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Abstract: 

 
This work is carried within the framework of the Hybrid – BioVGE project, funded 

by the European Commission under the program “Building a Low-Carbon, 

Climate Resilient Future: Secure, Clean and Efficient Energy”. The major target 

of this project is to develop and design a highly integrated solar/biomass hybrid 

air conditioning system for cooling and heating demands of residential and 

commercial buildings. 

Calculating the heating and cooling load is the first step in designing a suitable 

HVAC system. A complete HVAC design is more than just a load estimate. 

Proper measurement of the HVAC system, selection of HVAC equipment, and 

design of the air distribution system to respond to the predicted precise heating 

and cooling loads begin with an accurate understanding of the heating and 

cooling loads in a space. 

In this work, firstly, try to investigate the importance of using renewable energy, 

precisely solar one, in the achievement of energy and climate European goals, 

and share of Portugal as member of European Union in decreasing co2 

emission and reaching to EU sustainable development goals. In next stage all 

elements which have effects on calculation of building loads have been defined 

and explain that how proper heating loads and cooling loads in a building can 

be estimated. For this project TRNSYS software is applied to state 

specifications of projected building and getting desired results. Then according 

simulation results find out actual heating load and cooling load.   
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Resumo: 

 

Este trabalho foi realizado no âmbito do projeto Hybrid – BioVGE, financiado 

pela Comissão Europeia no âmbito do programa “Building a Low-Carbon, 

Climate Resilient Future: Secure, Clean and Efficient Energy”. O principal 

objetivo do projeto Hybrid – BioVGE  é desenvolver e conceber um sistema de 

climatização altamente integrado e híbrido entre solar e biomassa para as 

necessidades de aquecimento e arrefecimento de edifícios residenciais e 

comerciais. 

O cálculo da carga de aquecimento e arrefecimento é o primeiro passo para a 

conceção de um sistema AVAC. Um sistema AVAC, na sua totalidade, é mais 

do que apenas uma estimativa de carga. A medição adequada do sistema 

AVAC, a seleção do equipamento AVAC e a conceção do sistema de 

distribuição do ar para responder às cargas específicas previstas de 

aquecimento e arrefecimento começa com um conhecimento exato das cargas 

de aquecimento e arrefecimento num determinado espaço. 

Este trabalho tenta, em primeiro lugar, investigar a importância de usar 

energias renováveis, especificamente a solar, para atingir os objetivos 

Europeus em matéria de energia e clima, a quota de Portugal enquanto 

membro da União Europeia na diminuição das emissões de CO2 e para atingir 

os objetivos de desenvolvimento sustentável da UE. Na fase seguinte foram 

definidos todos os elementos que afetam o cálculo das cargas do edifício e foi 

explicado como as cargas adequadas de aquecimento e de arrefecimento de 

um edifício podem ser estimadas. Neste projeto é utilizado o software TRNSYS 

para apresentar as especificações do edifício projetado e obter os resultados 

desejados, e depois, de acordo com os resultados da simulação, descobrir a 

carga real de aquecimento e de arrefecimento.   
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Nomenclature and unit 

 

𝑳 Wall thickness 𝑚 

𝒌 Thermal conductivity 𝑊 𝑚2⁄ 𝐾 

𝒒𝒄𝒐𝒏 Conduction heat transfer 𝑊 

𝑨𝒔 Surface area 𝑚2 

𝒒𝒄𝒐𝒗 Convection heat transfer 𝑊 

𝒉 Thermal convection 𝑊 𝑚2⁄ 𝐾 

𝒕𝒔 Surface temperature  ℃ 

𝒕𝒊 Indoor air temperature ℃ 

𝒕𝒐 Outdoor air temperature ℃ 

𝑬 Emissive power 𝑊 𝑚2⁄  

𝜺 Emissivity − 

𝒒𝒂𝒃𝒔 Absorbed radiation 𝑊 

𝜶 Absorptivity − 

𝒒𝒄𝒐𝒏́  Heat flux of conduction heat transfer 𝑊 𝑚2⁄  

𝒒𝒄𝒐𝒗́  Heat flux of convection heat transfer 𝑊 𝑚2⁄  

𝒒𝒓𝒂𝒅́  Heat flux of radiation heat transfer 𝑊 𝑚2⁄  

𝑼 Overall heat transfer coefficient 𝑊 𝑚2⁄ 𝐾 

∆𝒕 Temperature difference between inside and 

outside 

℃ 

𝑬𝒕 Total irradiance  𝑊 𝑚2⁄  

𝑨𝒑𝒇 Total projected area of fenestration 𝑚2 

𝑸 Volumetric flow rate 𝑚3 𝑠⁄  

𝑰 Air exchange rate 1 ℎ⁄  
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𝑽 Interior volume of space 𝑚3 

𝑸𝒉𝒆𝒂𝒕 Heat transfer through wall, roof, etc. 𝑊 

𝑺𝑯𝑮𝑭 Solar heat gain factor − 

𝑪𝑳𝑭 Cooling load factor for glass − 

𝑺𝑪 Shading coefficient − 
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1 General Introduction 
 

Global warming and climate change are becoming among the top main concerns of many 

nations. It is undeniable that the exaggerated usage of  fossil fuels and the corresponding 

carbon dioxide (CO2) emissions, is the main cause for global environmental impacts [1]. 

Global average temperature has increased by more than one-degree Celsius since pre-

industrial times [2]. Figure 1 shows the global average temperature relative to the average of 

the period between 1961 and 1990. The red line represents the average annual temperature 

trend through time, and two light grey lines are representative of upper and lower confidence 

intervals. Also, can be seen that over the last few decades, global temperatures have risen 

sharply to approximately 0.7℃ higher than our 1961-1990 baseline. When extended back to 

1850, that temperatures then were a further 0.4℃ colder than they were in our baseline. 

Overall, this would amount to an average temperature rise of 1.1℃ [2]. 

 

Figure 1: Average temperature anomaly, global, 1850 to 2018 [2]. 

 

The rise in global average temperature is attributed to an increase in greenhouse gas 

emissions. Figure 2 illustrates global average concentrations of CO2 in the atmosphere over 

the past 800,000 years. Over this period, it can be seen the consistent fluctuations in CO2  
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concentrations; these periods of rising and falling CO2 coincide with the onset of ice ages (low 

CO2) and interglacial (high CO2) [2]. 

 

 

Figure 2: Atmospheric CO₂ concentration, 803719 BCE to 2018[2]. 

 

Over this long period, atmospheric concentrations of CO2 did not exceed 300 parts per million 

(𝑝𝑝𝑚). This changed with the Industrial Revolution and the rise of human emissions of CO2 

from burning fossil fuels. According Figure 2, a rapid rise in global CO2 concentrations can be 

seen over the past few centuries, and in recent decades in particular. For the first time in over 

800,000 years, concentrations did not only rise above 300 𝑝𝑝𝑚 but are now over 400𝑝𝑝𝑚 [2]. 

Global energy consumption is constantly changing. The increasing demand of energy in our 

society has converted the energy as a vital factor in economics, social and environmental 

issues [2].   

Primary energy consumption in Europe in comparison 2010 to 2017 decreased by 3.5%. In 

2017, in Europe primary energy was mostly used by countries such as Germany (335.1 𝑀𝑡𝑜𝑒), 

France (237.9 𝑀𝑡𝑜𝑒), the United Kingdom (191.3 𝑀𝑡𝑜𝑒), and Turkey (157.7 𝑀𝑡𝑜𝑒) (Figure 3) 

[3]. 
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Figure 3: Primary energy consumption in Europe 2010- 2017[3]. 

According to the gross inland energy consumption in Europe 1995-2016 (𝑀𝑡𝑜𝑒), it has been 

observed that consumption in 1995 and 2016 decreased by 2%. The largest decrease was 

recorded for solid fuels (34%), petroleum and products (13.3%), electricity (11.1%), and 

nuclear (4.7%), whilst waste and nonrenewable (61.7%), renewables (60.9%), and gas (12.2%) 

increased (Figure 4) [3]. 

 

Figure 4: Gross inland energy consumption in Europe 1995- 2016 (Mtoe)[3]. 
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Figure 5 and Figure 6 show the annual average per capita energy consumption that is 

measured in 𝑘𝑊ℎ per person for two years, 1970 and 2014, respectively. [2]. This is inclusive 

of all dimensions of energy (electricity plus transport and heating), not exclusively electricity 

(with energy normalized kilowatt-hour equivalents per year). The growth in per capita energy 

consumption does vary significantly between countries and regions. Most of the growth in per 

capita energy consumption over the last few decades has been driven by increased 

consumption in transitioning middle-income (and to a lesser extent, low income countries).  

 
Figure 5: Energy use per capita 1970[2]. 

 

 
Figure 6: Energy use per capita 2014 [2]. 
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Many countries all over the world are developing programs and initiatives to reduce their 

energy consumption and carbon footprint as well as increase their sustainable energy portfolio 

[4].  

The Europe 2020 strategy, adopted by the European Council in June 2010, aims at 

establishing a smart, sustainable and inclusive economy with high levels of employment, 

productivity and social cohesion. The share of renewables in the final energy is one of the 

headline indicators of the Europe 2020 strategy. The target to be reached by 2020 for the EU 

is a share of 20% energy from renewable sources in gross final consumption of energy. Each 

EU member has its own 2020 target. The national targets take into account different starting 

points, renewable energy potential and economic performance [5]. Figure 7 shows Share of 

energy from renewable sources in the EU Member, 2013 and its target for 2020. 

 

 

Figure 7: Share of energy from renewable sources in the EU member, 2013[6]. 

 

The limitation of consumption of fossil fuels energy resources with a view to reduce the 

greenhouse effects established one of the main obligation of the conference for the 

environment and development in Rio de Janeiro in 1992 [7].  
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1.1 The Earth Summit in Rio de Janeiro 1992 

 

The United Nations Conference on Environment and Development (UNCED), also known as 

the Rio de Janeiro Earth Summit, the Rio Summit, the Rio Conference, and the Earth Summit, 

was a major United Nations conference held in Rio de Janeiro from 3 to 14 June in 1992 [6]. 

Agenda 21 was adopted by more than 178 Governments at the UNCED held in Rio de Janerio. 

Agenda 21 was the first world wide effort for the creation of an action plan for sustainable 

development for the world in the 21st century [6]. 

Earth Summit was held as a response for member states to internationally cooperate, after 

the Cold War. Issues related to sustainability were addressed since they are too large 

individual member states to handle. The Rio de Janeiro Earth Summit, were held to discuss 

many others sustainability with the participation of non-governmental organizations (NGOs) 

[5]. 

The principles of the Rio statement are connected with a growth program for the twenty first 

century referred to as Agenda 21. Agenda 21 is a comprehensive plan of action to be taken 

globally, nationally and locally by organizations of the United Nations System, Governments, 

and Major Groups in every area in which human impacts on the environment [6]. 
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1.2 Sustainable Development 

 

The 2030 Sustainable Development Plan, adopted by all UN member states in 2015, provides 

a plan for peace and prosperity for the people and the planet, now and into the future. At its 

heart are the 17 Sustainable Development Goals (SDGs), which call for immediate action by 

all countries - developed and developing - in a global partnership (Figure 8) [8]. 

 

 

Figure 8: Sustainable development goals. 

Within sustainable development, as shown in Figure 9, three broad interacting aspects are 

involved: environment, economics, and social justice. These three aspects can be labelled 

ecological, economic and social authoritative, respectively.  

 

 
Figure 9: The criteria to achieve sustainable development[7]. 
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Most current energy systems on both the supply and the end user side are clearly not 

sustainable in economic, environmental or social terms. In practice, sustainable development 

is about finding acceptable tradeoffs between those three goals [7]. 

The challenge of reaching sustainable development in the energy sector  requires a concerted 

effort on the part of international organizations, national governments, the energy community, 

civil society, the private sectors, and individuals [7].  

The energy challenge in the twenty-first century is to secure the transition towards a more 

efficient, low-carbon energy sector characterized by global access to energy services, security 

and reliability of supply. Reducing the use of fossil fuels, increasing energy efficiency and 

promoting the use of renewable energy sources are fundamental to achieve sustainable 

energy development. These measures were highlighted in the Kyoto protocol and reinforced 

in the European Commission (EU) policy documents for the energy sector [9]. 

