In the literature, many research studies investigated the influence of a variety of 

factors on the building lighting consumption.  

Krarti et al. (2005) developed a simplified method to estimate energy savings of 

artificial lighting use from daylighting 

Doulos et al. (2008) aimed to quantify energy savings in daylight responsive systems 

and explored the role of dimming electronic ballasts. 

Li et al. (2008) studied the lighting and cooling energy performances for a fully air-

conditioned open-plan office when solar control films together with daylight-linked 

lighting controls are being used. 

Mardaljevic et al. (2009) reviewed the historical basis of current compliance methods 

for achieving daylit buildings, proposes a technical basis for development of better 

metrics, and provides two case study examples to stimulate dialogue on how metrics 

can be applied in a practical, real-world context. 

Yun et al. (2012) investigated the effects of occupancy and lighting use patterns on 

lighting energy consumption through field survey. 

Shen et al. (2014) carried out energy and visual comfort analysis of lighting and 

daylight control strategies and they compared the energy and visual comfort 

performance of seven independent and integrated lighting and daylight control 

strategies. 

2.3.4.3 Water heating system 

Water heating accounts for approximately 17 % of a residential building energy use 

in USA (EIA, 2013), and 14 % in Europe (ODYSSEE-MURE, 2009) and after 

heating and cooling, it is typically the largest energy user in the home. In commercial 

buildings, however water heating forms a small fraction of energy consumption and 

it comes last after space conditioning, lighting and powering office equipment.  

American Society of Heating, Refrigerating and Air-Conditioning Engineers 

(ASHRAE) Handbook HVAC System and Equipment (2008) mentions three main 

categories of water heating systems including instantaneous (tankless) water heaters 

storage water heaters, combination of space and water heating systems. 



31 

Demand (tankless or instantaneous) water heaters heat water directly circulating 

water through a large coil and there is no storage tank continuously maintaining hot 

water. Demand systems produce a limited amount of hot water 

Storage water heaters heat and store water in an insulated storage tank ready for use 

at all times. Many fuel options are available, including electricity, natural gas, oil, 

and propane.  

Combination space and water heating systems use a boiler plant as the heat source by 

circulating hot water from the boiler through a heat exchanger in a well-insulated 

water heater tank. 

Moreover, as mentioned by Ibrahim et al. (2014a) there are also renewable energy 

supported water heater systems such as heat pump water heaters where a heat pump 

transfers energy from the surrounding air or ground to water in a storage tank and 

solar water heaters where energy of sun is used as the heat source. 

The energy consumption due to water heating depends on several factors including 

hot water demand, water heater temperature, first-hour rating (FHR) and energy 

factor (fhr). 

The FHR measures the amount of hot water the heater can supply per hour (starting 

with the tank full of hot water.  

The EF indicates overall unit efficiency based on the amount of hot water produced 

per unit of fuel consumed over a typical day 

There are several studies in the literature concerning the energy and economic 

performances of several water-heating options.  

Hegazy (2007) investigated the effect of inlet design on the performance of storage-

type domestic electrical water heaters for energy conservation. 

Carboni and Montanari (2008) proposed a quantitative approach able to forecast the 

profitability of the introduction of domestic solar thermal systems operating in 

parallel with the most common systems for heating domestic sanitary water. 

Nikoofard et al. (2014) evaluated the impact on energy consumption and GHG 

emissions as well as the techno-economic feasibility of retrofitting solar domestic hot 

water (DHW) heating systems to all houses in the Canadian housing stock. 





33 

(LCA) was performed following the international standards of series International 

Organization for Standardization (ISO) 14040. 

Dalton et al (2009) presented an analysis of the technical and financial viability of 

grid-only, Renewable Energy System-only and grid/ Renewable Energy System 

hybrid power supply configurations for a large-scale grid-connected hotel. 

Cucchiella et al. (2012) presented a model to define the profitability of a 

Photovoltaic (PV) building integrated system. 

Marino et al. (2013) presented an energetic, economic and environmental analysis of 

two different configurations of a self-sufficient system for energy production from 

renewable sources in buildings. 

Fong and Lee (2014) proposed a hybrid renewable cooling system for office building 

application by utilizing both the solar energy and the ground source. 

Oh et al. (2014) suggested a cost-effective method for integration of existing grids 

with new and renewable energy sources in public buildings in Korea. 

The studies highlighted that a good integration of renewable systems with the 

building for a better efficiency is required starting with the early design phases. 

2.4 Building Performance Simulation  

As discussed in previous sections, overall building performance depends on several 

factors, which are related with characteristics of climate, building site, building 

architectural characteristics, indoor conditions, building HVAC systems, and on-site 

energy generation. Moreover, all the design factors are in constant interaction. 

Therefore, designing buildings for energy efficiency is a challenge. Clear and reliable 

information on the buildings performance is required for understanding the building 

behaviour and addressing the needs of building design. 

Built environment is becoming more complex, as the expectations from buildings 

increasing due to economic, environmental and social pressures. High energy 

performance buildings cannot be designed using only conventional knowledge, rules 

of thumb, or traditional methods, which are mono-disciplinary, restricted in scope 

and static in time domain. Therefore, computerized building simulation has been 
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Mohamad et al. (2014) calculated the annual energy load of the windows offset 

thermal bridges for a typical French house by combining a developed MATLAB 

code and EnergyPlus energy simulation program. 

Gustafsson et al. (2014) used dynamic simulation to compare the energy 

performance of three innovative HVAC systems: (A) mechanical ventilation with 

heat recovery (MVHR) and micro heat pump, (B) exhaust ventilation with exhaust 

air-to-water heat pump and ventilation radiators, and (C) exhaust ventilation with air-

to-water heat pump and ventilation radiators, to a reference system: (D) exhaust 

ventilation with air-to-water heat pump and panel radiators. System A was modelled 

in MATLAB Simulink and systems B and C in TRNSYS 17. 

Building simulation supports the understanding of how a given building operates 

according to certain criteria and enables comparisons of different design alternatives. 

The application of whole-building simulation and analysis has demonstrated a 

significant energy efficiency potential in many research studies. However, high 

energy performance building design involves handling the complex relationship 

between building and systems while considering numerous design parameters.  

Many simulation runs, which are based on a trial-and-error approach, are required to 

be carried out by designer until finding a satisfactory solution. The success of this 

human-driven approach is based on skills and experience of the designer and it 

requires a significant amount of time to scan the entire design space.  

To achieve an optimal design solution with less time and labour, the building 

simulation models can be solved iteratively by automated computer programming 

methods. This procedure is known as simulation-based optimization and it offers a 

great potential for overcoming the drawbacks of impracticality of simulation only 

methods (Nguyen et al. (2014). 

2.5 Summary 

Buildings are expected to create necessary conditions for its occupants. In order to 

create healthy environments, some internal environmental factors need to be 

controlled and adjusted.  

Heat needs to be added to or removed from a space by passive or active means to 

maintain thermal comfort. Light needs to be provided to ensure visual comfort. 
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3.  SIMULATION-BASED BUILDING OPTIMIZATION 

3.1 Introduction 

Computer simulation is a powerful tool in analysis of complex real systems where 

models of systems are expressed in mathematical equations and then the behaviour 

of the models are observed under different conditions. As explained in the previous 

chapter, the simulation studies allow users to calculate and analyse the performance 

of a system in consideration. However, in real world complex problems, the 

performance usually depend on several factors and decision making often involves a 

challenge of simultaneously satisfying many conflicting objectives. Therefore, 

although proven effective, still the traditional scenario-based manual simulation 

methods can be quite labour-intensive and weak at finding the best solution for 

complex system problems.  

In order to address the difficulties inherited in decision making via simulation, 

simulation-based optimization methods, which integrates optimization techniques 

into simulation analysis has been introduced (Fu, 2002). Optimization is a field of 

mathematics that deals with finding the extreme values of a function, subject to 

various constraints. During a simulation-optimization process, a simulation model 

and an optimization solver interact dynamically to explore a search space until an 

optimal solution based on an objective function and established constraints is 

obtained. The output of simulation corresponds to the function that is aimed to be 

minimized or maximized. The solver iteratively changes the values of the variables 

of the simulation model according to a search strategy. Therefore, simulation-based 

optimization techniques introduce the possibility of finding the best input variable 

values from among all possibilities without explicitly evaluating each possibility 

(Carson and Maria, 1997). 

