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ABSTRACT 

Heating, ventilation and air-conditioning (HVAC) accounts for a sizeable portion of 

energy demand in todayôs society. Reducing the HVAC demand of a building will automatically 

reduce the energy carbon footprint. This thesis involves the conceptualization, design, 

mathematical modelling, and testing of an innovative photovoltaic powered seasonal thermal 

storage HVAC system (PVPSTS ï HVAC system) to supply the all-year round energy needs 

of a single-family home. In conjunction with Prof. Arch. Anna Baĺ, a two-storey, single-family 

home has been designed to meet the latest simplified construction requirements by the ñPolski 

Ğadò of a building with ground area up to 70 m2 and also in accordance with the Directive (EU) 

2024/1275 of the European Parliament and of the Council on the energy performance of 

buildings (recast). The building energy analysis was carried out and a mathematical model was 

developed for it. The mathematical model of the innovative PVP-STS system is created on the 

basis of the Typical Meteorological Year data of Wrocğaw, Poland, after which a set of 

equations are derived and inputted into an electronic computing software to generate a 

simulation of the results. An algorithm for calculating has been developed using the ñTrial and 

Errorò method such that the results obtained at the end of the year on 31 December is equivalent 

to the initial data at the beginning of the year on 01 January to obtain a cyclical calculation 

algorithm. The required size of the storage stack was determined to be 1.6 Ĭ 1.6 Ĭ 0.3 m. The 

photovoltaic installation, which was integrated with the roof, can produce 48 GJ of electricity 

throughout the year. This is five to six times more than the buildingôs heating needs, and any 

excess energy can be exported to the power grid, thus achieving a plus-energy home. 

For the Seasonal Thermal Energy Storage System, different storage media and technology 

were evaluated and compared in terms of cost, life cycle and unit volumetric energy stored. The 

chosen solution of sensible heat storage in solid materials proved to be more efficient than 

conventional electric battery storage or even water tank storage. 12 stack-filling materials, and 

9 high-temperature thermal insulation materials readily available in the local market were 

analyzed. 7 variants comprising of a combination of the stackôs filling and thermal insulation 

materials were selected, and then grouped into 3 classes: advanced, medium and basic 

technology. Using a mathematical model, energy analysis of the year-round operation of the 

HVAC installation in the analyzed building was performed for each of the seven variants. The 

conducted analyses revealed that for each combination of filling and thermal insulation 

material, there is an optimal maximum temperature of the stack at which the volume of the 

stack is the smallest, or its costs are the lowest. It was proved that with the use of the innovative 

PVP-STS system proposed in this thesis, it is possible to achieve a plus-energy home standard, 

with costs as low as 17 times less than the traditionally used thermal energy storage in a water 

tank and as much as 400 times less than electric energy storage in batteries. 
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STRESZCZENIE 

Ogrzewanie, wentylacja i klimatyzacja [ang: HVAC] stanowi sporŃ czňŜĺ 

zapotrzebowania na energiň w kaŨdym budynku. Zredukowanie zapotrzebowania HVAC 

danego budynku automatycznie zredukuje jego Ŝlad wňglowy. Przedmiotem niniejszej pracy 

jest dotyczy konceptualizacja, projektowanie, modelowanie matematyczne i testowanie 

innowacyjnego systemu magazynowania ciepğa zasilanego fotowoltaikŃ (PVPSTS ï HVAC) w 

celu dostarczania energii w iloŜci potrzebnej dla funkcjonowania domu jednorodzinnego przez 

cağy rok. We wsp·ğpracy z Prof. Arch. AnnŃ Baĺ, zostağ zaprojektowany dwupiňtrowy dom 

jednorodzinny najnowsze, tzw. uproszczone wymogi budowlane ĂPolskiego Ğaduò (o 

powierzchni podstawy 70 m2) i takŨe zgodnie z DyrektywŃ Parlamentu Europejskiego I Rady 

(UE) 2024/1275 w sprawie charakterystyki energetycznej budynk·w (wersja przeksztağcona). 

Przeprowadzono analizň energetycznŃ budynku i opracowano jego model matematyczny. 

Model matematyczny innowacyjnego systemu PVP-STS zostağ opracowany na podstawie 

danych dotyczŃcych typowego roku meteorologicznego Wrocğawia, po czym ukğad r·wnaŒ 

zostağ wprowadzony w elektroniczne oprogramowanie komputerowe, aby wygenerowaĺ 

symulacjň wynik·w. Opracowano algorytm do obliczeŒ metodŃ Ăpr·b i bğňd·wò w taki spos·b, 

aby wyniki uzyskane z koŒcem roku (31 grudnia) byğy r·wnowaŨne z pierwotnymi danymi z 

poczŃtku roku (1 stycznia), w celu uzyskania cyklicznego algorytmu obliczeniowego. Ustalono, 

Ũe wymagana wielkoŜĺ zğoŨa akumulacyjnego wynosi 1.6 x 1.6 x 0.3 m. Instalacja 

fotowoltaiczna zintegrowana z dachem, potrafi wyprodukowaĺ 48 GJ energii elektrycznej w 

ciŃgu cağego roku. Jest to 5-6 razy wiňcej niŨ zapotrzebowanie energetyczne budynku. 