As mentioned in previous section, in 1992, the countries joined an international treaty, the 

United Nations Framework Convention on Climate Change (UNFCCC), as a framework for 

international cooperation to combat climate change by limiting the average global temperature 

increase and results of climate change. By 1995, countries began negotiations to strengthen 

the global response to climate change, and two years later adopted the Kyoto Protocol.  
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1.3 The Kyoto Protocol 

 

Since decreasing CO2 and greenhouse gas (GHG) emissions require global cooperation, 

countries came together and signed Kyoto Protocol in December 1997 and entered into force 

on 16 February 2005 [1].  

The Kyoto Protocol shares the Convention's ultimate goal of stabilizing GHGs concentrations 

at a level that will prevent dangerous climate interference. Following this goal, the Kyoto 

Protocol will strengthen many of the obligations under the Convention. 

Each Parties must cooperate in the areas of: 

• The development, application and diffusion of climate friendly technologies 

• Research on and systematic observation of the climate system 

• Education, training, and public awareness of climate change 

• The improvement of methodologies and data for GHG inventories [10]. 

The targets of the Kyoto Protocol cover emissions of the six main greenhouse gases, namely: 

• Carbon dioxide (CO2) 

• Methane (CH4) 

• Nitrous oxide (N2O) 

• Hydrofluorocarbons (HFCs) 

• Perfluorocarbons (PFCs) 

• Sulphur hexafluoride (SF6) 

The Protocol sets out compulsory objectives for developed countries, known as " Annex I 

Parties" to limit or reduce greenhouse gas emissions. The organization has created innovative 

mechanisms to assist these parties in their publishing commitments. Both the Convention and 

its protocol provide a framework for implementing a set of national climate policies and 

stimulate the creation of a new carbon market and organizational mechanisms that could 

provide the foundation for future mitigation efforts [10].  

In particular, the Protocol sets out specific rules on the reporting of information by Annex I 

Parties, which should indicate that they are meeting their obligations and review this 

information. There are also rules for accounting for the amount allocated and the trading of 

Kyoto units. The Protocol Compliance System is one of the most comprehensive and accurate 

systems found in international treaties. 

One of the important elements of the Kyoto Protocol is the creation of flexible market 

mechanisms based on trade licensing. According to the protocol, countries must meet their 
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goals primarily through national action. However, the Protocol also offers them an additional 

means to meet their targets by way of three market-based mechanisms [10]: 

 

• International Emissions Trading 

• Clean Development Mechanism  

• Joint implementation 

The Protocol finally entered into force in early 2005 and its 165 member countries meet twice 

annually to negotiate further refinement and development of the agreement. Figure 10 shows 

the participation in the Kyoto Protocol, where green indicates countries that have signed and 

ratified the treaty and yellow indicates states that have signed and hope to ratify the treaty. 

The United States have signed but, currently, decline to ratify it. In the meantime, Australia 

has declined to ratify the Kyoto treaty. 

 

 

 

 

Figure 10: Kyoto protocol participation Map[7]. 
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1.4 Paris Agreement  
 

The Paris Agreement is based on the convention and for the first time brings all nations 

together to pursue ambitious efforts to tackle climate change and adapt to its effects, with 

more support to help developing countries to do so [11].  

The main goal of the Paris Agreement is to strengthen the global response to the threat of 

climate change by maintaining a global temperature rise in this century lower than 2 ℃ above 

pre-industrial levels and trying to limit even higher temperatures to 1.5℃. In addition, the 

agreement aims to strengthen countries' ability to counter the effects of climate change. To 

achieve these ambitious goals, appropriate financial flows, new technology frameworks and a 

framework for capacity building will be created, thus supporting the actions of developing 

countries and the most vulnerable countries in accordance with their national goals. The 

agreement also provides transparency in action and support through a stronger transparency 

framework [11]. 

To achieve these ambitious goals, appropriate financial flows, including by, before 2025, will 

set a new goal in financing the $ 100 billion, and an enhanced capacity building framework, 

including an initiative to build capacity. Therefore, they support the actions of developing 

countries and the most vulnerable countries, in accordance with their national goals. The 

agreement also strengthens transparency of action and support through a stronger 

transparency framework. Figure 11 illustrates, the nations which joined to the Paris climate 

agreement and as can be seen the U.S., Syria and Nicaragua are the only countries to reject 

the Paris climate agreement [11]. 
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Figure 11: Countries that joined to the Paris climate agreement[11]. 

 

1.5 Objectives of Thesis  
 

This work was carried within the framework of an EU funded project with the acronym Hybrid 

– BioVGE. The Hybrid – BioVGE project is a collaboration action between, Portugal, Austria, 

Poland, Switzerland and Italy. The main objective of this project is to develop and design a 

highly integrated solar/biomass hybrid air conditioning system for cooling and heating 

demands of residential and commercial buildings that is economical, operating with improved 

efficiency and with a strong market potential [12].  

The technology that will be developed under this project, is based on future requirements in 

building area. The final system will be welcomed by engineering, construction and building 

services companies seeking a sustainable and profitable approach to domestic heating and 

cooling [13]. 

As expected, results can be mentioned: noticeable increase in performance, by 10% − 20%, 

in terms of heat or cold availability or reduction in investment and operating costs or a 

combination of both, reducing fossil energy dependence for heating and cooling in buildings. 

It is expected that 95% of the energy needed to run the Hybrid-BioVGE system will supplied 

by renewable sources (solar radiation and biomass), therefore the deployment of the proposed 

technology will significantly contribute to the dependence of fossil fuels for thermal control of 
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buildings. Also, the total investment cost is expected to be reduced by 20 % − 30 % when 

compared to a similar capacity solar driven absorption chiller (3.5 €  𝑊𝑐𝑜𝑙𝑑⁄ , 1 €  𝑊ℎ𝑒𝑎𝑡⁄ ) [12]. 

In order to achieve the main goal of the project, first of all, it is necessary to obtain the amounts 

of heating and cooling load that the air condition system is supposed to provide for the building  

that the desired conditions for the comfort of the occupants of the building, can be reached. In 

other words, the initial step in designing and choosing an air conditioning system is to get the 

amounts of load that the system is supposed to work based on them. 

For this purpose, we seek to answer the following questions: 

1- What are the maximum amount of heating and cooling loads of the building, according to 

all the elements (including the type of materials used in the building, the use of the building, 

the number of residents, etc.),  that by adjusting them, the desired comfort conditions can be 

provided ? 

2- If it is logical and practical to choose or design air conditioning system based on the 

maximum amount of cooling and heating loads? If not, how much of this maximum should be 

considered? 

In order to assess the building thermal load, firstly it is necessary to make the dynamic 

modeling of heat loads of project with detailed structural models in TRNSYS commercial 

software. Simulations will be performed according local climate data, in different heating and 

cooling seasons, using different consumption patterns [14]. 

 

1.6 Thesis Structure  
 

Chapter 2 introduces a background about renewable energy sources consumption, precisely 

in Portugal, sun and the history of its energy usage responding to energy demands. Chapter 

3 includes fundamentals of building thermal loads calculation and mathematical relations and 

definitions of principles in process of heating and cooling loads calculation are presented, too. 

Chapter 4 consists of model development, introducing components that used in heating and 

cooling loads calculation process, details of software and followed steps to get the results the 

simulations details. Chapter 5 is about summarizing present work, address the conclusions. 

Chapter 6 is about some suggestion for future work.  
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2 Literature Review 
 

It is clear that the rise in energy consumption in the global residential sector is directly 

increasing the global warming. However, the global warming is affecting the energy 

consumption in the global residential sector as well [15]. For the developing as well as the 

developed countries, energy production is a very important factor in order to reach their 

development objectives and to support their growing economy, urbanization, and population 

[15]. 

Renewable energy support policies of different countries have been introduced essentially to 

convert the current energy systems (increased use of fossil fuels, increased energy 

consumption and significant emissions of environmental pollutants) to highly efficient green 

sustainable energy systems. In order to deal with the environmental concerns coming in the 

path of sustainable development, the integration of appropriate renewable energy alternatives 

in buildings is of crucial importance [15]. 

In this order, many studies have emphasized on the importance of renewable energy sources 

and the necessity to take into account the renewable energy alternatives in buildings. 

For example, Rouhollah Shahnazi and Zahra Dehghan Shabani in 2020 investigated the 

amount of renewable energy production in European Union countries over 1995–2016 

according the average of neighboring countries renewable energy production [16]. Also in this 

year, Kais Saidi and Anis Omri worked on the impact of renewable energy on carbon 

emissions and economic growth for 15 major renewable energy- consuming countries [17]. 

In the area of net zero energy in industrial and commercial buildings, F. Bandeiras et al. 

discussed energy efficiency measures which can be implemented in order to increase the 

efficiency and improve the performance of these energy intensive buildings [18]. Christopher 

Reddick et el, in 2020, integrated model of waste heat and renewable energy in building [19]. 

In recent decades, many researchers have used transient building energy simulation model 

to validate building thermal load, analysis innovative HVAC systems, investigate of different 

hypothesis regarding optimization or performance of an energy system. In this among 

TRNSYS as one of the most popular tools that has ability of building performance simulation 

(BPS), has used in most of recent research [20]. For instance, Y.H.YAU and S.Hasbi in 2017 

worked on a comprehensive case study of climate change impacts on cooling load and using 

the TRNSYS simulation in order to forecast the sustainability and durability of the installed 

system [21]. For developing the simulation model of integrated solar assisted absorption and 

desiccant air conditioning systems, Muhammad Farhan Habibi et al. in 2020, using TRNSYS, 

too[22]. Also, in this year, Matteo Bilardo et al studied on performance assessment and 
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optimization of a solar cooling system in order satisfy renewable energy ratio requirements in 

multi-family buildings, by applying TRNSYS software for their simulation process [23]. In 2020 

Sheikh Khaleduzzaman Shah et al. simulated, in TRNSYS, a borehole-coupled heat pump 

seasonal solar thermal storage system for space heating in cold climate [24]. Md Shamim 

Ahmed et al. worked on modeling heating demands in a solar greenhouse using simulation 

model in TRNSYS, in 2020 [25]. 

Primarily, in all these researches, in order to achieve the main objective of the research, the 

calculation and finding out the required thermal loads of the building, those that studied system 

are supposed to provide, have been done.  

Now that the importance and necessity of using renewable energy have been addressed, 

especially in buildings to design sustainable buildings and to improve the buildings thermal 

performance, it is better to take a closer look at these alternative energy sources.  
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2.1 Renewable Energy Sources 

 
The International Energy Outlook predicts significant growth in global energy demand by 2025. 

This concern is alarming when one realizes that fossil fuels account for about 80% −  95.1% 

of the world's primary energy demand. This high dependence actually increases the risk of a 

possible "blackout" of energy, which could be caused by a reduction in natural resources. 

Therefore, new energy resources are needed to grow the economy without harming the 

environment. For this reason, industrialized countries are developing and using renewable 

energy sources [17]. 

Renewable sources of energy are defined as independent, naturally energy sources which are 

already being economically exploited or will become so, in the near future [7]. Renewable 

energy sources include solar energy, hydro (tide, wave and ocean energy), wind, geothermal 

energy and all forms of biomass (biological waste and liquid biofuels) [6]. These sources of 

energy are local and therefore cannot be exploited by a foreign power, as has happened with 

oil over the years. In addition, renewable sources can add diversity to the energy supply, and 

almost none of them release gaseous or liquid pollutants during operation [7]. 

Many alternative energy sources can be replaced to fossil fuels. Making decision that what 

type of energy source is better be utilized in each case, is according of economic, 

environmental, and safety considerations [14]. Among many renewable energy sources, Sun 

as sources of solar energy has outstanding advantages, such as abundant distribution, 

inexhaustibility, low environmental and ecological footprint, and wide availability [26]. 
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2.2 Review of the Solar Energy Technologies 

 

The Sun formed more than 4.5 billion years ago, when a cloud of dust and gas called a nebula 

collapsed under its own gravity. The Sun is a sphere of intensely hot gaseous matter with a 

diameter of 1.39 ×  109 𝑚 and is, on the average, 1.5 × 1011 𝑚 from the earth.  Approximately 

three-quarters of the Sun's mass is made up of hydrogen (73%). The rest are mostly helium 

(25%) and contain much less oxygen, carbon, neon and iron. The nuclear fusion at the core 

of the sun converts hydrogen into helium, which produces energy. The sun's surface 

temperature is about 5.500 ℃, and it's 15.5 million ℃ at the core [27]. 

From a certain aspect, all forms of energy in the world as we know, have solar origin. Oil, coal, 

natural gas, and wood were originally produced by photosynthetic processes, followed by 

complex chemical reactions in which decomposing vegetation was subjected to very high 

temperatures and pressures over a long period of time. Wind, ocean current and wave power 

have solar origins, since they are caused by differences in temperature in various regions of 

the earth.  