The integration of optimization techniques with simulation automate the search for 

the optimal or near optimal solutions in the design space, speed up the calculations 

and improve the solutions to multi-variable, multi-objective, and multi-criterion 
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problems. Therefore, in parallel with the advances in computing power in the last 

decade, the possibility of optimizing simulation models started to draw a significant 

attention in research community (Fu et al. 2005). Today, simulation-based 

optimization methods are successfully applied to a wide range of fields including 

engineering design in mechanical, civil, and chemical engineering, economics, 

production operations, transportation engineering, manufacturing, molecular biology, 

and finally building and systems design. (Papadrakakis and Lagaros, 2002; Qi et al, 

2014; Gansterer et al., 2014; Chaudhry and Drake, 2009; Wells et al, 2012; 

Fesanghary et al., 2012). 

Buildings are complex energy systems that consist of several interacting sub-

systems, and as summarized in Chapter II, energy performance of buildings depends 

on numerous factors. Application of simulation-based optimization methods in 

building design started to draw attention of researchers especially in the last decade 

in order to support the development of cost-effective, environmentally friendly, 

highly energy-efficient buildings by bridging the gap between the steps of whole 

building design process.  

This chapter introduces the basics of the optimization phenomenon. The following 

sections give main definitions; introduce optimization techniques and shares 

background on building design optimization. The optimization theory is discussed 

from building performance perspective and optimization tools and performance 

optimization methods which are used frequently for building design optimization are 

highlighted. Finally, the most recent studies in building design optimization field are 

summarized and the research gap is identified. 

3.2 Simulation-based Optimization Basics 

3.2.1 Main definitions 

Carson and Maria (1997) explain that when the mathematical model of a system is 

studied using simulation, it is called a simulation model. In simulation-based 

analyses, system behaviour at specific values of input variables is evaluated by 

running the simulation model and the influence of some specific changes to design 

parameter values are tested manually by the user through a simulation experiment. 

However, when large numbers of input variables are involved and the simulation 







43 

Yang (2013) mentions three main issues in the simulation-driven optimization 

approach to consider carefully, and they are the efficiency of an algorithm, the 

efficiency and accuracy of a numerical simulator, and assigning right algorithms to 

the right problem.  

As Yang (2013) further explains, simulations could be the most laborious part in an 

optimization process as they often require the evaluation of objective function many 

times using extensive computational tools.  Therefore, an efficient solver is crucial. 

Moreover, an efficient optimizer is very important to ensure the optimal solutions are 

reachable.  

However, despite its importance, there are no agreed guidelines for choosing the 

right algorithms for the right problems and no universally efficient algorithms for all 

types of problems are available. The choice of the algorithm largely depends on the 

type of the problem, the nature of an algorithm, the desired quality of solutions, the 

available computing resource, time limit, availability of the algorithm 

implementation, and the expertise of the decision-makers (Yang, 2013).  

3.2.2 Classification of optimization problems 

Formulating a real life problem as an optimization case strictly depends on the nature 

of the particular problem and there are many dimensions to consider before selecting 

solution techniques. There is not a definite classification of optimization problems in 

the literature and the classification can be carried out based on several different 

criteria as illustrated by Yang (2010), Raphael and Smith (2013) and Rao (2009) . 

However, in the current work the optimization problem is sorted into five broad 

categories following the common literature: nature of variables, shape of objective 

function, type of data, number of objectives, and type of constraints.  

3.2.2.1 Nature of variables 

As Yang (2010) explains, design variables can be continuous variables or discrete 

variables. A continuous variable can take any numerical value in some interval (with 

lower and upper bounds). However, a discrete variable can take only distinct, 

separate values typically from a list of permissible values. Both continuous and 

discrete variable could exist together in an optimization problem. 
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3.2.2.2 Shape of objective function 

Based on the nature of equations for the objective function and the constraints, 

optimization problems can be classified as linear and nonlinear programming 

problems. If the objective function and all the constraints are linear functions of the 

independent variables, the optimization problem is called a linear programming 

problem; if not then it is called non-linear programming. Geometric and quadratic 

programming problems belong to the class of non-linear programming problems 

(Yang 2010). 

3.2.2.3 Type of data 

Based on deterministic nature of the variables, optimization problems can be 

classified as deterministic or stochastic programming problems. In, deterministic 

programming problems all the design variables are deterministic and the output of 

the simulation model can be fully determined by the parameter values and the initial 

conditions. On the other hand, stochastic optimization problems include random 

variables that can be expressed probabilistically. Therefore, problems having 

stochastic elements are generally not solved analytically (Ohnari, 1998). 

3.2.2.4 Number of objectives 

Based on the number of objective functions, optimization problem can be classified 

as single-objective and multi-objective problems. As previously explained in 

equation 3.1 that there is only a unique objective function to satisfy in single-

objective optimization problem. However, multi-objective optimization deals with 

the task of simultaneously optimizing two or more conflicting objectives (Yang, 

2010).  

As summarized by Bandyopadhyayand and Saha, (2013), single objective 

optimization problems can be solved by application of calculus-based techniques, 

enumerative techniques and random techniques and it is possible to determine 

between any given pair of solutions if one is better than other is. 

Multi-objective optimization problem can be described in mathematical terms as in 

equation 3.2 (Rao, 2010): 







47 

In Goal attainment-based approach the designer is required to provide, along with the 

target vector, a weight vector wi, relating the relative under- or overattainment of the 

objectives (Bandyopadhyayand and Saha, 2013). 

Population-based non-Pareto approaches and Pareto-based approaches belong to 

metaheuristics Evolutionary Methods, (Zitzler, 1999). As stated by Surry et al. 

(1995), population-based search algorithms consider trying to use the population to 

hold solutions that represent different trade-offs. 

Bhuvaneswari (2014) explains that, in Population-based non-Pareto approaches, the 

population of an evolutionary algorithm is used to diversify the search for the 

different objectives. Subpopulations are used to optimize each objective 

independently which are then shuffled together to obtain a new population to work 

on. Bandyopadhyayand and Saha, (2013) introduces some example to this approach 

as following: Vector evaluated genetic algorithm (number of subpopulations are 

generated by applying proportional selection according to each objective function in 

turn.), Lexicographic ordering (the objectives are ranked in order of importance by 

the user. The optimization is performed on these objectives according to this order.), 

Game theory-based approach (a player is associated with each objective.). 

Bhuvaneswari (2014) sees the main disadvantage of this approach generally as not 

directly incorporating the concept of Pareto dominance. 

In Pareto-based approach, as described by Bhuvaneswari (2014), the aim is to 

determine an entire Pareto optimal solution set or a representative subset by 

attempting to promote the generation of multiple non-dominated solutions by making 

use of the actual definition of Pareto-optimality. Pareto optimal sets can be of varied 

sizes but the size of the Pareto set usually increases with the increase in the number 

of objectives. There are a few examples mentioned here representing Pareto-based 

approaches as given by Bandyopadhyayand and Saha, (2013): 

Multiple objective genetic algorithm (MOGA): An individual is assigned a rank 

corresponding to the number of individuals in the current population by which it is 

dominated. This method has a very slow convergence rate, and there are some 

problems related to niche size parameters. 

Niched Pareto genetic algorithm (NPGA): Pareto dominance-based tournament 

selection with a sample of the population is used to determine the winner between 
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two candidate solutions. This method suffers from the problem of selecting an 

appropriate value of the niche size parameter.  

Non-dominated sorting genetic algorithm (NSGA): All non-dominated individuals 

are classified into one category, with a dummy fitness value proportional to the 

population size. This method has a very high convergence rate, but it also suffers 

from problems related to the niche size parameter. 

Strength Pareto evolutionary algorithm (SPEA): This algorithm implements elitism 

explicitly by maintaining an external population called an archive. Its most limiting 

aspect is the use of clustering. 

Strength Pareto evolutionary algorithm 2 (SPEA2): the fitness assignment is entirely 

based on the strength of the archive members. This method suffers from 

computationally expensive fitness and density calculations. 

Elitist non-dominated sorting genetic algorithm (NSGA-II): The individuals in a 

population undergo nondominated sorting as in NSGA, and individuals are given 

ranks based on this. 

Bui and Alam (2008) explain two major issues with application of Multi-objective 

Evolutionary Methods: how to get close to the Pareto optimal front since this is not 

an easy task, because converging to the Pareto optimal front is a stochastic process. 