People have exploited solar radiation since the early days of history. Energy from the Sun has 

been respected and put to use almost as long as man has walked the earth [28]. For instance, 

sunrooms were invented in ancient times to capture solar energy for its natural warmth. These 

usually south-facing rooms have captured and concentrated sunlight from the famous Roman 

bathhouses to native American adobes, and are still popular today in many modern homes 

[29]. 

The first applications of solar energy refer to the use of concentrating collectors , which are 

more “difficult” to apply, by their nature (accurate shape construction) and the requirement to 

follow the Sun [30]. During the eighteenth century, solar furnaces capable of melting iron, 

copper, and other metals were being constructed of polished iron, glass lenses, and mirrors. 

One of the first large-scale applications was the solar furnace built by the well-known French 

chemist Lavoisier, who, around 1774, constructed powerful lenses to concentrate solar 

radiation (Figure 12) [14]. Another application of solar energy utilization in this century was 

carried out by the French naturalist Boufon (1747–1748), who experimented with various 

devices that he described as “hot mirrors burning at long distance” (Delyannis, 2003) [14].  



 
FEUP 

Thermal load Calculation for a single-family home in Portugal 

  

27 
 
 
 

 

Figure 12: Solar furnace used by Lavoisier in 1774[14]. 

During the nineteenth century, attempts were made to convert solar energy into other forms 

based upon the generation of low-pressure steam to operate steam engines. August Mouchot 

pioneered this field by constructing and operating several solar-powered steam engines 

between the years 1864 and 1878 in Europe and North Africa (Figure 13) [30]. The solar 

energy gained was used in order to produce steam for driving a printing machine (Mouchot, 

1878, 1880) [14].  



 
FEUP 

Thermal load Calculation for a single-family home in Portugal 

  

28 
 
 
 

 

Figure 13: Parabolic collector powering a printing press at the 1878 Paris exposition[14]. 

In 1904, a Portuguese priest, Manuel António Gomes who was nicknamed “Father Himalaya”, 

constructed a large solar furnace (Figure 14). This was exhibited at the St. Louis World’s Fair. 

This furnace appeared quite modern in structure, being a large, off-axis, parabolic horn 

collector [30].  

Clarence M. Kemp patented the world’s first commercial solar water heater (Figure 15), in 

1891 [31]. This system was very simplistic, it was basically a black water tank inside an 

insulated box with a glass- cover. This solution did not have any temperature control besides 

for the weather [31]. 

 

Figure 14: Father Himalaya's Pyrheliophor. 
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Figure 15: The advertisement given for the Climax solar water heater[31]. 

Solar thermal conversion is a particularly important aspect of solar energy utilization since it 

can be applied for, indoor space heating, refrigeration, distillation, greenhouse farming, 

cooking, and agricultural drying [26]. 

The energy production potential of solar systems varies across the world depending on the 

intensity of irradiation (sunlight) that hints a specific location throughout the year. Figure 16 

illustrates the distribution of the average annual global horizontal irradiance (GHI), 𝑘𝑊ℎ 𝑚2⁄ , 

across the world. GHI is a combination of the direct normal irradiance (DNI) and the diffuse 

horizontal irradiance (DHI). DNI is measured on a surface perpendicular to the Sun beams. 

DHI is the solar radiation is scattered by molecules in the atmosphere  and it is measured as 

the radiation from all points of a hemisphere except for the circumsolar radiation (direct 

radiation) [28]. 

 

 

Figure 16: The global solar energy resource map  showing the GHI[28]. 
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In order to use the energy of solar radiation, we need some equipment that be able to absorb 

and transform the solar energy to a form of energy that can be used more practical and more 

optimal. In recent decades many activities have occurred and researchers have tried to apply 

innovative technologies to investigate the possibilities of each idea until to reach more amount 

of solar radiation energy.  In terms of solar heating, solar collectors address the low energy 

density and high dispersion of solar energy by capturing dispersed solar heat flow. This 

process is one of the effective and simple methods for obtaining heat from solar energy [26]. 

 

2.2.1 Solar Collector 

 

A solar collector is a type of heat exchanger that converts solar radiation energy into heat. A 

solar collector differs from conventional heat exchangers in many ways. In the latter case, 

fluid-to-liquid exchange is usually performed with high heat transfer and with radiation as an 

unimportant factor [32]. However, in the solar collector, energy transfer is from a distant source 

of radiant energy to a fluid. The flux of incident radiation is, at best, approximately 

1100 𝑊 𝑚2⁄ (without optical concentration), and it can vary. The range of wavelength is 0.3 −

 3 µ𝑚, which is considerably shorter than that of the emitted radiation from most energy-

absorbing surfaces. So, the analysis of solar collectors presents unique problems of low and 

variable energy fluxes and the relatively large importance of radiation [32]. 

 

2.2.1.1 Flat Plate Collectors 

 

The flat-plate solar collectors are probably the most fundamental technology for solar-powered 

domestic hot water systems. They use both beam and diffuse solar radiation, do not require 

tracking of the sun, and require little maintenance. The major applications of these units are 

in solar water heating, building heating, air conditioning, and industrial process heat [33]. 

The overall idea behind this technology is pretty simple. The Sun heats a dark flat surface, 

which collects as much energy as possible, and then the energy is transferred to water, air, or 

other fluid for further use [33].   
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The main components of a typical flat-plate solar collector are: 

• Black surface - absorbent of the incident solar energy 

• Glazing cover - a transparent layer that transmits radiation to the absorber, but 

prevents radiative and convective heat loss from the surface 

• Tubes containing heating fluid to transfer the heat from the collector 

• Support structure to protect the components and hold them in place 

• Insulation covering sides and bottom of the collector to reduce heat losses [33]. 

 

Figure 17 shows the schematic of a flat plate solar collector. The solar radiation is absorbed 

by the black plate and transfers heat to the fluid in the tubes. The thermal insulation prevents 

heat loss during fluid transfer. 

 

Figure 17: Schematic of a flat plate solar collector with liquid transport medium[33]. 

 

Within the temperature range from 30 ℃ 𝑡𝑜 80 ℃, the flat-plate systems normally operate and 

reach the maximum efficiency, however, some new types of collectors which employ vacuum 

insulation can achieve higher temperatures (up to 100 ℃ ) [14]. 
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2.2.1.2 Concentrating Solar Collectors 

 

Solar concentration is the most cost-effective way to achieve sufficiently high temperatures for 

generating steam for useful work. Concentration of solar radiation is achieved by using an 

optical device between the source and absorber, and that allows to decrease the effective 

area of the absorber and associated radiative energy losses [33].   

There are many different types of configurations of solar concentrators, ranging from 

cylindrical that focus on a line (tube) to circular that focus on a point (power tower). Figure 18 

provides schematics of several common types of concentrating collectors [33]. 

 

Figure 18: Types of concentrating collectors [33]. 

In Figure 17: (a) is tubular absorbers with a diffuse back reflector, (b) is tubular absorbers with 

specular cusp reflectors, (c) is plane receiver with plain reflectors (V-trough), (d) is 

multisectoral planar concentrator, and (e) is compound para [33]. 
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2.3 Renewable Energy in Portugal 

 

Portugal has a surface area of 89.015 𝑘𝑚² and 18 districts (Figure 19). Located in the extreme 

southwest of continental Europe, Portugal is bounded on the west and south by the Atlantic 

Ocean. 

 

Figure 19: Portugal topographic map[34]. 

 
The physical environment varies considerably between northern and southern. This is largely 

explained by the different physiographic characteristics of the country.  

Portugal has a Mediterranean climate; The average annual precipitation varies between more 

than 2000 𝑚𝑚 and less than 700 𝑚𝑚 in the north-eastern and southeastern areas of the 

country respectively. This pattern is reversed for average annual temperature, with the highest 

figures registered in the Alentejo (Beja, Évora and Portalegre) and Algarve (Faro) regions and 

the lowest in the north-eastern region (the districts of Vila Real, Braga and Viana do Castelo). 

Despite this variability, the country as a whole reflects the seasonal pattern typical of a 

Mediterranean climate, characterized by cool, wet winters and hot, dry summers. All the 
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districts therefore have a reasonably long dry season, lasting between one and five to six 

months, increasing from north to south and from coastal to inland Portugal [9]. 

Portugal has few fossil fuel resources and is largely dependent on external sources. 

Renewable energy sources such as water, solar and wind were, therefore, the alternatives to 

an industrialization process largely based on fossil fuels [9].  

The renewable energy produced in Portugal fell from 55.5% of the total energy produced in 

2016 to 41.8% in 2017, due to the drought of 2017, which severely affected the production 

of hydro- electricity. The sources of the renewable energy that was produced in Portugal in 

2017 were wind power with 21.6% of the total (up from 20.7% in 2016), hydro power with 

13.3% (down from 28.1% in 2016), bioenergy with 5.1% (same as in 2016), solar power with 

1.6% (up from 1.4% in 2016), geothermal energy with 0.4% (up from 0.3% in 2016) and a small 

amount of wave power in the Azores.  Portugal committed to close all of the country's coal 

producing facilities by 2030, making it almost completely reliant on renewable energy in the 

incoming years [35]. 

In 2001, the Portuguese government launched a new energy policy instrument, the E4 

Program (Energy Efficiency and Endogenous Energies), consisting of a set of multiple, 

diversified measures aimed at promoting a consistent, integrated approach to energy supply 

and demand, by promoting energy efficiency and the use of renewable energy sources. The 

program pursued to upgrade the competitiveness of the Portuguese economy and to enhance 

the country’s social fabric, while preserving the environment by decreasing gas emissions, 

especially the carbon dioxide [35]. In this regard many researches have been done to 

investigate of feasibilities usage of renewable energy sources in Portugal. 

For instance. Qiang Wang and Lina Zhan focused on the systematic and quantitative 

assessment of the sustainability of renewable energy itself by analyzing the sustainability of 

renewable energy in selected 18 European countries from 2007 to 2016. They found that in 

general, the sustainability of renewable energy in Germany, the UK, France, Italy, Spain, and 

Portugal is significantly better than in some other countries [36]. They claimed that the UK, 

France, and Italy always ranked second, third, and fourth. Spain and Portugal's rankings 

changed slightly during the 10 years; however, the overall ranking is relatively high [36] 

Campos Inês et al. investigated regulatory challenges and opportunities for collective 

renewable energy prosumers in the EU. They reported that Portugal has more recently started 

to pick up pace in decentralized RE production. In this country, renewables have been mainly 

in the hands of large utility companies [37] 

In 2018, Rui Castro and João Crispim analysed a database of renewable power injection, at 

15-minute intervals during 2010–2014, into the Portuguese electric transmission system in 
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order to characterize the variability and other patterns of renewable energy injection into the 

system [38]. 

Also, renewable energy sources have attracted marine scholars to study renewable energy 

technology to develop innovative ideas and to analyze possibilities of each hypothesis. For 

instance, Laura Castro-Santos et al. in 2019 worked on the methodology and development of 

a Planning of the installation of offshore renewable energies [39] 

With Portugal plan for green energy, it wants to strengthen the renewable energy sector, 

encouraging the decarburization of electricity and heating/ cooling production. At the same 

time, this country aims to promote and support electric mobility [40]. 

As the European Union has set a target, for all member countries, Portugal, as can be seen 

from the Figure 20, aims to reach 47% by 2030 with, in particular, the RES quota of 80% in 

the electricity sector, 38% for the heating/cooling sector and 20% in the transport [40]. 

 

 

 

Figure 20:  Horizon of share of renewable sources (RES) in gross final energy consumption in Portugal[40]. 

In Porto, the average annual sum of the horizontal solar irradiation is around 1600 𝑘𝑊ℎ 𝑚2⁄ , 

as in Figure 21 can be seen [34]. Figure 21 shows long distribution of GHI, in 1994-2018, for 

different regions of Portugal. As can be seen, Portugal has high potential for solar power 

generation due to its geographical position, which influences the intensity and the rate of 

incoming sunlight, and to its climate conditions, which positively affect the amount of incoming 

solar radiation [41]. 
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Figure 21: Long term average of GHI of Portugal[34]. 
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3 Energy Performance in Buildings 
 

Buildings are responsible for approximately 40% of energy consumption and 36% of CO2 

emissions in the EU, making them the single largest energy consumer in Europe   [42] . 

There are various factors that influence the energy consumption of a building. For instance, 

the American Society of Heating, Refrigerating, and Air- Conditioning Engineers (ASHRAE) 

identified five main factors that affect energy consumption: building envelope, mechanical 

systems, water heating, power generation systems and  lighting systems [43]. Yu et al. 

classified the factors influencing building energy efficiency into seven main categories: climate 

factors, building features, user characteristics, services and operating systems, occupants‟ 

behavior and activities, social and economic factors and indoor environmental quality required 

[44]. 

The energy intensity of the building sector (final energy consumption per 𝑚2) has been steadily 

declining by 0.5 to 1% per year since 2010. However, this rate is significantly lower than the 

average annual floor growth, which has remained at around 2.5% since 2010 [45]. This is 

symptomatic of decelerating energy policy progress, demonstrating that the evolution of 

building energy codes in particular is not keeping up with rapid growth in emerging economies 

[45]. Most countries in the world without compulsory building energy codes, construct billions 

of square meters of indoor space each year with no obligatory performance requirements. To 

get on track with the Sustainable Development Scenario (SDS), annual drops in energy 

intensity per 𝑚2 globally need to return quickly to at least 2.5% – the rates of the early 2000s. 

This could be achieved by 2030 with more detailed building codes, deep energy renovation, 

tripling of heat pumping technology and a 50% improvement in the average seasonal 

performance of air conditioning systems, along with other energy efficiency measures[45]. 

Figure 22 shows, in some critical emerging markets, particularly in Africa, Latin America and 

Asia, the rate of change in buildings sector energy intensity needs to double (or more). For 

instance in Africa this rate  A similar rate of change is required in major advanced economies, 

which needs to speed up significantly deep energy renovations of existing buildings [45]. 
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Figure 22: Buildings sector energy intensity in selected regions in the sustainable development scenario  2000-2030[45]. 

 

In 2017 the International Organization for Standardization (ISO) published its ISO 52000-1 

standard for energy performance of buildings, which makes a systematic and comprehensive 

structure for assessing for building energy perform. It is applicable to the assessment of overall 

energy use of a building, by measurement and the calculation of energy performance in terms 

of primary energy or other energy-related metrics. It takes into account the specific possibilities 

and limitations for the different applications, such as building design, new buildings 'as built', 

and existing buildings in the use phase as well as renovation [46]. 

Actually, renewable and efficient energy technologies play an important role in transition 

towards global clean energy and zero emission buildings. As request for using the renewable 

energy is going up annually, it is expected that the portion of such energy consumption to 

increase from 7.1% in 2015 to 13% in 2040 and, as mentioned in previous chapter, solar 

energy is considered as the most potential renewable energy source [47]. The most share of 

solar energy usage belongs to solar heating systems (SHSs), account for 80% of the global 

solar thermal utilization market.  

The effort to reduce buildings energy consumption, leads to mitigate GHG emissions and 

assist to promote sustainable buildings. The HVAC system as being the largest energy 

consumer in buildings, has the strongest potential to reduce GHG emissions and saving 

energy contributor to reduce GHG emissions and saving energy [48]. 
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Based on the International Energy Agency (IEA), energy demand for cooling implied roughly 

6% of total final energy consumption in buildings in 2017 and around 20% of the electricity use 

[49]. Moreover, IEA outlined that carbon-intensive and less efficient heating technologies still 

have the highest market share: 50% for fossil-fuel equipment and, conventional electric 

heating equipment gained another 25%. Only 10% of the sales were high efficiency heat 

pumps and renewables driven heating equipment [45]. Equipment which use fossil fuel and 

electricity, constitute for more than 80% of global building heating equipment stock (excluding 

traditional use of biomass) [50]. Although, the efficiency of air conditioners and heating 

technologies is improving; the speed of this change is not high enough to accompany growing 

cooling and heating demands. Thus, there is an increasing requirement toward the faster 

deployment of clean energy technologies [45]. 

In February 2016, the European Commission proposed a heating and cooling strategy as the 

first step in exploring the issues and challenges in this sector, and solving them with EU energy 

policies [49].  
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3.1 HVAC Calculation 

 

The field of HVAC started in the mid-1800s. The term “air conditioning” has gradually changed 

from meaning just cooling to the total control of temperature, moisture in the air (humidity), 

supply of outside air for ventilation, filtration of airborne particles, and air movement in the 

occupied space [50]. 

Air-conditioning systems usually provide control of temperature, humidity and air motion, over 

a year. The major function of an HVAC system is either, assurance of occupant comfort in a 

conditioned space; or the supplying of a set of environmental conditions (high temperature 

and high humidity, low temperature and high humidity, etc.) for a process or product according 

an indoor space [43] . 

Improperly sizing equipment or wrong usage of the type of equipment, causes that the desired 

environmental conditions will not be met. Furthermore, inappropriately selected or sized 

equipment normally requires excess power and energy and may have a higher initial cost [43].  

Many factors should be considered to design an air-conditioning system properly. For 

instance, the location, elevation, and orientation of the building, the building size (wall, roof, 

glass, floor), the type of material (wood, masonry, metal, and so forth) used in the construction 

of the building, the expected occupancy for the space and the time schedule of this occupancy, 

the space use characteristics(office, bank, school, dance studios, etc.) and many other factors 

that sum of them lead to design and to size a proper air conditioning [43]. To perform load 

calculations efficiently and reliably, standard methods must be used. ASHRAE standards and 

its guidelines include uniform methods of testing for rating purposes, describe recommended 

practices in designing and installing equipment and provide other information to guide the 

mechanical engineers. ASHRAE has 87 active standards and guideline project committees, 

addressing such broad areas as indoor air quality, thermal comfort, energy conservation in 

buildings [43]. 

As mentioned above, main objective of HVAC systems is providing the comfort situation for 

occupants. Therefore, to achieve this, firstly, it is necessary to find out which situation can be 

called a state of comfort for a person.  
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3.1.1 Conditions for Human Thermal Comfort  

 

The conscious mind valuates thermal comfort or discomfort from direct temperature and 

moisture sensations on the skin, deep body temperatures, and the effects necessary to 

regulate body temperatures [43]. In general, comfort occurs when body temperatures are held 

within narrow ranges, skin moisture is low, and the physiological effort of regulation is 

minimized. Comfort also depends on behaviors that are initiated consciously or unconsciously 

and guided by thermal and moisture sensations to reduce discomfort. Some examples are 

altering clothing, altering activity, changing posture or location, changing the thermostat 

setting, opening a window, complaining, or leaving the space. Surprisingly, the temperatures 

that people choose for comfort under similar conditions of clothing, activity, humidity, and air 

movement have been found very similar, although climates, living conditions, and cultures 

differ widely throughout the world [43]. 

Both the air and surfaces of the enclosure surrounding the occupant are sinks for the metabolic 

heat emitted by the occupant (Figure 23). Air circulates around the occupant and the surfaces. 

Whether nude or clothed, humans feel comfortable at a mean skin temperature of 33℃. The 

range of skin temperature within which no discomfort is experienced, is about ± 1.4℃ [51]. 

Also, relative humidity should be kept within a broad range of 30% to 60%. The higher the air 

speed over a person’s body, the greater the cooling effect. Air velocity that exceeds 0.2 meters 

per second (𝑚/𝑠), or cool temperatures combined with any air movement, may cause 

discomfort [50] . 

The rate of work done during routine physical activities, in choosing optimal conditions for 

comfort and health, must be known, because metabolic power increases in proportion to 

exercise intensity [43]. Metabolic rate varies over a wide range, according the activity, the 

person, and the conditions under which the activity is performed. ASHRAE defines all typical 

metabolic rates for an average adult male for activities performed continuously [43]. The 

metabolic activities of the body result almost completely in heat that must be continuously 

dissipated and regulated to prevent abnormal body temperatures [43]. These heats contain 

both, sensible and latent heat, that in calculation of heating and cooling loads must be 

considered. 
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Figure 23: Cylindrical model of body's interaction with environment[43]. 
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3.2 Fundamental of Heating and Cooling Loads Calculation 

 

In order to find out the concept of thermal calculation for a building, it should primarily define 

some fundamental definitions that use in this term. 

 

3.2.1 Heat Transfer 

 

Whenever a temperature difference between two areas (indoor-outdoor) exists, heat flows 

from the warmer area to the cooler area. The flow or transfer of heat takes place by one or 

more of three modes: conduction, convection, or radiation [43].  

 

3.2.1.1 Conduction 

 

Conduction is the form of heat transfer through a body that occurs without any movement of 

the body; it is a result of molecular or electron action [52]. 

Conduction is Consider a wall that is 10 𝑚 long, 3 𝑚 tall, and 100 𝑚𝑚 thick (Figure 24 A). One 

side of the wall is maintained at 𝑡𝑠1 = 25℃ , and the other is kept at 𝑡𝑠2 = 20 ℃. Heat transfer 

occurs at rate 𝑞𝑐𝑜𝑛 through the wall from the warmer side to the cooler. The heat transfer mode 

is conduction (the only way energy can be transferred through a solid) [51]. 

 

Figure 24: (A) Conduction, (B) Convection[51].  
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For this mode of heat transfer: 

𝑞𝑐𝑜𝑛~ 
(𝑡𝑠1− 𝑡𝑠2 ) × 𝐴𝑐

𝐿
                                                    (3.1) 

where ~ means “proportional to” and 𝐿 is wall thickness. The constant of proportionality is a 

material property, thermal conductivity 𝑘. 

 

 Thus: 

 

𝑞𝑐𝑜𝑛 = 𝐾 
(𝑡𝑠1− 𝑡𝑠2 ) × 𝐴𝑐

𝐿
=  

(𝑡𝑠1− 𝑡𝑠2  ) × 𝐴𝑐

𝐿 𝐴𝑐×𝐾⁄
                              (3.2) 

 

where 𝐾 has units of 𝑊 𝑚 °𝐾⁄ . The denominator 𝐿 𝐴𝑐 × 𝐾 ⁄ can be considered the conduction 

resistance associated with the driving potential (𝑡𝑠1
- 𝑡𝑠2

). This is analogous to current flow 

through an electrical resistance, 𝐼 =  
(𝑉1− 𝑉2)

𝑅
, where (𝑉1 −  𝑉2) is driving potential, 𝑅 is electrical 

resistance, and current 𝐼 is rate of flow of charge instead of rate of heat transfer 𝑞𝑐𝑜𝑛 [51]. 

 

3.2.1.2 Convection 

 

Consider a surface at temperature 𝑡𝑠 in contact with a fluid at 𝑡∞ (Figure24 B) [51]. Newton’s 

law of cooling expresses the rate of heat transfer from the surface of area 𝐴𝑠 , as: 

 

𝑞𝑐𝑜𝑣 =  ℎ𝑐  ×  𝐴𝑐  × (𝑡𝑠 −  𝑡∞ ) =  
(𝑡𝑠− 𝑡∞ )

1 (ℎ𝑐 × 𝐴𝑐)⁄
                             (3.3) 

 

where ℎ, is the heat transfer coefficient and has units of  𝑊 𝑚2  × 𝐾 ⁄ . The convection 

resistance 1 (ℎ𝑐  × 𝐴𝑐)⁄  has units of 𝐾 𝑊⁄ . For heat transfer to be considered convection, fluid 

in contact with the surface must be in motion; if not, the mode of heat transfer is conduction 

[51]. 
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3.2.1.3 Radiation 

 

Thermal radiation generates from the emission of electromagnetic waves. These waves carry 

the energy away from the emitting object. Radiation occurs through a vacuum or any 

transparent medium (either solid or fluid). Thermal radiation is the direct result of random 

movements of atoms and molecules in matter. Movement of the charged protons and 

electrons results in the emission of electromagnetic radiation [51]. 

The rate of thermal radiant energy emitted by a surface depends on its absolute temperature 

and its surface characteristics. The heat emission from a surface is given by the Stefan-

Boltzmann law [51]: 

𝐸 =  𝜀 × 𝜎 ×  𝑇𝑠
4                                                  (3.4) 

 

where 𝐸 is emissive power, and 𝜀 is emissivity, where 0 ≤ 𝜀 ≥ 1 

Except some surface (called blackbody), other surfaces do not absorb all incident radiation. 

The absorbed radiation is [51]: 

𝑞𝑎𝑏𝑠 =  𝛼 × 𝐴𝑠  × 𝐺                                                 (3.5) 

 

where absorptivity 𝛼 is the fraction of incident radiation absorbed, and irradiation 𝐺 is the rate 

of radiant energy incident on a surface per unit area of the receiving surface due to emission 

and reflection from surrounding surfaces [51]. 