In addition, how to keep diversity among the solutions in the obtained set is 

underlined. Evolutionary algorithms cannot guarantee finding optimal solutions in a 

finite amount of time and population approach may be computationally expensive. 

Moreover, a good parameter tuning is also required for maintaining a diverse 

population in order to prevent premature convergence (Zitzler 1999). 

3.2.2.5 Type of constraints 

Constrained optimization is the minimization of an objective function subject to 

constraints on the possible values of the design variables. However, some 

optimization problems do not involve any constraints and such problems are called 

unconstrained optimization problems (Rao, 2009).  

In general, the constraints represent some functional relationships among the design 

variables and other design parameters. Constraints can be either equality constraints 

or inequality constraints.  



















57 

Evins et al. also contributed that, out of the 74 building performance optimization 

studies that they reviewed, the most frequently addressed category was building 

envelope in nearly 40% of works, followed by form, systems and renewables each 

accounted for around 20% of works, with controls and lighting occurring in very few 

cases. 

Nguyen et al. (2014) explains that in building design optimization, design variables 

with integer or discrete values could be used. Discrete variables generally make the 

optimization problem nonconvex and cause the simulation output to be disordered 

and discontinuous. Therefore, solving optimization problems with discrete variables 

could be more difficult. Moreover, even with optimization problems where all inputs 

are continuous parameters, the nature of the building simulation programs itself 

could generate discontinuities in the simulation output. 

In the literature, several optimization objectives were adopted in single or multi-

objective form. Machairas et al. (2014) and Evins et al. (2013) mention in their 

review studies that the most frequently addressed design objectives are building 

energy consumption, life cycle cost, initial and operating costs, CO2 emission, 

environmental impact, and user comfort. Moreover, Nguyen et al. claim that about 

60% of the building optimization studies used the single objective approach.  

Attia et al. (2013) discussed in their building performance optimization review that 

the size and complexity of the addressed solution spaces vary in a wide range since 

some studies in the literature used detailed building simulation tools while others 

used simplified ones. There are three common strategies adopted in order to reduce 

the simulation time:  using custom simplified thermal model instead of existed 

detailed software, using detailed simulation tools simulating geometrically simplified 

models: and finally, using detailed simulation tools for simulating a model only for a 

representative period. 

A survey carried out by Nguyen et al. (2014) tells that EnergyPlus and TRNSYS are 

the mostly-used dynamic building simulation programs in optimization studies. 

3.3.2 Search methods for building design optimization 

Various optimization algorithms are available to couple with building simulation 

tools. Each algorithm has its own benefits as well as limitations therefore selection of 
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wide range from single-objective problems with involvement of fewer variables to 

multi-objective holistic approaches as briefly summarized below. 

Application of optimization techniques for building architectural design has received 

a notable attention in the research community.  

Al-Homoud (2005) presented an optimization model that utilizes a direct search 

optimization technique incorporated with an hourly building energy simulation 

program for the optimum thermal design of building envelopes for minimum annual 

source energy use. Design variables of the study included siting, building shape, 

glazing, wall and roof construction, massing, infiltration, and operational parameters 

(lighting, equipment and occupancy load). 

Wang et al. (2005) presented a multi-objective optimization model that could assist 

designers in green building design based on genetic algorithm. Life cycle analysis 

methodology is employed to evaluate design alternatives for both economic and 

environmental criteria. Life cycle environmental impacts are evaluated in terms of 

expanded cumulative exergy consumption. Variables in the model included building 

orientation, aspect ratio, window type, window-to-wall ratio, wall layer, roof type, 

and roof layer. 

Znouda et al. (2007) presented an optimization method that coupled genetic 

algorithms, with a simplified tool for building thermal evaluation (CHEOPS) for 

minimizing the energy consumption of Mediterranean buildings.  The aim of the 

optimization was to identify the best envelope configurations from both energetic 

and economic points of view. Dimensions of the building envelope and its shape, 

types of roofing and walls and solar protection represented by solar factors were 

investigated as design variables. 

Yi and Malkawi (2009) developed a new method for performance-based form-

making. The research proposed a new representation for building geometry, 

controlled by introducing hierarchical relationships between points (nodes) to allow 

the user to explore the building geometry without being restricted to a box or simple 

form. The Genetic Algorithm was used as the technique for optimization. The 

objective function for the evaluation included targets surface heat flow, heat gain, 

heat loss, and volume. 
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energy use and the minimum room cooling-equipment size required for different 

thermal comfort levels. The applicability of implementing energy-saving measures 

such as night ventilation, night set-back temperature, day lighting as well as optimal 

building envelope and optimal HVAC settings were addressed by investigating 

design variables including supply air temperature profile, night ventilation control 

strategy, maximum power of the cooling beam, radiator set-point and night set-back 

temperature, window U-value, internal shading darkness. 

Evins et al. (2012) optimized the cost and energy use of a modular building for 

different climate types. The variables included constructions (U-values, shading), 

HVAC and renewables (PV, solar thermal). The objectives were carbon emissions 

and construction cost, and the optimization was performed using a multi-objective 

genetic algorithm. Shading was optimized using a local search, which was embedded 

in the Genetic Algorithm used for all other variables. The heating and cooling 

systems were modelled in the thermal simulation as ideal loads systems. The 

different system choices were then applied using the efficiencies and carbon factors. 

Energy available from solar hot water and PV systems was modelled based on the 

available incident solar radiation on an angled surface present in the model. 

Ihm and Krarti (2012) applied a sequential search technique to optimize the design of 

residential buildings in Tunisia in order to minimize their life cycle energy costs 

while maximizing energy efficiency and thermal comfort. In the analysis, design 

features including orientation, window location and size, glazing type, wall and roof 

insulation levels, infiltration levels, lighting fixtures, appliances, and efficiencies of 

heating and cooling systems are investigated as pre-defined energy efficiency 

measures. 

Asadi et al. (2012) proposed a simulation-based multi-objective optimization 

scheme, a combination of TRNSYS, GenOpt and a Tchebycheff optimization 

technique, developed in MATLAB to optimize the retrofit cost, energy savings and 

thermal comfort of a residential building. A wide decision space is considered, 

including alternative materials for the external walls insulation, roof insulation, 

different window types, and solar collector types. 

Fesanghary et al. (2012) aimed to develop a multi-objective optimization model 

based on harmony search algorithm to find an optimal building envelope design that 
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minimizes the life cycle costs and carbon dioxide equivalent (CO2-eq) emissions of 

the buildings. Several building envelope parameters including wall, roof, ceiling and 

floor construction materials as well as glazing type are taken as the design variables.  

All phases of the life of a building including pre-use, use and end-of-life was 

considered in the study. A series of Pareto optimal solutions was identified, which 

can help designers to get a better understanding of the trade-off relation between the 

economic and environmental performances. 

Rapone and Saro (2012) studied a typical curtain wall facade of an office in order to 

find the configuration of parameters including type of glass installed, percentage of 

glazed surface, depth of the louvers and spacing of the louvers that minimizes the 

total carbon emissions arising from building operation. A real HVAC system is not 

modeled instead, an overall annual efficiency of the heating system and a coefficient 

of performance of the cooling system were assumed to convert the building loads to 

consumption values. A PSO algorithm coupled to EnergyPlus dynamic energy 

simulation engine.  

To conclude, the literature review showed that building performance optimization 

has received a great deal of attention in building research community and there is 

certain amount of work has been done on a variety of issues. Some of the research 

efforts mainly focused on developing efficient search techniques and algorithms 

suitable for the building design optimization problem while majority of the studies 

concentrated on problem formulation.  

Most of the problem formulation approaches focused mainly on optimal design of 

building architectural design characteristics (construction/envelope parameters). 

Moreover, HVAC system design and efficient operation of individual devices 

through optimization has been investigated, too. There are also some studies 

proposed to address renewable system and component design with application of 

optimization. However, holistic approaches that aim to combine building 

architectural features, HVAC system features and renewable generation features 

simultaneously while taking into account various dimensions of building 

performance are in limited number.  