Two surfaces at different temperatures that can "see" each other, can exchange energy 

through radiation. The net exchange rate depends on the surfaces' relative size, relative 

orientation and shape, temperatures, and emissivity and absorptivity [51]: 

 

𝑞𝑛𝑒𝑡 =  𝑞𝑒𝑚𝑖𝑡𝑡𝑒𝑑 −  𝑞𝑎𝑏𝑠 =  𝜀 × 𝐴𝑠 × 𝐸𝑏𝑠 −  𝛼 × 𝐴𝑠 × 𝐸𝑏,𝑠𝑢𝑟𝑟  = 𝜀 × 𝐴𝑠 × 𝜎 × (𝑡𝑠
4 − 𝑡𝑠𝑢𝑚

4 ) (3.6) 

 

𝑞𝑛𝑒𝑡 can be written as: 

𝑞𝑛𝑒𝑡 =
𝐸𝑏𝑠− 𝐸𝑏,𝑠𝑢𝑟𝑟

1 (𝜀×𝐴𝑠)⁄
                                                (3.7) 
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In this form, 𝐸𝑏𝑠 −  𝐸𝑏,𝑠𝑢𝑟𝑟 is similar to the driving potential in an electric circuit, and 1 (𝜀 × 𝐴𝑠)⁄  

is analogous to electrical resistance [51].  

 

3.2.2 Heat Flux 

 

For the conduction heat transfer can be written as: 

 

𝑞"
𝑐𝑜𝑛

=
𝑞𝑐𝑜𝑛

𝐴𝑐
=  

𝑘 ×(𝑡𝑠1− 𝑡𝑠2)

𝐿
                                             (3.8) 

 

where 𝑞"is heat flux in 𝑊/𝑚2. Similarly, for convection the heat flux is: 

 

𝑞"
𝑐𝑜𝑣

=
𝑞𝑐𝑜𝑣

𝐴𝑠
=  ℎ𝑐 × (𝑡𝑠 − 𝑡∞)                                          (3.9) 

 

and net heat flux from radiation at the surface is: 

 

𝑞"
𝑟𝑎𝑑

=
𝑞𝑛𝑒𝑡

𝐴𝑠
=  𝜀 × 𝜎 × (𝑡𝑠

4 − 𝑡𝑠𝑢𝑟𝑟
4 )                                (3.10) 

 

3.2.3 Overall Resistance and Heat Transfer Coefficient 

 

The heat transfer rate is expressed as a temperature difference divided by a thermal 

resistance. Using the electrical resistance analogy, with temperature difference and heat 

transfer rate instead of potential difference and current, respectively, tools for solving series 

electrical resistance circuits can also be applied to heat transfer circuits [51].  

Figure 25 shows the heat transfer rate from a liquid to the surrounding gas separated by a 

constant cross-sectional area solid. The heat transfer rate from the fluid to the adjacent surface 

is by convection, then across the solid body by conduction, and finally from the solid surface 

to the surroundings by both convection and radiation [51]. 
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Figure 25: Thermal circuit analogy[51]. 

 

From the circuit, the heat transfer rate is [51]: 

 

𝑞 =  
( 𝑡𝑓1− 𝑡𝑓2  )

𝑅1+ 𝑅2+ 𝑅3 
                                                 (3.11) 

Where 

𝑅1 =  1 ℎ𝐴⁄        ,     𝑅2 = 𝐿 𝑘𝐴⁄       ,       𝑅3 =  
(1 ℎ𝑐𝐴)⁄  (1 ℎ𝑟𝐴)⁄

(1 ℎ𝑐𝐴)⁄ +(1 ℎ𝑟𝐴)⁄
                   (3.12) 

 

 

Resistance 𝑅3 is the parallel combination of the convection and radiation resistances on the 

right-hand surface, 1 ℎ𝑐𝐴 ⁄ and 1 ℎ𝑟𝐴⁄ . Equivalently, 𝑅3 =  1 ⁄ ℎ𝑟𝑐𝐴, where ℎ𝑟𝑐 on the air side 

is the sum of the convection and radiation heat transfer coefficients (i.e., ℎ𝑟𝑐 =  ℎ𝑟 +  ℎ𝑐 ) 

The heat transfer rate can also be written as [51]:  

 

𝑞 = 𝑈 × 𝐴 × (𝑡𝑓1 − 𝑡𝑓2)                                    (3.13) 

 

𝑈 is the overall heat transfer coefficient that accounts for all the resistances. The smaller U-

factor, the better insulating value of the material or group of materials is, making up the wall, 
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ceiling, or floor. The R-number indicates the ability of one specific material, or a group of 

materials in a building section, to resist heat flow through them, the greater the R-number 

leads to the greater the insulating value of the material, and the lower the heat loss. Thus, a 

high R_ number means lower heating and cooling costs and less energy used to maintain a 

comfortable temperature [51]. 

 

3.2.4 Ventilation, Infiltration 

 

Transfer air is that moves from one interior space to another, either intentionally or not. These 

modes of air exchange differ significantly in how they affect energy, air quality, and thermal 

comfort. Although one mode may be expected to dominate in a particular building, all must be 

considered for the proper design and operation of an HVAC system [43]. 

The exchange of outdoor air with the indoor air can be divided into two broad classifications: 

ventilation and infiltration. Figure 26 shows the various types of air exchange between the 

indoor space and outdoors infiltration and exfiltration [51]. 

Ventilation and infiltration rates.  

Ventilation is intentional introduction of air from the outside into a building and influence both 

indoor air quality and thermal comfort. Ventilation is further subdivided into natural and 

mechanical ventilation. Natural ventilation is the flow of air through open windows, doors, 

grilles, and other planned building envelope penetrations, and it is driven by natural or 

artificially produced pressure differentials [43]. Mechanical (or forced) ventilation, shown in 

Figure 26, is the intentional movement of air into and out of a building using fans and exhaust 

vents [53]. 

Infiltration is the flow of outdoor air into a building through cracks and other unintentional 

openings and through the normal use of exterior doors for entrance and egress. Infiltration is 

also known as air leakage into a building. Exfiltration, depicted in Figure 26, is leakage of 

indoor air out of a building through similar types of openings. Like natural ventilation, infiltration 

and exfiltration are driven by natural or artificial pressure differences [53]. 
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Figure 26: Schematics of the air flow in a two-space space building[43]. 

 

The air exchange rate (ACH), 𝐼, defined as [43]: 

𝐼 =
𝑄

𝑉
                                    (3.14) 

Where: 

𝑄 is volumetric flow rate of air into space including ventilation or infiltration in 
𝑚3

𝑠
 and 𝑉 is 

interior volume of the space, 𝑚3; the air exchange rate has units of 
1

ℎ
  . 

 

 

3.2.5 Heat Transfer through Fenestration 

 

Fenestration is an architectural term that refers to the arrangement, proportion, and design of 

window, skylight, and door systems in a building. Fenestration can serve as a physical or 

visual connection to the outdoors, as well as a means to admit solar radiation for natural 

lighting (daylighting), and for heat gain to a space. Fenestration can be fixed or operable, and 

operable units contribute to natural ventilation of buildings [51]. Fenestration affects building 

energy use through four basic mechanisms: convective heat transfer, solar heat gain, 

infiltration, and daylighting. Fenestration can reduce energy consumption of building by: (1) 

using daylight to offset lighting requirements, (2) using glazing and shading strategies to 

control solar heat gain to supplement heating through passive solar gain and minimize cooling 

requirements, (3) using glazing to minimize conductive heat loss, (4) specifying low-air-
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leakage fenestration products, and (5) integrating fenestration into natural ventilation 

strategies that can reduce energy use for cooling and fresh air requirements [51]. 

Heat transfer rate,𝑄𝑓, through a fenestration is given by [51]: 

 
 

𝑄𝑓 = 𝑈 × 𝐴𝑝𝑓(𝑡𝑜𝑢𝑡 − 𝑡𝑖𝑛) + (𝑆𝐻𝐺𝐶) × 𝐴𝑝𝑓  ×  𝐸𝑡                 (3.15) 

 
 

 

3.3 Heating and Cooling Loads 

 

The basic components of heating and cooling loads are illustrated in Figure 27 . 

 

Figure 27: Basic components of heating and cooling loads[43]. 

 

As the name implies, heating load calculations are carried out to estimate the heat loss from 

the building in the cold season, while cooling load is calculated for the periods when heat 

needs to be removed from the building during hot periods. Many factors influence these two 

loads, as shown in Figure 27, for instance internal gains by occupants, electrical equipment, 

lighting; heat transfer through the building envelope, (walls, doors, windows, ceilings and roof) 

and air exchange (ventilation and infiltration) [43] . 



 
FEUP 

Thermal load Calculation for a single-family home in Portugal 

  

51 
 
 
 

 In order to find out heating and cooling loads for a building it is required to consider both 

sensible and latent heat. Figure 28 illustrates an overview of the steps that must be considered 

in calculating the cooling and heating loads of a building. 

 

 

 

Figure 28: Heating and Cooling loads calculation components. 

 

3.3.1 Heating Load  

 

Before designing a heating system, it should be estimated the maximum possible heat loss of 

each room or space being heated, based on maintaining the selected indoor air temperature 

during outdoor weather design condition. Thermal losses may be divided into two groups 

(Figure 28): (1) heat transfer losses through enclosed walls, floors, ceilings, glass or other 

surfaces, and (2) penetration losses or heat required to heat the outside air. It leaks through 

cracks, around doors and windows, or through open doors and windows, or the heat needed 

to heat outdoor air that is used for ventilation [51]. 

The basic formula for the heat loss by conductive and convective heat transfer through any 

surface is : 

𝑄ℎ𝑒𝑎𝑡 = 𝑈 × 𝐴 × (𝑡𝑖 − 𝑡𝑜)                                                 (3.16) 

 

Infiltration of outside air causes both sensible and latent heat loss. The energy required to 

raise the temperature of outdoor infiltrating air to indoor air temperature is the sensible 

component; energy associated with net loss of moisture from the space is the latent 
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component [51]. Determining the air exchange rate (ACH) of outdoor air entering the building 

is discussed in section 3.2.4. 

 

3.3.2 Cooling 

 

As Figure 28 shows, cooling load calculation determines total sensible cooling load from heat 

gain (1) through opaque surfaces (walls, floors, ceilings, and doors), (2) through transparent 

fenestration surfaces (windows, skylights, and glazed doors), (3) caused by infiltration and 

ventilation, and (4) because of occupancy. The latent cooling load is the result of three 

predominant moisture sources: outdoor air (infiltration and ventilation), occupants, and 

miscellaneous sources, such as cooking, laundry, and bathing [51]. 

Figure 29 shows all internal gains that must consider in cooling load calculation. The heat gain 

components that contribute to the room cooling load are [52]:  

• Conduction through exterior walls, roof and glass 

• Conduction through interior partition, ceiling and floors 

• Solar radiation through glass 

• Lighting 

• People 

• Equipment 

• Heat from infiltration of outside air through opening 

These heat gains can be arranged into two groups:  those from external sources outside the 

room, and those internally generated.  Also, as mentioned before, they can be divided as 

sensible and latent heat gains. Sensible heat gains result in increasing the air temperature; 

latent heats are due to addition of water vapor, thus increasing humidity [52]. 
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Figure 29: Internal gains in cooling load calculation[51]. 

 

3.3.2.1 Conduction through Exterior and Interior Surfaces 

 

The cooling loads caused by conduction gains through the exterior roof, walls, and glass are 

each found from the following equation [52]:   

𝑄𝑐𝑜𝑜𝑙 = 𝑈 × 𝐴 × ∆𝑡                                          (3.17) 

Also, the conduction heat that flows from interior unconditioned spaces to the conditioned 

space through partition can be calculated according equation (3.17) [52].  
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3.3.2.2 Solar Radiation Through Glass 

 

Radiant energy from the sun passes through transparent materials such as glass and 

becomes a heat gain to the room. Its value varies with time, orientation, shading and storage 

effect [52]. The solar cooling load can be found from the  equation (3.18) [43]: 

 

𝑄𝑟𝑎𝑑𝑖 = 𝑆𝐻𝐺𝐹 × 𝐴 × 𝑆𝐶 ×  𝐶𝐿𝐹                               (3.18) 

 

The maximum solar heat gain factor (𝑆𝐻𝐺𝐹) is the maximum solar heat gain through single 

clear glass at a given month, orientation and latitude [52]. However, to find out exact amount 

of 𝑆𝐻𝐺𝐹 the effect of external shading must be considered. External shading from building 

projections (or other objects) may shade all or part of the glass. In this case, only an indirect 

radiation reaches the glass from the sky and ground [52]. 

 

3.3.2.3 Lighting 

 

Because lighting is often a major space cooling load component, an accurate estimate of the 

space heat gain it imposes is needed. Calculation of this load component is not 

straightforward; the rate of cooling load from lighting at any given moment can be quite 

different from the heat equivalent of power supplied instantaneously to those lights, because 

of heat storage. In ASHRAE Handbook (Fundamentals) has suggested lighting heat gain 

parameters for typical operating conditions [51]. 

 

3.3.2.4 People 

 

The heat gain from people is composed of two parts, sensible heat and latent heat resulting 

from perspiration Some of the sensible heat may be absorbed by the heat storage effect, but 

not the latent heat [52]. 

In high-density spaces, such as auditoriums, these sensible and latent heat gains comprise a 

large fraction of the total load. Even for short term occupancy, the extra sensible heat and 

moisture introduced by people may be significant. The recommended amounts about heat and 
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moisture are given off by human beings in different states of activity are mentioned in ASHRAE 

Handbook (Fundamentals) [51].  

 

3.3.2.5 Appliance 

 

A cooling load estimate should take into account heat gain from all appliances (electrical, gas, 

or steam). As the sake of the variety of appliances, applications, schedules, use, and 

installations, estimates can be very subjective [52]. The rates of radiant and convective heat 

gain from appliances can be found in ASHRAE Handbook (Fundamentals) [51].   

 

3.3.2.6 Infiltration 

 

Infiltration of air through cracks around windows or doors results in both sensible and latent 

heat gain to the rooms [52]. Principles of estimating infiltration in buildings has already 

discussed. 

In the Appendix 2 the amounts of each internal gains which use for the Hybrid – BioVGE 

project are defined. 
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4 Model Development 

 

4.1 Porto Prototype Building Specification 

 

One of the objectives of the Hybrid – BioVGE project is to test the performance of the 

developed prototype under southern European climate conditions. For suitable design of the 

prototype’s nominal heating and cooling capacities, it is necessary to estimate the thermal 

load on the test building using simulation. The climatic conditions for a building thermal load 

simulation are the necessary boundary conditions for the mathematical model. The prototype 

will be located in Porto, which is the second-largest city in Portugal, located 41.1579° 𝑁, 

8.6291° 𝑊 and it is situated at elevation 104 𝑚 above sea level. Porto is characterized by a 

warm-summer Mediterranean climate, with influences of an oceanic climate [54]. 

In Porto, summers are typically sunny with average temperatures between 16 ℃  and 27 ℃, 

but can rise to as high as 38 ℃  during occasional heat waves. Winter temperatures typically 

range between 5 ℃ during morning and 15 °𝐶  in the afternoon that rarely drop below  0 ℃ at 

night [55]. 

Figure 30 shows the annual hourly dry bulb (ambient) temperature for Porto, according data 

from TMY2 library. Also, based on this library, the amounts of annual maximum, minimum and 

average temperatures are 33.30 ℃, −0.45 ℃ and 14.48 ℃, respectively. 
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Figure 30: Ambient temperature in Porto. 

 

The prototype building is a single-family house that has 320 𝑚2  area, four levels; basement, 

ground floor, first floor and rooftop. Totally, 3 bedrooms, 1 living room, a kitchen, 4 bathrooms 

and a study room. Its internal loads include lighting, computers, electrical equipment and 

inhabitants considered for 4 people.  The entrance door is in East side and a garden is in the 

back side of building (West). In addition, on north and south are other neighboring buildings. 

The building will be well-insulated, windows are aluminum frame with double glass, 

transparent metal or plastic blinds (exterior movable protection) and clear opaque curtains 

(inner movable protection). For doors, very dense solid wood will be used. In Appendix 1 

represent all the thermal resistance coefficients for different building walls and windows beside 

door and windows descriptions. 
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Table 1 shows the amounts of air exchange rates, for both infiltration and ventilation, and set 

temperatures for heating and cooling which are suggested for this project (prototype building 

located in Porto). 

 

Table 1: Indoor conditions in Porto Prototype building. 

 
Infiltration  

 

𝟎. 𝟑𝟓 𝒉−𝟏  

 
Ventilation  

 

0.6 ℎ−1  

 
Heating set 
temperature  

 
20 ℃  

 
Cooling set 
temperature  

 
24 ℃ 
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4.2 Simulation 

 

Modeling and simulation have proven to be a promising alternative to experimentation by 

substantially decreasing time and cost to carry out different types of studies. They provide a 

safe and efficient solution to solve real-world problems [29].  

Simulation is an important method of analysis that is easily verified, communicated and 

understood. According to the Webster’s Dictionary, simulation implies to the replication which 

is well-made and can convey the product for real [56]. When used in a research study, 

simulations can serve as a viable alternative to construct and understand the field under the 

microscope. Also, computer modelling enables the simulation of experiments, on a valid digital 

representation of a system. Unlike physical modeling, such as making a scale copy of a 

building, simulation modeling is computer based and uses algorithms and equations. 

Environments and uncontrolled tuning, physical experiments which cannot be explored, may 

also be simulated  [57 ] . In general, physical tests are very expensive and time consuming, 

while simulations are relatively inexpensive and faster. The simulation software brings such a 

dynamic environment to analyze computer models as they run, including the ability to view 

them in 2D or 3D [7]. 

The ability to analyze models at run-time, separates simulation modeling from other methods, 

for instance those linear programming. With the ability to inspect processes and interact with 

a simulation model in practice, both understanding and trust are rapidly established [58]. In a 

simulation, firstly the analyst generates the data in accordance with the pre-defined model and 

then examines how the model is well identifiable through data analysis. Moreover, the analyst 

controls all the factors of data information and can manipulate these systems on a regular 

basis to see directly how the analysis is affected by specific problems and assumptions. Also, 

simulation has some of the benefits of abstract hypothesis about research topics. They enable 

the analyst to directly come to terms with the assumptions that have been made and to create 

a definite "feel" for its implications in various techniques [59]. 

Modeling and simulation are indispensable when dealing with complex engineering systems. 

It makes it possible to do essential assessment before systems are built, it can alleviate the 

need for expensive experiments and it can provide support in all stages of a project from 

conceptual design, through commissioning and operations [57]. 

The use of simulation methods in the study of solar processes is a relatively recent 

development. Sheridan et al. (1967) used an analog computer in simulation studies of 
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operation of solar water heaters. Gupta and Garg (1968) developed a model for thermal 

performance of a natural circulation solar water heater with no load, represented solar 

radiation and ambient temperature by Fourier series, and were able to predict a day’s 

performance in a manner that agreed substantially with experiments. Close (1967) used 

numerical modeling and a factorial design method to determine which water heater system 

design factors are most important [32]. Gupta (1971) used a response factor method that is 

amendable to hand calculation for short-term process operation. Buchberg and Roulet (1968) 

developed a thermal model of a house heating system, simulated its operation with a year’s 

hourly meteorological data, and applied a pattern search optimization procedure in finding 

optimum designs. Other process simulations have been done by Lof and Tybout (1973), Butz 

et al. (1974), and Oonk et al. (1975). Since these early publications, solar process simulation 

programs have come into widespread use [32]. 

At an early stage, most simulation programs are designed solely for solar applications. But 

after the solar system took over the business market, modules were added to existing 

software. Then proprietary simulation tools for development began [59].  

Realistic modeling and simulation of complex systems must include the nondeterministic 

features of the system and the environment. Nondeterministic means that the response of the 

system is not precisely predictable because of the existence of uncertainty in the system or 

the environment, or human interaction with the system [60]. 

Meteorological data is one example for the source of uncertainty. Typical meteorological year 

(TMY) data, was used in the TRNSYS simulation, but it cannot determine the uncertainty of 

future meteorological changes. Uncertainty in climate-affected energy supply is one of the 

main reasons why it is difficult to assess capacity. For the solar heating system, weather 

factors affect the heating load and the heat provided by the solar collector. In addition, the 

weather data used in simulation studies is never a repetition of the microclimate of the building 

site and usually does not represent a specific and real year but is based on averages. Because 

they represent typical rather than extreme conditions, they are not suited for designing 

systems to meet the worst-case conditions occurring at a location [54].   
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4.3 TRNSYS 

 

TRNSYS (acronym for TRaNsient SYstem Simulation) is one of the most popular simulation 

software designed in 1935 by Duffy Beckman [61]. This comprehensive and extensive 

simulation environment mainly covers problems related to transient behavior of systems such 

as solar applications, thermal analysis of buildings, electrical systems, HVACs and so on [62]. 

Making an individual component of the energy system as a personal black box, is the basic 

philosophy of TRNSYS [57]. The TRNSYS library includes many of the components (150) 

commonly found in thermal and electrical energy systems, as well as component routines to 

handle input of weather data or other time-dependent forcing functions and output of 

simulation results [62]. For every component of TRNSYS there are a set of mathematical 

equations that are being solved through a solver [22]. 

Generally, TRNSYS can be composed by two parts, the first engine (known as the kernel) 

which its responsibility is reading the input data. The kernel repeatedly solves the system, 

determines convergence, and creating plot according system variables. The second element 

refers to the component predefined library of so called “Types”, a collection of standalone 

mathematical models, capable of performing independent functions as well as in assembly. 

The user can edit or write the new components, too [61]. There are also sub-programs for 

processing radiation information, integration and manual input and output information [32]. 

TRNSYS input files, including building input descriptions, system components specifications, 

how components are connected, and separate climatic data (supported with the program) are 

all ASCII files. All incoming files can be generated with a GUI called Simulation Studio [62]. 

The simulation studio is the main workspace where projects are usually created by dragging 

and dropping pieces and graphically linking them.   Output components are useful for analyzing 

the simulation results [63].  



 
FEUP 

Thermal load Calculation for a single-family home in Portugal 

  

62 
 
 
 

In the current study, all the components (wizard setting, weather data, building, online plotter, 

air handling unit, soil parameters) were modeled, extracted according to specifications and 

implemented as shown in Figure 31. 

 

 

Figure 31: TRNSYS simulation studio environment. 

 

 

Users can watch the value of any system variable on an online plot as the simulation 

progresses (any temperature, flow rate, heat transfer etc.). Output devices also allow the user 

great flexibility in integrating, printing, and reporting any component output value ( similar 

Figure 30 that already showed for Porto ambient temperature) [64].   



 
FEUP 

Thermal load Calculation for a single-family home in Portugal 

  

63 
 
 
 

4.3.1 TRNSYS Tools  

 

4.3.1.1 TRNSYS3D 

 

For the building 3D construction, TRNSYS employs a plug-in with Google Sketchup [62].  

TRNSYS includes TRNSYS3D ,a plugin for SketchUp™, that allows the user to draw 

multizone buildings and import the geometry (including building self-shading and internal view 

factors for radiation exchange) directly from the powerful SketchUp interface into the TRNSYS 

Building environment (TRNBuild) [64]. In Google Sketchup, starting from the net volume, all 

the external surfaces of the thermal zone are defined, while the setting of the wall thicknesses 

is made into TRNbuild starting from the internal surfaces. Consequently, the thermal zone 

volume and the internal surface areas are correctly represented [64]. 

Figures 32 and 33 show two views of building prototype in the Hybrid – BioVGE project, that 

created in Google Sketchup software. 

 

 

Figure 32: Front view of building in Google Sketchup. 
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Figure 33: Back view of building in Google Sketchup. 

 

4.3.1.2 TRNBuild 

 

TRNBuild is an interface for creating and editing all of the non-geometry information required 

by the TRNSYS Building Model. TRNBuild allows the user extensive flexibility in editing wall 

and layer material properties, creating ventilation and infiltration profiles, adding gains, 

defining radiant ceilings and floors, positioning occupants for comfort calculations and defining 

schedules [64] . Figure 34 shows a sample TRNBuild environment. 
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Figure 34: TRNBuild environment [64]. 

 

4.3.2 TRNSYS Standard Components 

 

As mentioned already, the standard TRNSYS library included with the purchase of the 

program includes many of the components commonly found in building energy systems. It 

also includes routines to handle weather data, solar radiation processing, basic HVAC 

equipment, hydrogen fuel cells, solar thermal and electric technologies, thermal storage, 

coupling to other simulation tools, and simulation result processing [64]. 

In Table 2 all the components which are used in this work (the Hybrid – BioVGE project) in 

order to get the heating and cooling loads, are mentioned. 
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Table 2: Model components used in simulations for the Hybrid – BioVGE project.  