In previous studies when a high number of design variables regarding building 

architectural design elements are addressed, usually predefined and simplified 
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HVAC and/or renewable energy generation models were used for investigating the 

system side. Therefore, the optimal capacities of the HVAC system equipment were 

explored at only on-reference conditions neglecting the equipment dynamic 

performance. Similarly, when dynamic system models were integrated, only 

supervisory control of an entire system, optimal set-point configurations, and the 

optimal start time were mainly explored. Moreover, balancing HVAC and renewable 

system options were not deeply investigated and integrated into the optimization 

models. 

Moreover, in many of the studies, design variables are defined in a continuously 

varying range because of the difficulty for numerical optimization methods to deal 

with discrete variables. However, this may result in a mismatch between the 

optimization recommendations and actual products and optimization results may lead 

to unfeasible solutions by market standards. Even some studies addressed building 

envelope options as limited discrete parameters still no work provided an approach 

that can deal with fully dynamic HVAC and renewable operation conditions.  

Furthermore, the environmental issues, such as CO2 emissions and the interaction of 

building with electricity grid have not been taken into account in most studies. 

In addition to design variable definition, majority of the studies focused on two 

objectives either in weight-sum single objective or in multi-objective forms. For 

instance, carbon dioxide equivalent emissions and investment cost, carbon dioxide 

equivalent emissions and life cycle cost, energy demand and thermal comfort are 

sought together. In few cases, some studies proposed three objectives such as energy 

demand, carbon dioxide equivalent emissions, investment cost, or energy demand, 

thermal comfort and investment cost are examined together.  

In order to address the above mentioned limitations and to contribute to the building 

design optimization field, a simulation based optimization method that can 

quantitatively and simultaneously assess combinations of building architectural 

design elements together with actual technology choices from building envelope, 

HVAC system equipment and renewable energy generation systems is aimed to be 

developed.  
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3.4 Summary 

Efficient building design requires is a multi-disciplinary integrated design approach 

starting from the early design phases. Optimization of building performance through 

coupling computerized building simulations tools with optimization algorithms 

provides a promising approach to the practice of high performance building design.  

The literature review revealed that there is an ever-increasing interest on building 

design optimization studies. The application of optimization techniques for the 

design of the building characteristics, design of building HVAC systems, design of 

building integrated renewable systems, and design of control strategy setting were 

investigated in several research studies. 

As mentioned earlier, today many optimization methods are available. However, 

when coupled with building simulation tools; a fast, effective and consistent 

algorithm would be preferred. Gradient-based algorithms are limited to differentiable 

functions, can converge to local optimum and consequently, display several 

weaknesses when coupled with simulation tools. On the other hand, gradient-free 

algorithms such as GA and PSO have proven to be efficient in terms of building 

optimization, and are more suitable. 

Many design objectives such as life cycle costs, energy consumption, greenhouse gas 

emissions, indoor air quality, and occupant comfort were aimed to be improved via 

aggregated single-objective or multi-objective approaches. Studies showed that 

adding objectives also adds complexity to the design optimization problem. 

In the literature, a certain amount of work has been done on optimizing building 

architectural design characteristics. Moreover, HVAC system design and operation 

through optimization has been deeply investigated, too. Best combinations of 

building envelope and HVAC system features were explored in a few studies. There 

are studies available that aim to address renewable system and component design 

with application of optimization.  

Although the body of literature on building simulation-optimization is extensive, 

very limited studies have been attempted to include the various dimensions of 

building performance in one single approach. There is still a strong need for an 

integrated optimization of building design, HVAC systems, building integrated 

renewable systems design simultaneously and dynamically. 







77 

parameters and provide quantitative inside information about the building 

performance, are highly required to achieve high performance building targets. 

As presented in Chapter III, the application of simulation-based optimization 

methods in building design field started to draw attention of researchers especially in 

the last decade in order to support the development of cost-effective, 

environmentally friendly, highly energy-efficient buildings by bridging the gap 

between the steps of whole building design process. During a simulation-

optimization process, a simulation model of a building design scenario and an 

optimization solver interact dynamically to explore a search space until an optimal 

solution based on an objective function and established constraints is obtained. 

There is certain amount of work has been done through optimization applications on 

a variety of building design issues. Some of the research efforts in the literature 

mainly focused on developing efficient search techniques and algorithms suitable for 

the building design optimization problem while majority of the studies concentrated 

on problem formulation. The literature review revealed that although effective 

methodologies presented so far to address building and system design issues, there is 

still a research need for holistic approaches that aim to combine building 

architectural features, HVAC system features and renewable generation features 

simultaneously while taking into account various dimensions of building 

performance. 

Therefore, in the current study, we purpose a simulation-based optimization 

methodology where improving building performance is taken integrally as one-

problem and the interactions between building structure, HVAC equipment and 

building-integrated renewable energy production are simultaneously and dynamically 

solved while looking for a balanced combination of several design options and 

design objectives for real-life design challenges. 

The proposed methodology is capable of simultaneously taking into account several 

influential factors on energy performance including outdoor conditions, building 

envelope parameters, indoor conditions, HVAC and renewable systems 

characteristics. During the search for an optimal design scenario, building 

architectural features, building envelope features, size and type of HVAC equipment 
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belong to a pre-designed HVAC system and size and type of considered renewable 

system alternatives are explored together through optimization search techniques. 

The objective of the methodology is to explore cost-effective energy efficiency 

options, which can also provide comfort while limiting harmful environmental 

impacts in the long term therefore financial, environmental and comfort benefits are 

considered and assessed together. The methodology specifically aims at supporting 

cost-effective building and system design for real-world design challenges by 

minimizing investment and operational costs in long term while ensuring required 

thermal comfort is provided to user within minimized CO2 emission rates. Moreover, 

the cost-effective design choices which provide the energy performance level that 

leads to the lowest cost during the estimated economic lifecycle are presented to the 

designer. 

Moreover, the methodology not only aims at contributing to cost-effective  energy 

efficiency but also to water conservation by taking into account the influence of 

HVAC design on mechanical system water use. While the cost of water is generally 

lower than the cost of energy, conservation of water is no less important since water 

sources on earth are limited, too.  

The methodology aims to answer design questions such as to what extent it is wise to 

invest in expensive but higher efficiency products for building envelope and HVAC 

system equipment, how to integrate building architectural features with building 

systems, what are the optimal combinations of renewable energy options and energy 

conversion systems, as early as possible in the design process. The methodology can 

be used as a decision-support tool for both new building design and renovation 

projects since both processes provide significant opportunities to improve building 

performance but also goes through a complicated decision making process.  

The proposed optimization procedure implements a Particle Swarm Optimization and 

it is based on the combination of EnergyPlus simulation tool and an enhanced 

version of GenOpt environment that is developed by the author to be in simultaneous 

interaction with a database, which provides technical and financial information on 

existing building materials, HVAC and renewable system equipment. Therefore, the 

performances of actual materials, equipment and system could be assessed. As a 
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envelope, daylighting potential, artificial lighting and HVAC system, too and it 

certainly contributes to the optimization of natural daylight into the buildings. 

Furthermore, the hot water need of the building is served by a water heating system 

and it is included in the calculation scheme. Sanitary hot water could be produced 

with the same system used for space heating or it can also be supplied by combined 

systems or separate systems. 
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Figure 4.2 : Energy use calculation scheme. 

The full coupling of thermal load, secondary system, plant and energy sources where 

there is a feedback from the supply-side to the demand-side is required for a better 

understanding of how a building responds to the changing indoor and outdoor 

environmental factors, as it attempts to meet the dynamic building thermal loads. 

Therefore, as depicted in the figure, the interactions between the thermal building 

loads, secondary system models, primary plant models and energy production 

models are taken into account and closely linked in the methodology.  
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The building elements and building systems (HVAC, lighting and water heating) 

interact dynamically and the systems naturally require energy to operate. However, 

each energy efficiency measure comes with an investment and operating cost. 

Therefore in the methodology, the energy performance level which leads to the 

lowest global cost during the building service life is explored. In addition to the 

building energy performance, the proposed methodology also considers building 

operational water consumption by especially focusing on HVAC system water use. 

Due to the system energy use, the building emits greenhouse gases depending on the 

energy sources and CO2 emission level is therefore taken as a design restriction in 

the methodology. 

Similarly, the thermal comfort that is provided indoors is taken as a restriction as a 

measure of how well the building and the systems is designed and integrated. 