Icon description Type 

 

Weather Data Type15-TMY2 

 

Building Type 56 

 

Soil Temperature Type 77 

 

Online- Plotter Type 65 

 
Unit converter Equation 

 

 

Each of these components is described in the following sections.  
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4.3.2.1 Weather Data (Type 15-TMY2) 

 

TMY data files were first created from long-term data files in the NSRDB to help with the 

analysis of building performance at a time when computers were much slower and had less 

memory than they do today. Users wanted an annual dataset that would emulate the results 

produced by using the 30 years of available data in the NSRDB. Many of the meteorological 

data parameters affected building performance more than the incident solar radiation, and the 

TMY datasets were created to be “typical” of the meteorological data contained in the NSRDB 

[65]. 

The TMY2 data sets and manual were created by the National Renewable Energy 

Laboratory's (NREL) analytic studies division under the resource assessment program, which 

was funded and monitored by the U.S. department of energy's office of solar energy 

conversion. The purpose of this library is to use in computer simulations of solar energy 

conversion systems and building systems. The "Weather\TMY2" directory contains the data 

files for the TMY data sets derived from the 1961-1990 National Solar Radiation Data Base 

(NSRDB) [54]. 

 

4.3.2.2 Unit Converter  

 

A very useful feature in TRNSYS is the ability to define equations within the input file which 

are not in a component. These equations can be functions of outputs of other components, 

numerical values, or previously defined equations [66]. A unit converter that is used in this 

project is due to represent the results of heating and cooling loads in 𝑘𝑊 instead of 𝑘𝐽/ℎ, that 

is internally used by the software. 

 

4.3.2.3 Soil Temperature Calculator (Type 77) 

 

This type models the vertical temperature distribution of the ground given the mean ground 

surface temperature for the year, the amplitude of the ground surface temperature for the year, 

the time difference between the beginning of the calendar year and the occurrence of the 

minimum surface temperature, and the thermal diffusivity of the soil [66]. Table 3 shows soil 

parameters that used for the Hybrid – BioVGE, these parameters are according recent similar 
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project that have done in mechanical engineering department of university of Porto. Also, can 

be estimated from different of sources, including the ASHRAE Handbooks [67].  

 

Table 3: Local soil parameters of Type77. 

Soil Parameter Unit Amount 

 Soil thermal conductivity (
𝑊

𝑚 × 𝑘
) 0.4 

 Soil density (
𝑘𝑔

𝑚3) 2.650 

 Soil specific heat (
𝑘𝐽

𝑘𝑔 × 𝑘
) 0.547 

 

 

Figure 35 Shows the simulation result for soil temperature in the place that Porto prototype 

building located. According this figure the maximum soil temperature is around 14.98 ℃  and 

5.029 ℃ for minimum soil temperature in node. 

 

Figure 35: simulation for annual changes in soil temperature. 
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4.3.2.4 Online Plotter (Type 65) 

 

The online graphics component is used to display selected system variables while the 

simulation is running. This component is widely used since it provides valuable variable 

information and allows users to immediately see if the system is not performing as desired. 

Figure 36 was a sample of online plotter that showed changes in soil temperature [66].  

 

4.3.2.5 Building (Type 56) 

 

Type 56 simulates the thermal behavior of building of different thermal zones, according which 

are already defined on TRNBuild. TRNBuild reads and processes a file that contains building 

descriptions, and produces two files that are used by a Type 56 component in a TRNSYS 

simulation. The file containing the building description processed by TRNBuild can be 

generated by an external text editor or with the interactive program TRNBuild itself. TRNBuild 

also generates an information file describing the list of outputs and inputs required to execute 

Type 56 [68]. 

The building model (Type 56) in TRNSYS software is an energy balance model. The thermal 

capacity of the air volume and other constituent of the space (e.g. furniture) are combined by 

defining the capacity of the “air node” (Figure 36). 

 
Figure 36: Heat balance on the air node [66]. 
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Figure 36 shows all heat gains that are considered in the load calculation in TRNSYS. The 

overall heat balance can be written as: 

 

𝑄 = 𝑄𝑠𝑢𝑟𝑓,𝑖 +  𝑄𝑖𝑛𝑓,𝑖 +  𝑄𝑣𝑒𝑛𝑡,𝑖 +  𝑄𝑔,𝑐,𝑖 +  𝑄𝑐𝑝𝑙𝑔,𝑖 +  𝑄𝑠𝑜𝑙𝑎𝑖𝑟,𝑖 +  𝑄𝐼𝑆𝐻𝐶𝐶𝐼,𝑖              (4.1) 

 

Where, 

𝑄𝑠𝑢𝑟𝑓,𝑖 : convective gain from the wall surfaces 

𝑄𝑖𝑛𝑓,𝑖 : infiltration gains (outside air flow only) 

𝑄𝑣𝑒𝑛𝑡,𝑖: ventilation gains (air flow from a user-defined source, like an HVAC system) 

𝑄𝑔,𝑐,𝑖: internal convective gains (by people, equipment, illumination, radiators, etc.) 

𝑄𝑐𝑝𝑙𝑔,𝑖 : gains due to (connective) air flow from another “air node” or boundary condition 

𝑄𝑠𝑜𝑙𝑎𝑖𝑟,𝑖 : fraction of solar radiation entering an air node through external windows  

𝑄𝐼𝑆𝐻𝐶𝐶𝐼,𝑖 : absorbed solar radiation on all internal shading devices of the zone and directly 

transferred as a convective gain to the internal air [66].  
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4.4 Definition of the Schedules  

 

As in previous chapter mentioned, in heating load and cooling load calculation, one should 

take into account heat gain from all appliances and occupants. One of the factors that affects 

the amounts of internal heat gain, from people or lighting, equipment, appliances, is schedule. 

The periods that building is occupied or the times that electrical equipment are applied or lights 

are turn on, must be consider in internal heat gain calculations. 

For this project, it is determined the hours of the day for people who are at home, or the hours 

of the day when using electrical appliances or lighting. 

It is assumed that people are not at home between 8 am and 5 pm (due to work or study). 

Although we considered zero efficiency for lighting and using electrical appliances during the 

night, because these devices are not used when the occupants of the house are asleep, but 

at other times of the day and night, are defined similar to residents’ schedule profile. 

Figure 37 and 38 depict the schedule of occupants and electrical equipment and lightening, 

respectively, which are defined in TRNBuild. 

  

 

 

 

Figure 37: Building occupant schedule. 
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Figure 38: Schedule for light and electrical equipment. 

 

4.5 Simulation Methodology 

 

The simplest heat load calculation procedures assume that the energy required to maintain 

comfort is a function of a single parameter the outdoor dry-bulb temperature [66]. More 

accurate methods consider solar effects, internal gains, heat storage in the walls and interiors, 

and the effects of wind on both the building envelope heat transfer and infiltration. The most 

sophisticated procedures are based on hourly profiles for climatic conditions and operational 

characteristics for a number of typical days of the year or a full year (8760 hours) period [66]. 

Simulation control statements are used to specify information for a TRNSYS simulation such 

as its duration. The simulation statement determines the starting and stopping times of the 

simulation as well as the time interval to be used  [66].  

Start time is the time of the year in hours at which printing is to start. The default value (START) 

is a TRNSYS parameter equal to the simulation start time. Typically, the starting calculating 

hour is defined the first hour (00:00 to 01:00 am) on first day of January and as time passes 

the number of hour increases, simultaneously (ex. time 01:00 am to 02:00 am of January 1st 

is number 2 and so on). This process continues until the last hour in a year that is equal to 

31st of December time period of 23:00 to 00:00 and in this way finally 8760 hours have been 

recorded. The default value (STOP) is a TRNSYS parameter equal to the simulation stop time. 

In Table 4 shows the annual simulation times. 
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Table 4: Annual simulation hour (number). 

Month Day Start hour End hour 

JAN 1 0 744 

FEB 32 744 1416 

MAR 60 1416 2160 

APR 91 2160 2880 

MAY 121 2880 3624 

JUN 152 3624 4344 

JUL 182 4344 5088 

AUG 213 5088 5832 

SEP 244 5832 6552 

OCT 274 6552 7296 

NOV 305 7296 8016 

DEC 335 8016 8760 



 
FEUP 

Thermal load Calculation for a single-family home in Portugal 

  

74 
 
 
 

5. Results  

 

The heating and cooling load calculations are the first steps of the HVAC design procedure. 

Proper design of the HVAC system is essential to meet the heating and cooling loads in a 

building. In this work (the Hybrid – BioVGE project), as ground floor and first floor are area 

that are occupied and need to have comfort situation for residents (besides this fact that the 

Hybrid – BioVGE manager asked), this chapter focused on the results of heating and cooling 

loads for these floors. 

In chapter 3 explained that in any building, heat is transmitted through external walls, top roof, 

floor of the ground floor, windows and doors. Heat transfer takes place by conduction, 

convection and radiation. The cooling load and heating load of the building is dependent on 

local climate, thermal characteristics of material and type of building. When all input data and 

the parameters regarding the building envelop and boundary conditions are defined in the 

model in TRNSYS program, the maximum cooling and heating loads of the prototype building 

of the Hybrid – BioVGE project can be estimated, according simulation results.  

Figure 39 shows the results of maximum cooling and heating loads, over a year, in 𝑘𝑊 for 

ground floor and first floor.  

 

 

 

Figure 39: Maximum cooling loads and heating loads (kW). 
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The ideal solution for designing an air conditioning system is with an output capacity equal to 

the maximum heating and cooling load (peak loads), which is estimated for the most severe 

local climatic conditions. However, this solution may be uneconomical [43]. Therefore, after 

evaluating peak loads, equipment with sufficient capacity should be selected to compensate 

for these loads. However, peak loads may occur only few times a year, while partial load 

conditions occur most often [43]. 

In order to have more details regarding heating and cooling loads distribution, Pareto charts 

can be applied, which shows the frequency of probability as well as their cumulative 

percentage. The Pareto chart is a combination of bar chart and line chart. In the Hybrid – 

BioVGE project, each bar shows a wide range of cooling power or heating power that defined 

in horizontal axis. The height of each bar indicates the number of hours in the power 

representative. The bars are provided in descending order. Therefore, can be seen which 

numbers are more common at a glance. The line represents the cumulative percentage of 

power   [69] . Figures from 40 to 43 show the pareto graphs obtained for the heating power and 

cooling power for both floors of our building.  
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Figure 40: Distribution of heating load in ground floor (kW). 

 

 

Figure 41: Distribution of cooling load in ground floor (kW). 
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Figure 42: Distribution of heating load in first floor (kW). 

 

 

Figure 43: Distribution of cooling load in first floor (kW). 
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According results of pareto charts, percentage of reliability of heating and cooling loads for 

each floor can be found (Table 5). Percentage of reliability is representative of hours that 

shown, for a set of load class (e.g. 3 − 3.2 𝑘𝑤), that how many numbers of hours in a year that 

load needs to be added or removed to assure thermal comfort situation.  

To find out these percentages, it is calculated how many hours a year this amount of load or 

less is needed, with having the total number of hours for a year (8760), it can be reached the 

percentage. For example, in ground floor and heating load case, if load class (1.5,2] 

considered, in 8644 hours the heating load is 2 𝑘𝑊 or less, as total hours in a year is 8760, 

with a simple mathematical fit relation the percent of 98.7 can be reached and it means in 

98.7% of hours the equipment can response to thermal demand of ground floor to maintain 

comfort environment for inhabitants, in cold season.  

For first floor the maximum heating load in 98.98% of hours in a year is 2.5 𝑘𝑊. It means in 

98.98% hours over a year the load that should be add to first floor in cold season, in order to 

prepare comfort situation for occupants, is 2.5 𝑘𝑊 or less.  

In the case of cooling load, for ground floor, in 98.5% of hour it requires an equipment for 

maximum 2.5 𝑘𝑊 to removed heat due to have environment that residents feel comfort, in hot 

season. The cooling load in 98.9% cases, for first floor, is 2.2 𝑘𝑊. 

 

 

Table 5: Percentage of reliability of heating and cooling loads. 

  
Heating Load 

(𝒌𝑾) 
Percentage of 

reliability 
Cooling Load 

(𝒌𝑾) 
Percentage of 

reliability 

 
Ground Floor 

  

2 98.7 2.5 98.5 

First Floor 
  

2.5 

 

98.98 

 
2.2 

 
98.9 

 

Total 4.5 
 

98.84 
 

4.7 98.7 

 

 

Figure 44 presents the differences between the total heating load and cooling load in both 

cases, peak loads consideration and the loads that are most probable, are presented . 

 



 
FEUP 

Thermal load Calculation for a single-family home in Portugal 

  

79 
 
 
 

 

Figure 44: Maximum loads and loads with reliability percent comparison. 

 
 

These differences can be analyzed from different aspects. For instance, the heating and 

cooling energy demands that each case has, or from the financial view and prices that have 

to pay for electricity power which consumes to produce those amounts of energies.  

In this order two cases are considered, one for energy demands (heating and cooling) 

according all 8760 hours in a year that in this occasion the maximum loads are which 

represented in Figure 39. Another situation is for a case that the amount of Table 5 considered 

as actual loads, which required to design and select the air conditioning system. Figure 46 

shows the differences between heating and cooling energy demands in two these cases. 

According Figure 45, in the case of heating energy demand, the difference is about 6% and 

this percent in cooling energy demand is around 14%. 

As the electricity price for household, in Portugal, is 0.2150 Euro per kWh  [70], the prices that 

have to pay for electricity in each case of Figure 45 can be found. These prices have been 

presented in Figure 46. 

Figure 46 shows that total annual price of electricity (cooling and heating) in the situation that 

all 8760 hours over a year included is equal to 2,671 Euro per kWh, however this price for 

second situation, that only hours that have heating or cooling loads equal or less than amount 

of Table 5 take in, is about 2,449 Euro per kWh, around 9 % less than other case. 
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Figure 45: Annual energy demands comparison. 

 

 
Figure 46: Annual electricity prices for energy demands (Euro per kWh). 

It should be mentioned the prices that indicates in Figure 46 is only one of expenses that one 

may spend in his building for HVAC system and others, such as amounts of money which paid 
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for buying an equipment, money that spend to install, startup or maintenance of an air 

conditioning system and so on, not considered in Figure 46.  
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6. Conclusion and Suggestion for Future 

 

When it is decided to apply the amount of demands which are probable in almost 99% cases, 

the design capacity of the HVAC equipment can be effectively reduced, and the economic 

benefit of the system can be improved. It leads to less amount of energy and electricity 

consumption and subsequently less greenhouse gas emissions. This action not only has effect 

on energy usage, but could bring significant energy cost saving, too. 

However what Figurs 40 to 43 show is in almost 98 percent of hours we do not need the 

maximum heating or cooling loads, making decision whether it is practical to choose and 

design our HVAC systems based on Table 5 is something that requires further discussion, 

analysis and consideration of the parameters and conditions governing the project. 

It is obviouse some hours in a year (even though 1%) the building thermal requirement is more 

than amount of Table5 due to handle peek loads to assure comfort situation for occupants. 

Therefore some considerations should be applied (ex. heat storage) in such cases too. 

Investigating the possibilities of different situations to reduce the total loads or analyzing which 

amounts of loads are better to apply are out of this thesis.  

Summarizing, the present work tried to find out the heating and cooling loads for a residential 

single-family building located in Porto, in subset of the Hybrid – BioVGE project in order to 

design air conditioning system based on solar energy as heat source. TRNSYS is software 

that used in this project to calculate and simulate thermal loads. 

TRNSYS as a building energy simulator, offers an excellent opportunity for detailed design of 

house thermal model and its Heating, Ventilating, and Air Conditioning (HVAC) system. 

Although TRNSYS simulation and software allows us to easily access any building information 

at any time of the year, but the uncertainties such as weather conditions should be considered 

in building loads determination. 

As buildings are complex entities, so many variables such as building construction/material, 

equipment capacity, solar irradiance, thermal mass, occupant behavior, and outdoor condition 

significantly affect the result of strategy planning and especially load shifting models in 

buildings. Residential heating and cooling loads calculations are inherently approximate. Many 

building characteristics that are presumed during design phased are ultimately influenced by 

construction quality and occupant behavior [51].  
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According simulation results, the maximum loads can be found but to assure which percent of 

these loads should be chosen, requires more analysis and considering different parameters 

that are more important for project or may affect on function of HVAC system in future, more. 

Oversizing an HVAC system has a negative impact on energy efficiency, comfort, indoor air 

quality, building and equipment durability. A higher initial cost and a higher cost of operation, 

both will be caused by an oversized HVAC system [51]. 

In the future work should firstly investigate on how the maximum heating and cooling loads 

could be decrease. For example, the thermal load of the building can be reduced by 

considering its orientation, form and shape, shading systems, and air tightness. Optimized 

level of thermal insulation for opaque building envelope (i.e., walls, roof, and floor) should be 

suggested to reduce heat gain or loss. Using daylighting strategies to cut down the lighting's 

electrical demand is another viable passive strategy. 

Also, one may analysis possibilities of different scenario to design HVAC systems to reach the 

most optimal system. For instance, equipment that are going to install in building as heating 

or cooling system, the amount of electricity that each of that equipment consume, contriving 

some controllers or sensors to manage the comfort situation more accurate.  
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Appendix 1: 

1.1 Walls 

 

Name Building Type Material 
Thickness 

(m) 

Thermal 
Resistance 
(m2. ºC/ W) 

Density 
 (kg / m³) 

Surface thermal  
transmission 
coefficient (U) 

 W / (m² ºC)  

PARE1 Wall (External) 

Coating mortar and reinforced  
reinforcement net, type "Weber.plast 

decor" 
0.005 0.004 _ 

0.32 
 Thermal insulation in "expanded 

polystyrene" 
0.08 2.162 20 

 PAVICER thermal block of 20  
(designation BT 15) 

0.2 0.769 736 

Stucco plaster fine inert plaster 0.02 0.036 1200-1500 

PARI1 Wall (Internal) 

 Thermal insulation in  
"expanded polystyrene" 

0.04 1.081 20 

0.47 
PAVICER thermal block of 20 

 (designation BT 15) 
0.2 0.769 736 

Stucco plaster designed, fine stucco 
without inert 

0.02 0.036 1200-1500 

PARI2 Wall (Internal) 

Coating mortar and reinforced 
reinforcement net, "Weber.plast decor" 

chlorinated finish 
0.005 0.004 _ 

0.39 
Thermal insulation in "rock wool" 0.06 1.5 35-100 

PRECEDING thermal brick of14  
(designation 30x19x14) 

0.14 0.79 935 

 Stucco plaster designed, fine stucco 
without inert 

0.02 0.036 1200-1500 

 

 

 

 

 

 



 
FEUP 

Thermal load Calculation for a single-family home in Portugal 

  

89 
 
 
 

Name Building Type Material 
Thickness 

(m) 

Thermal 
Resistance 
(m2. ºC/ W) 

Density 
(kg / m³) 

Surface thermal  
transmission 
coefficient (U) 

 W / (m² ºC) 

PAVE1 
Exterior Floor 
(Ground Floor) 

Concrete of expanded polystyrene 
inert 

0.08 0.444 500 

0.35 

Slab lightened, with two coils those of 
holes 

0.3 0.3 _ 

Thermal insulation in "polystyrene 
extruded " 

0.07 1.892 25-40 

Coating mortar and a reinforced 
 reinforcement net, a" Weber.plast " 

0.005 0.004 _ 

PavI1 
Interior Floor 

(ceiling) 

Inert concrete of expanded 
polystyrene, 

0.08 0.444 500 

0.34 

Slab lightened with ceramic blocks, 
with two rows of holes 

0.3 0.3 _ 

Thermal insulation in "extruded 
polystyrene" 

0.07 1.892 25-40 

Coating mortar and reinforced 
reinforcement net, "Weber.plast 

decor" type chlorinated finish  

0.005 0.004 _ 

PAVI2 
Interior Floor 

(ceiling) 

Inert concrete of expanded 
polystyrene 

0.08 0.444 500 

0.36 

Reinforced concrete "structural 
concrete" 

0.25 0.125 
2300-
2400 

Thermal insulation in "extruded 
polystyrene" 

0.07 1.892 25-40 

Coating mortar and reinforced 
reinforcement net, "Weber.plast 

decor" type chlorinated finish 
0.005 0.004 _ 

CobE1 Exterior Roof 

Inert concrete of expanded 
polystyrene 

0.050 0.278 500 

0.33 

Thermal insulation in "extruded 
polystyrene" 

0.080 2.162 25-40 

Slab lightened with ceramic blocks  0.300 0.280 _ 

Space of non-ventilated air  0.100 0.160 _ 

GYPTEC A gypsum plasterboard 
(type A standard) 12.5 mm 

0.013 0.050 568 



 
FEUP 

Thermal load Calculation for a single-family home in Portugal 

  

90 
 
 
 

1.2 Doors 

 

1.2.1 PrtE1  

Description: Port, 'horizontal' flow, consisting of: 'very dense' solid wood, with an apparent 

density of more than 870 𝑘𝑔 / 𝑚³, thickness of 0.030 𝑚, thermal resistance of 0.103 𝑚² ° 𝐶 /

 𝑊.  

1.2.2 PrtI1  

Description: Port, 'horizontal' flow, consisting of: 'very dense' solid wood, with an apparent 

density of more than 870 𝑘𝑔 / 𝑚³, thickness of 0.030 𝑚, thermal resistance of 0.103 𝑚² ° 𝐶 /

 𝑊.  

 

1.3 Windows 

 

1.3.1 VenE1 

Exterior vertical glazing is formed from the exterior to the interior by: single frame, with the 

following composition: 

• SAPA frame in aluminum with thermal break P70FP H / P22144, without grid. 

Double SGG glass with low emissivity (PLANICLEAR 4𝑚𝑚, PLANITHERM 4S, 16𝑚𝑚 

chamber (air), PLANICLEAR 6𝑚𝑚), 𝑔┴𝑣𝑖 =  0.43, 𝑇𝑙 =  65%, 𝑈𝑔 =  1.30 𝑊 / (𝑚² ℃), 𝑅𝑤 35 

(−1.5) 𝑑𝑏. 

Sun protection system: Glazing protection system consisting of, from the exterior to the 

interior, by: 

• Transparent metal or plastic blinds (exterior movable protection) 

•  Clear opaque curtains (inner movable protection) Coefficient of surface thermal 

transmission (𝑈𝑊): 1.67 𝑊 / (𝑚² ℃); average day-night (𝑈𝑊𝑑𝑛
) surface heat transfer 

coefficient: 1.30 𝑊 / (𝑚² ℃); solar glass factor for a normal incidence at the span (𝑔𝑣𝑖
): 

0.43; vessel solar factor with all permanent or mobile protective devices activated (𝑔𝑇): 

0.04   
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1.3.2 VenE2  

Description: exterior vertical glazing is formed from the exterior to the interior by: single frame, 

with the following composition:  

• SAPA frame in aluminum with thermal break P70FP H / P22144, without grid. 

•  Double SGG glass with low emissivity (PLANICLEAR 4𝑚𝑚, PLANITHERM 4 S 6𝑚𝑚, 

16𝑚𝑚 chamber (air), PLANICLEAR 6𝑚𝑚), 𝑔𝑣𝑖
 =  0.43, 𝑇 𝑙 =  65%, 𝑈𝑔 =  1.30𝑊 /

 (𝑚² ℃), 𝑅𝑤 35 (−1.5) 𝑑𝑏. 

Sun protection system: Glazing protection system consisting of, from the exterior to the 

interior, by: 

• Transparent metal or plastic blinds (exterior movable protection) 

• Clear opaque curtains (inner movable protection); coefficient of surface thermal 

transmission (𝑈𝑊): 1.67 𝑊 / (𝑚² ℃) Average day-night (𝑈𝑊𝑑𝑛
) surface heat transfer 

coefficient: 1.30 𝑊 / (𝑚² ℃) solar glass factor for a normal incidence at the span 

(𝑔𝑣𝑖
): 0.43; vessel solar factor with all permanent or mobile protective devices activated 

(𝑔𝑇): 0.03 
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Appendix 2 

 

Table 6: Comfort type used in TRNSYS. 

 
Clothing Factor  

 
0.5 

 
Metabolic Rate  

 
1.2 

 
External Work  

 
0 

 
Relative Air velocity 

(𝒎 𝒔⁄ ) 

 
0.1 

 

 

 

Table 7: Gain/ loss type used in TRNSYS. 

Gain/ Loss 
Category 

Radiative 

(𝒌𝑱 (𝒉𝒓 × 𝒎𝟐)⁄ ) 

Convective 

𝒌𝑱 (𝒉𝒓 × 𝒎𝟐)⁄ )  

Absolute 
Humidity 

 
People  

 
2.52  

 
2.52 

 
0.00015 

 
Electrical 

Equipment  

 
5.76 

 
23.04 

 
0 

 
Lights  

 
6.804 

 
2.916 

 
0 

 
Kitchen 

 
32.4 

 
32.4 

 
0.034 
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