The aim of the proposed optimization framework is therefore to configure building 

architectural and construction options (such as the degree of orientation, amount of 

insulation material, type of roof coating, type of glazing units, amount of glazed area 

so on.) and to select elements of a pre-designed HVAC system (such as size, full-

load and part-load efficiency of primary side HVAC primary equipment matching an 

actual equipment available in the market, and size of dependent HVAC equipment 

including cooling tower, fan coil units etc.) and to select elements of considered 

renewable energy systems (such as type, efficiency and power of photovoltaic 

systems and/or solar thermal systems) for cost-effective energy efficiency in the long 

term while emitting less than a user-set target CO2 level and providing comfort. The 

mathematical formulization of the objective function representing the building 

performance is introduced in detail in the following sections. 

Figure 4.3 illustrates the main architecture of the proposed optimization framework. 

The framework requires interactive collaboration of three main elements: an 

optimization engine, a dynamic simulation tool and a database where technical and 

financial information about several alternative energy efficiency measures are kept 

and fed to the optimization environment.  
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The optimization process starts with a pre-processing phase where the designer 

creates a generic simulation model of a base case building scenario that includes 

information about climate, building location, site information, three dimensional 

building view, building envelope, plug loads, occupancy type and pattern, pre-

designed building systems for comfort heating and cooling, and pre-designed 

renewable systems to integrate. The base case building constitutes a starting point in 

the search space and provides an initial reference for comparisons. 

Once the base case building is established, the designer selects a variety of energy 

efficiency measures to investigate therefore prepares a variable list accordingly.   

Moreover, a database containing technical and financial information about the each 

energy efficiency measure including a variety of construction products and system 

component options is also prepared. 

The designer then runs test of optimization experiments to determine possible 

dimensions of the main element of the objective function and imposed constraints. 

Thus, appropriate optimization parameters related to objective function formula that 

will lead to a balance between different objectives are determined. Moreover, 

designer also obtains appropriate optimization algorithm settings suitable for the 

design problem in consideration through test runs.  

The once the required parameters and settings are determined, optimization process 

starts with the motivation to improve the performance of the base case building, 

which is calculated through dynamic building simulation, based on the defined 

objectives and criteria. 

At every iteration step of the optimization search, optimization algorithm proposes 

different values for each optimization variable according to variable definition and 

optimization search principles. Variables represent actual energy efficiency measures 

that are stored in the database. Therefore each time a new combination of different 

measures are proposed by optimization algorithm, the technical information of that 

technology alternative is read from the database and a corresponding energy model 

object is created and inserted into the building simulation model. Similarly financial 

information belongs to that measure is again read from the database and transferred 

to the objective function formula. 
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Once the building simulation model of the new design scenario is complete, firstly a 

design day simulation for summer and winter periods is run to predict the building 

peak heating and cooling loads due to changes in architectural design variables. 

Within the same iteration, after the load is established, the optimization algorithm 

seeks to determine if the proposed HVAC equipment at this step is within the 

capacity range. If an over or under capacity equipment is proposed by the 

optimization, then this design combination is eliminated from the search space 

through application of constraint functions. Therefore it is made sure that suitable 

plant equipment (boiler, chiller) that can satisfy the calculated thermal load among 

the user-created equipment database is chosen. In addition, the required capacity of 

dependent equipment (such as cooling tower, radiator, fan coil units etc.) is also 

calculated with an aim to complement the design suitably.  

If the proposed equipment capacity is within the required capacity range, then the 

optimization runs an annual simulation considering the full-load and part-load 

equipment performance. The database contains variety of primary equipment options 

with varying on-reference and off-reference efficiencies represented by performance 

curves. Therefore, before final equipment selection, all around the year performance 

of actual equipment under varying load conditions is observed. At same instance, 

optimization module also searches the energy generation potential of the considered 

renewable technologies, evaluates, and compares the performance of different 

components such as photovoltaic module types or installed power capacity to find 

the optimal configuration that maximizes the benefit.  

The energy and economic performance of the proposed EEM combination is checked 

against the optimization criteria, and the optimizer module then initiates creating new 

design scenarios automatically by combining the variable options according to 

optimization search principles. The iterative search continues until an optimum 

solution that can balance the design aims while satisfying the optimization 

constraints is established. Therefore, a right-sized HVAC system that is capable of 

providing necessary occupant comfort, operating efficiently throughout the year, 

costing, and emitting less and balanced with renewable technologies is configured 

among several equipment options. 

The simulation module of the developed scheme evaluates energy-related 

performance metrics and functional constraints. Finally, the database defines and 
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of Building therefore it produces reliable results. Furthermore, EnergyPlus offers 

wide choices for HVAC and renewable system models and its text-based input and 

output format allows coupling with optimization module. 

The comprehensive and powerful qualities of EnergyPlus make it a suitable 

simulation engine for the proposed methodology. 

4.2.1.3 Database 

Building design optimization is a multi-variable problem and it requires substantial 

numerical input. The data needs to be well defined and handled therefore a dedicated 

database module is developed for organizing input parameters. 

The parameters are categorized under two titles: non-variables and variables. Non-

variable parameters are required to successfully calculate the objective function; 

however, they are fixed during a whole optimization run. For instance, energy tariffs, 

water tariff, discount rates, etc. are handled in this category. 

On the other hand, dependent and independent optimization parameters fall under 

variables category.  Independent optimization parameters are design variables that 

take a numerical input that is allowed to change during the optimization process to 

find its most favourable value. For example, thickness of insulation material, type of 

roof coating, type of boiler or chiller equipment is handled as independent variables. 

Since the main aim of the methodology is to optimize real-world design challenges, 

the technical and financial information of the actual market products including 

building envelope materials, HVAC system equipment and renewable system 

equipment are stored in the database. Each product or a component is assigned with a 

unique Identification (ID) number under a product category. During the optimization 

run, when a product matching the requirements of the design variable is called from 

the database, all the necessary information related with that ID number is read and 

technical product information is written into simulation file and the related financial 

information is fed into the objective function formula. 

Dependent variables take new values at each optimization iteration based on the 

assigned value of the independent variable. For instance, size of cooling tower 

capacity, or opaque area of wall component is calculated based on the assigned value 

of chiller capacity or window-to-wall ratio, respectively. 
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4.2.2 Design variables 

Design variables are the input factors within an optimization model that need to be 

determined and they constitute a design space on which the optimization algorithm 

will work. Each decision variables has a domain, which is a set of all possible values 

available for the variable and in the whole-building performance optimization 

problem, decision variables reflect the whole set of alternative measures that are 

available for the design of a building and systems. 

In the proposed methodology, the optimization problem is addressed as a purely 

discrete optimization problem where design options are completely described by 

discrete strings. There are two approaches adopted to define discrete variable sets.  

First approach introduces a constraint set of finite, non-zero n discrete integers for 

each variable as represented by V = {V1, . . . , Vn}. This approach is used to address 

equipment and component type as a design option. Admissible discrete values of 

variables are the ID number of equipment from the database that designer wants to 

investigate through optimization.  

In the second approach, the continuous variables are discretized into a discrete set 

through definition of lower and upper bonds for each variable and the number of 

intervals. This strategy is used for representing design options that vary in a stepwise 

manner such as insulation thickness. 

Commonly, deciding on the design variables is one of the hardest and crucial steps in 

formulating any optimization problem. Creative variable definition and selection can 

dramatically improve the calculation performance in terms of accuracy, computation 

time and consequently decreases the complexity of the problem. Therefore, 

eliminating unavailable and insignificant variables is highly required for the success 

of any optimization procedure. The sensitive parameters can be determined through 

experience of the designer, common knowledge, and sensitivity analysis.  

In a real-life building design optimization problem, there is large number of 

influential parameters however; some parameters may not be always available for 

every optimization attempt due to natural causes. Project-specific constraints can 

limit the design space therefore; the designer should explore the availability of the 

parameters first, when setting up an optimization model.  
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factor is small relative to the magnitude of main objective dGC, the minimization of 

overall objective function h(x) will not result in a feasible solution. However, if the 

value of the penalty parameter is made suitably large, the penalty term will impose a 

heavy cost for any constraint violation that the minimization of the overall objective 

function will yield a successful solution.  

The severity of the penalty depends on the penalty parameter. If the penalty value is 

too large, the optimization might create enormously steep valleys at the constraint 

boundaries and converge to a feasible solution very quickly even if it is far from the 

optimal. Similarly, if the penalty value is too small penalty can spend so much time 

in searching an unfeasible region. Therefore, the largeness of the penalty parameter 

should be decided depending on the particular design problem. 

In the methodology, penalty factors are determined experimentally. An optimization 

test case is conducted during pre-optimization phase to obtain the likely magnitude 

of objective and the constraints. Then suitable factors, which reflect the priorities of 

the designer, are chosen to balance main objectives where penalty does not dominate 

the objective function nor remains ineffective. 

Figure 4.5 shows a graphical representation of the objective function formula.  
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Figure 4.5 : Main objective function calculation algorithm. 

Building material and system equipment represent the energy efficiency measures 

(variables) that will be investigated within the course of the optimization. Dependent 

material and equipment represent non variables that take values based on the changes 
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provide the ability of escaping from local plateau. Particle Swarm Optimization 

belongs to the population-based evolutionary algorithms class and it is successfully 

applied to the building design optimization problem in the literature. It has its own 

pros and cons. However, in this research Particle Swarm Optimization is chosen as 

computation technique due to following advantages over other similar techniques: 

PSO is a simple but powerful search technique that can rapidly converge towards an 

optimum.  It is easier to implement PSO and there are fewer parameters to adjust. It 

is free from the complex computation. Moreover, several studies suggest that PSO 

has the same effectiveness for finding the true global optimal solution for single-

objective optimization as the Genetic Algorithms but with significantly better 

computational efficiency (Hassan et al., 2005; Panda and Padhy, 2008; Yang et al., 

2008; Peyvandi et al., 2011).  

4.2.4.1 Particle Swarm Optimization 

Particle swarm optimization (PSO) is a population based stochastic optimization 

technique introduced originally by Kennedy and Eberhart in 1995. It is inspired by 

social behaviour and movement dynamics of birds flocking or fish schooling. PSO 

has been applied successfully to a wide variety of search and optimization problems. 

Rao (2009) explains that while birds are searching for food in an area, they have no 

prior knowledge of the food source. They start at random locations in the field and 

might go together or scatter to locate food. During the search, they share information 

of the locations they have been to and when a good food source is discovered, they 

eventually flock to the place. 

As far as Particle Swarm Optimization is concerned, each potential solution 

represents a bird and is called a particle. Particles fly through the problem space by 

following the current optimum particles at a velocity dynamically adjusted according 

to the historical behaviours of the particle and its companions.  

The basic PSO algorithm is shown in Figure 4.13. All the particles have a fitness 

value, which are evaluated by the fitness function to be optimized. PSO is initialized 

with a group of random particles and then searches for optima by updating 

generations. The particles have memory and each particle keeps tracks of its 

coordinates in the problem space, which are associated with the best solution 

achieved so far by that particle. This personal best value is called as pbest. Another 
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best value that is tracked by the particle swarm optimizer is the best value obtained 

so far by any particle in the neighbours of the particle. This local value is called 

lbest. When a particle takes all the population as its topological neighbours, the best 

value is a global best and is called as gbest.  

Initialize particles

Calculate fitness values 
for each particle

Is your current 
fitness value better 

than pBest?

Assign current fitness as 
new pBest Keep previous pBest

 
Figure 4.13 : Flowchart of the particle swarm optimization algorithm. 

Particles attempts to change its location to a point where it had a better fitness value 

(pbest) at previous iterations, which models cognitive behaviour, and in a direction 

where other particles had a better fitness value (lbest), which models social 

behaviour. The velocity and position of each particle are updated after each 

successive iteration with following equations, respectively. 
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The definitions of decision variables, the formulation of objective function and 

constraints, and finally the selection of appropriate solution computation techniques 

were explained in detail within the chapter. 

One of the most important contributing factors of this methodology is that it can 

efficiently handle large number of variables with different nature. For instance, the 

best combinations of building architectural characteristics, envelope features, and 

HVAC system equipment and building related renewable systems are sought 

simultaneously while taking into account dynamic interaction between building loads 

and building systems. Moreover, variables are represented in discrete form and all 

the variable related information is stored in a user-created database that can interact 

with the optimization engine therefore, the economic and energy performances of 

actual market products can be easily tested and compared as design options. In 

addition, the single objective formulization of objective function supported with 

penalty functions provides quick convergence opportunities. 

In order to test the efficacy and applicability of the proposed methodology and to 

assess its advantages and disadvantages, a case study has been carried out as the next 

step of the current work. 
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5.  CASE STUDY RESULTS AND DISCUSSION 

5.1 Introduction 

This chapter illustrates how the proposed simulation-based optimization 

methodology can be applied to the building design projects to provide decision 

support for evaluating different design alternatives for cost-effective energy 

efficiency. The functioning and the effectiveness of the optimization framework are 

assessed through a case study implementation where different design scenarios are 

created, optimized and analysed. 

Following sections firstly introduces a hypothetical base case building that serves as 

an initial reference for calculations, and then the test cases of interest are explained. 

Optimization scenarios are described in terms of design variables, objective function, 

optimization algorithm, financial data and parameter settings.  

Finally, optimization analyses are carried out and the results are presented. The 

boundary of the methodology is discussed and recommendations for future 

improvements are suggested. 

5.2 Case Study 

5.2.1 Base case building description 

The base case building serves as a baseline reference for comparison and evaluation 

in the optimization analysis therefore; the establishment of the base case building 

model is one of the main steps of the proposed methodology. The building model 

definition should include all the details about building architectural characteristics 

and building system characteristics in consideration.  

In this study, the methodology is intended to be applied to a hypothetical generic 

office building. Three cities in Turkey including Istanbul, Ankara and Antalya are 

selected as building locations hence, the performance of the methodology under 

different climatic conditions can be observed.  
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Figure 5.4 : The layout of base case building. 

5.2.1.3 Building envelope  

Opaque constructions of the base case building include brick walls as external walls, 

an inverted concrete flat roof, a slab-on-grade floor, ceilings and interior partition 

walls.  

The brick wall element consists of the following sequence of layers from outside to 

inside: common exterior paint, exterior plaster, insulation, extra plaster, brick, 

interior plaster and interior paint. Buildings in each city are identical except for 

external wall exterior paint. To follow real life construction practices, a common 

dark colour exterior paint with a solar absorptivity of 0.7 is chosen for the base case 

buildings located in Istanbul and Ankara however, a light colour paint with a solar 

absorptivity of 0.4 is preferred for the base case building in Antalya. 

The roof type of the base case building considered in this case study is a 

conventional inverted flat roof system composed of the following sequence of layers 

from outside to inside: surface loading gravel, paving slab, geotextile, insulation, 

water proofing layer, screed floor, concrete deck, and interior plaster. The solar 

absorptivity of the outside layer that is composed of gravel is taken as 0.9. 

The thickness of insulation layers in external wall and roof elements are assumed 

zero to represent uninsulated initial design conditions however, the optimum 

insulation thickness will be investigated as an optimization design variable. 

The slab-on-grade floor consists of the following sequence of layers from outside to 

inside: Concrete deck, rigid insulation, plaster, and linoleum finish. 

North 
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The main construction elements are summarized in Table 5.1. These envelope 

constructions represent common building elements in Turkey and the materials are 

obtained from the product catalogues. 

Table 5.1 : Base case building construction elements. 

Building 
Elements Construction (from outside to inside) 

External 
Walls 

Exterior paint + Exterior  plaster (0.02m) + insulation (to investigate)+ Extra  
plaster (0.02m ) + Brick ( 0.19m) + Interior plaster (0.02m) 

Roof Gravel (0.03m) + Paving slab (0.05m)+ Geotextile (0.001m) + insulation (to 
investigate)+ water  proofing (0.006m) + Screed floor (0.15m) + Concrete 

deck (0.15m) + Interior plaster (0.02m) 

Floor Concrete deck (0.35m) + Rigid insulation (0.05m) + Plaster (0.05m) + 
Linoleum finish (0.01m) 

Ceiling Concrete deck (0.10m) + Air gap + Acoustic tile (0.01m) 

Interior 
wall Plaster (0.05m) + Brick (0.10m) + Plaster(0.05m) 

The U-values for, external walls, the roof and floor are 2.06, 2.161, and 0.45 W/m2K, 

respectively. Since no insulation is applied to external walls and roof, these building 

elements do not comply with the recommended numbers by national building 

standard TS 825 (2008). However, after the application of optimization, appropriate 

levels of insulation will be determined. 

The thermal properties of the building floor comply with the national standard. 

Transparent building construction includes windows with double pane glazing. 

Windows are distributed on each face of the building and all windows have a height 

of 1.5 m. The overall window-to-wall ratio of the base case building is set at 25%. 

Each glazing unit is made up of double windows with clear glass and 12 mm air 

space. U-value of the glazing unit is set to 2.9 W/m2K, SHGC is set to 0.75, and Tvis 

is set to 0.85, which represents a manufactured glazing unit commonly used in 

Turkey. The thermal performance of glazing unit is below the recommended levels 

of 2.4 W/m2K by TS 825 standard. However, a standard-complying unit will be 

explored during optimization process. The window frame is ignored for 

simplification. 

Building air infiltration through building elements is assumed 0.5 ach for all the 

zones. Furthermore, an infiltration schedule is assumed to vary the peak infiltration 
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rate given above with HVAC fan on/off operation, assuming that the building is 

positively pressurized when the HVAC fan is on. Therefore, the schedule assumes 

full infiltration when the HVAC system is scheduled off and 25% of the peak 

infiltration when the HVAC system is scheduled on. 

5.2.1.4 Occupancy 

The value of the peak occupancy for the base case building is set in accordance with 

National Building Energy Performance Calculation Methodology for Turkey. The 

national methodology identifies four levels of occupancy density based on floor 

space per person as given in Table 5.2. 

Table 5.2 : Density of people for office buildings. 

People Density Low Medium High Very high 

Floor area per person (m2/person) 15.5 11.6 9.3 7.8 

In this study, medium occupancy density (11.6 m2/person) is assumed for base case 

building model therefore, the actual number of maximum occupancy is about 750. 

The total heat gain from each occupant is set at 130 W per person for moderately 

active office work activity in offices. This value is taken from ASHRAE 2009 

Fundamentals Handbook, Table 1 of Chapter 18. The heat given off by people is 

directly added in building energy balance. 

Moreover, the base case building operating hours are assumed to follow typical 

office occupancy patterns in Turkey with peak occupancy occurring from 8 AM to 6 

PM weekdays and Saturday. In addition, a limited occupancy is assumed to include 

janitorial functions and after-hours workers beginning at 7 AM and extending until 7 

PM. For Sunday, the building is assumed to be closed. Hourly profile of occupation 

in the building during 24 hours is given in APPENDIX B. 

5.2.1.5 Interior lighting 

In order to achieve IESNA (Illuminating Engineering Society of North America) 

recommended illumination levels (500 lux) in the office space, 11 W/m2 lighting 

power density is applied to all zones in the base case model. This value is consistent 

with the Turkish National Calculation Methodology. A lighting schedule given in 

Appendix B is assumed to modify the given peak value in order to incorporate the 
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effect of the manual controls. The base case building does not include any dimming 

control of artificial lights based on indoor daylighting levels. 

Internal heat loads generated due to lighting is added directly in building energy 

balance. 

No exterior lighting assumed for this case study. 

5.2.1.6 Plugged-in equipment 

Office buildings have miscellaneous equipment plugged in to receptacles as plug 

loads, including office equipment (computers, monitors, copiers, fax machines and 

printers, etc.), and possibly refrigerators, coffee makers, and beverage vending 

machines.  

The value of the peak power of office equipment for the base case building is set 

again in accordance with National Building Energy Performance Calculation 

Methodology for Turkey. The methodology identifies four levels of interior load 

according to occupancy density as shown in Table 5.3.  For the base case building, 

medium level equipment load, which is 10.8 W/m2, is taken in coherence with 

previously selected occupancy density. 

Table 5.3 : Density of people vs equipment load for office buildings. 

People Density Low Medium High Very high 

Equipment load (W/m2) 5.4 10.8 16.1 21.5 

The peak loads are modified according to plugged-in load schedule given in 

Appendix B. The schedule follows occupancy schedule pattern. 

Internal heat loads generated due to plugged-in equipment is added directly in 

building energy balance. 

5.2.1.7 HVAC system 

The HVAC system of the base case building is developed based on the non-

residential reference building description given in Turkish National Building 

Performance Calculation Methodology, Appendix IV (BEP-TR, 2010). Moreover, an 

expert opinion is taken in selecting initial HVAC system equipment.  
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Reference building description of Turkey assumes central water heating system with 

natural gas boiler for space heating purposes. Cooling is provided through a chiller-

based system where Fan coil units are acting as secondary system elements. 

Ventilation is assumed to be brought into the building space through an air handling 

unit.  

Based on the acquired information, the heating, cooling and ventilation need of the 

base case building is assumed to be served by a central hybrid air-water HVAC 

system as illustrated in Figure 5.5. The heat exchange between the centrally 

conditioned water and room air is taking place through a four pipe fan-coil system 

located in each thermal zone where hot water is provided by a boiler and chilled 

water is provided by a chiller. Moreover, for ventilation purposes, a dedicated 

outdoor air system that is also served by the central plant equipment is adapted.  
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Figure 5.5 : HVAC system schematic. 
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wall construction is set to be varying between 0 and 0.15 meter with an incremental 

step of 0.005 meter. Insulation materials usually manufactured in 0.01 m thickness 

however, they can be also produced in 0.005m thickness on demand. Therefore, to 

increase the precision, 0.005m insulation thickness step is preferred.  The initial 

value is taken zero to start with a no-insulation case. The corresponding variable 

name is assigned iEW. 

Similarly, the thickness of only one type of roof insulation material which is 

extruded polystyrene is investigated.  The insulation thickness within the roof 

construction is set to be varying between 0 and 0.15 meter with an incremental step 

of 0.005 meter. The initial value is taken zero to consider a no-insulation case. The 

corresponding variable name is assigned iR. 

Solar reflectivity of roof system (roof type) 

Reflective surfaces can deliver high solar reflectance and high thermal emittance 

therefore; they can maintain lower roof temperatures. Therefore, the performance of 

roof systems depending on their ability to reflect solar radiation is investigated 

within the course of this study. In EnergyPlus, thermal, solar and visible absorptance 

values of materials can be user-defined, and consequent solar reflectance and Solar 

Reflectance Index (SRI) values for a particular layer then can be calculated. Thus, in 

the optimization scheme, the solar absorptance value of the outer layer of a given 

roof system is taken as discrete decision variable. The absorptance value of the each 

product to be tested must be between 0.0 and 1.0; however designer can test and 

compare as many products as required. 

In the case study, a reflective cool roof surface coating and a conventional dark-

coloured gravel surface are investigated and compared through optimization as 

discrete options.  

Roof layer 1 represents a dark coloured gravel layer for a conventional roof where 

the solar absorptivity is 0.9 (reflectivity is 0.1), emissivity is 0.9 and resulting SRI 

value is 6.  

Roof layer 2 represents a cool roof coating material produced in Turkey and 

available for national market. The coating has a solar absorptivity of 0.18 

(reflectivity of 0.82), emissivity of 0.9 and a resulting SRI value of 103. 

The corresponding variable name is assigned RT. 
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Glazing type  

In the methodology, glazing type is taken as a discrete variable where each possible 

integer number corresponds to a glazing unit ID number stored in the user-created 

database.  

Glazing ID number relates the variable to the actual product information including 

U-value, SHGC and visible transmittance value all together. Therefore, by this 

approach, the designer can test and compare the actual performances of as many 

glazing products as required.  

A database of actual glazing units available in the Turkish market has been prepared 

as given in Table 5.4. All the units are made of double-glazing with a filling gas and 

with variations of different coatings. 

There are twenty-seven products in the database covering a wide range of glazing 

types. The U value of the products varies between 2.9 W/m2K and 1.1 W/m2K while 

the total solar energy transmittance (SHGC) value ranges between 0.75 and 0.21 and 

visible transmittance value ranges between 0.8 and 0.21. The units have either an air 

or argon filling of 12mm or 16mm cavity. The solar and optical properties of the 

units vary based on different coatings and technologies applied.  

Table 5.4 : Glazing database. 

Glazing 
Type (ID) U Value SHGC Tvis 

Glazing 
Type (ID) U Value SHGC Tvis 

1 2.9 0.75 0.80 15 1.6 0.39 0.64 
2 2.8 0.46 0.64 16 1.6 0.29 0.45 
3 2.8 0.34 0.35 17 1.6 0.21 0.21 
4 2.8 0.28 0.21 18 1.3 0.56 0.79 
5 2.7 0.75 0.80 19 1.3 0.44 0.71 
6 2.7 0.46 0.64 20 1.3 0.39 0.64 
7 2.7 0.34 0.35 21 1.3 0.29 0.45 
8 2.7 0.28 0.21 22 1.3 0.21 0.21 
9 2.6 0.75 0.80 23 1.1 0.56 0.79 
10 2.6 0.46 0.64 24 1.1 0.44 0.71 
11 2.6 0.34 0.35 25 1.1 0.39 0.64 
12 2.6 0.28 0.21 26 1.1 0.29 0.45 
13 1.6 0.56 0.79 27 1.1 0.21 0.21 
14 1.6 0.44 0.71 

    
There are 27 values from 1 to 27 available as values of design variables. 
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control system available, however if variable takes 1, a pre-defined daylighting based 

dimming control system is integrated into the building simulation model and building 

lights are allowed to be dimmed according to a user set daylighting control scheme. 

The corresponding variable name is assigned DL. 

In the case study, the predefined dimming control operates with a design value of 

500 lux and two points inside each zone at a height of 0.8 m (desk level) are selected 

as reference points as shown in Figure 5.8.  

 
Figure 5.8 : Location of daylighting reference points. 

At each time step the required power of the artificial lights is calculated according to 

the illuminance levels evaluated at the reference points and the parameters 

established by the control strategy. 

5.2.2.3 HVAC system-related variables 

In the current study, a selection of HVAC plant equipment is realized through 

optimization. Each chiller or boiler equipment has a unique ID number that relates it 

to the physical equipment information and related performance curves stored in the 

database. Therefore, optimization searches among discrete equipment ID numbers 

for the suitable equipment that can match the required capacity and load 

requirements while showing the best performance throughout the year. The 

developed optimization code makes sure at each iteration step the equipment 

capacity, reference efficiency ratio and off-reference equipment performance curves 

which define the dynamic equipment performance is read from the user-prepared 

equipment database and loaded to simulation model for the analysis. 
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(average EER: 5.63) as shown in Group B of Table 5.5. The initial chiller type is also 

selected after the base case sizing calculations from this database. 

Table 5.5 : A sample of chiller equipment database. 

Group A: Moderate-efficiency chillers 
Chiller  
Type 

Capacity 
(kW) 

EER  Efficiency curves 
CAPFT EIRFT EIRFPLR 

1 287 5.04 CAP1 EIR1 EPLR1 
2 312 4.8 CAP2 EIR2 EPLR2 
3 349 4.85 CAP3 EIR3 EPLR3 
4 375 4.57 CAP4 EIR4 EPLR4 
... ... ... ... ... ... 
20 1420 4.7 CAP20 EIR20 EPLR20 
21 1630 4.76 CAP21 EIR21 EPLR21 
22 1750 4.73 CAP22 EIR22 EPLR22 

      Group B: High-efficiency chillers 
Chiller  
Type 

Capacity 
(kW) 

EER  Efficiency curves 
CAPFT EIRFT EIRFPLR 

23 270 5.64 CAP23 EIR23 EPLR23 
24 304 5.61 CAP24 EIR24 EPLR24 
25 355 5.53 CAP25 EIR25 EPLR25 
26 380 5.6 CAP26 EIR26 EPLR26 
... ... ... ... ... ... 
42 1442 5.5 CAP42 EIR42 EPLR42 
43 1614 5.81 CAP43 EIR43 EPLR43 
44 1742 5.72 CAP44 EIR44 EPLR44 

Similarly, a sample of related chiller curves is also shared in Table 5.6. The curve 

coefficients are calculated by the author based on equipment test measurements 

published by manufacturers through application of appropriate curve fitting 

procedures. 

Table 5.6 : A sample of chiller performance curve database. 

Name CAPFT1 EIRFT1 EIRFPLR1 
Coefficient1 Constant 9.62E-01 7.96E-01 4.15E-02 
Coefficient2 x 4.01E-02 -1.25E-03 6.54E-01 
Coefficient3 x**2 8.71E-05 7.38E-04 3.04E-01 
Coefficient4 y -4.60E-03 -9.84E-03 N.A 
Coefficient5 y**2 -6.97E-05 8.11E-04 N.A 
Coefficient6 x*y -2.26E-04 -1.23E-03 N.A 
Minimum Value of x 5 5 0.25 
Maximum Value of x 12 12 1.01 
Minimum Value of y 25 25 N.A 
Maximum Value of y 40 40 N.A 
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measurement data published by manufacturer through imposing a curve fitting 

procedure. 

Table 5.8 : A sample of boiler curve database. 

Name BLE 
Coefficient1 Constant 1.112 
Coefficient2 x 7.86E-02 
Coefficient3 x**2 -4.00E-01 
Coefficient4 y 0 
Coefficient5 y**2 -1.57E-04 
Coefficient6 x*y 9.38E-03 
Coefficient7 x**3 2.34E-01 
Coefficient8 y**3 1.33E-06 
Coefficient9 x**2*y -4.45E-03 
Coefficient10 x*y**2 -1.22E-05 
Minimum Value of x 0.1 
Maximum Value of x 1 
Minimum Value of y 20 
Maximum Value of y 80 

The complete boiler library including physical product information and boiler 

performance curves can be found in APPENDIX C.  

5.2.2.4 Renewable system-related variables 

In the case study, sizing and equipment selection of Photovoltaic and solar water 

heating systems are carried out through proposed optimization scheme. 

Photovoltaic module type 

Photovoltaic technology is evolving quickly and as a result, new products are 

introduced to the market. Each module in the market has different dynamic 

performance characteristics. In the base case building, there is no PV system 

available. However, in order to investigate the ideal PV system that can complement 

the new design proposal, a generic PV system is added to the simulation-

optimization model and analyses are carried out. The generic system consists of a PV 

array and a simple inverter. Energy storage is ignored for simplification. In the 

optimization methodology, different PV module types and their physical and 

efficiency data are stored in the database by a unique ID number. PV module type is 

then taken as a discrete design variable therefore allowing designer to compare the 

performance of different products. The number of different PV modules to compare 

is up to the designer. The corresponding variable name is assigned PVtyp. 
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In the case study, the performance of two PV types, which are Poly Crystalline 

Silicon Cells and Thin Film Cells, are evaluated and compared. Table 5.9 shows the 

characteristics of the PV modules included in the database.  

Table 5.9 : Photovoltaic module library. 

Photovoltaic Type PV 1 PV 2 

Cell type Poly Crystalline 
Silicon Thin film 

Number of Cells in Series 60 90 
Active Area (m2) 1.46 0.9216 
Shunt Resistance (ohm) 1000000 400 
Maximum Power under standard test conditions 250 Wp 60 Wp 
Short Circuit Current (A) 8.64 1.19 
Open Circuit Voltage (V) 37.6 92 
Reference Temperature (oC) 25 25 
Reference Insolation 1000 1000 
Module Current at Maximum Power (A) 8.12 0.9 
Module Voltage at Maximum Power (V) 30.8 67 
Temperature Coefficient of Short Circuit Current 0.0029376 0.000895 
Temperature Coefficient of Open Circuit Voltage -0.12784 -0.2806 
Nominal Operating Cell Temperature Test Ambient 
Temperature 20 20 

Nominal Operating Cell Temperature Test Cell 
Temperature 46 46 

Nominal Operating Cell Temperature Test Insolation 800 800 
Module Heat Loss Coefficient 30 30 
Total Heat Capacity 50000 50000 

The data is obtained from technical data sheets of actual market products. The PV 1 

has a module efficiency of 14.91% and the PV 2 has a module efficiency of 6.3 % 

under standard test conditions. 

Number of available photovoltaic modules  

The optimization methodology can also calculate the optimum installed PV capacity 

and consequent power output for a particular building based on the total number of 

PV modules in an array. Therefore, the number of installed modules is taken as the 

design variable. The corresponding variable name is assigned PVnum. 

The minimum number of modules is assumed 1. The maximum number of modules 

is obtained based on the availability of the area for modules, module size and the 

minimum distance between the modules. In the case study, the building roof is 

considered as module location as shown in Figure 5.9. The rows of modules are 

arranged at a distance to each other such that the shadow from each module in no 






















































































































































































































































































































































































































































































