Pozostağy nadmiar energii moŨe byĺ przekazany do sieci energetycznej, dziňki czemu budynek 

staje siň energooszczňdnym domem plus-energetycznym. 

 

Na potrzeby systemu sezonowego magazynowania energii cieplnej, rozpatrywano r·Ũne 

materiağy do magazynowania energii oraz technologie jej przechowania. Por·wnano je pod 

wzglňdem koszt·w, cyklu Ũycia i jednostkowej energii objňtoŜciowej. Wybrane rozwiŃzanie, 

magazynowanie ciepğa wğaŜciwego w materiağach stağych, okazağo siň byĺ bardziej wydajne niŨ 

tradycyjne magazynowanie przy uŨyciu akumulator·w elektrycznych, czy nawet 

magazynowanie w zbiornikach na wodň (buforach). Przeanalizowano 12 materiağ·w 

wypeğnienia zğoŨa oraz 9 materiağ·w do izolacji cieplnej przy wysokich temperaturach. 

Materiağy te sŃ og·lnodostňpne na lokalnym rynku. Wybrano 7 wariant·w skğadajŃcych siň z 

poğŃczenia materiağ·w wypeğnienia zğoŨa oraz materiağ·w izolacji cieplnej. Podzielono te 

materiağy na 3 grupy: zaawansowanej, Ŝredniej i prostej technologii. WykorzystujŃc model 

matematyczny, przeprowadzono analizň energetycznŃ cağorocznego dziağania instalacji HVAC 

w analizowanym budynku dla kaŨdego z tych siedmiu wariant·w. Przeprowadzone analizy 

wykazağy, Ũe dla kaŨdej kombinacji materiağ·w wypeğnienia i materiağ·w izolacji cieplnej, 

istnieje pewna optymalna temperatura, przy kt·rej objňtoŜĺ zğoŨa jest najmniejsza, albo koszty 

inwestycji sŃ najniŨsze. Udowodniono, Ũe wykorzystujŃc system PVP-STS zaproponowany w 

tej pracy, moŨliwe jest osiŃgniňcie standardu energooszczňdnego domu plus-energetycznego, 

kt·ry kosztuje 17 razy mniej niŨ tradycyjnie wykorzystywany akumulacyjny, wodny bufor 

cieplny i aŨ 400 razy mniej niŨ przechowanie energii w akumulatorach elektrycznych. 
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PREFACE 

 

The following pages contain the doctorate thesis titled ñMathematical Modelling of an 

Innovative HVAC System Powered by Photovoltaic Panels and a Seasonal Thermal Energy 

Storage for Meeting the All-Year Round Needs of a Single-Family House.ò This thesis was 

written in fulfilment of the partial requirements of obtaining a doctoral degree from the 

Department of Energy Conversion, Faculty of Mechanical and Power Engineering, Wrocğaw 

University of Science and Technology. 

 

The concept of this thesis was birthed from my desire to somehow merge my knowledge 

from my Bachelorôs degree in Electrical/Electronics Engineering with the knowledge gained 

from my Mastersô degree in Renewable Energy (Mechanical and Power Engineering). This led 

me to the concept of using photovoltaic energy to produce electrical energy that can be 

converted and stored as thermal energy for meeting the HVAC needs of a single-family home. 

In my research, I discovered the absence of the use of solid sensible heat storage materials for 

long-term thermal energy storage in existing literature. This got me interested because I was 

aware of the high heat capacities that most solid sensible heat storage materials had. My piqued 

interest led to the idea of the seasonal thermal storage system described in this thesis. 

 

I learnt about the importance of reducing building energy consumption and the effects it 

would have on the society. I researched on different interventive measures for reducing energy 

consumption in buildings. I learnt about how to carry out building energy analysis, how to 

calculate energy converted by photovoltaic installation,  how to compute extreme amounts of 

data (TMY database) using the Excel program, how to carry out market research on thermal 

technologies available in the Polish market, how to carry out repeated simulations using the 

ñTrial and Errorò method till an acceptable result is achieved, and of course, how to think out 

of the box. I had the opportunity to experiment with high-temperature thermal insulation 

materials and to compare their efficiencies. I was able to experimentally prove the equation 

compounded in this thesis describing heat transfer through a very large cuboidal surface. I learnt 

team work in partnering with an architect and my supervisor to come up with the plus-energy, 

single-family home concept. I also learnt to appreciate little breakthroughs in research and even 

the smallest signs of progress, as the success of the whole work is only a magnification of little 

successes achieved on the way. 

 

There have been two publications that have issued out from the knowledge garnered and 

results obtained from this thesis, one was published in Sustainability together with Prof. Arch. 

Anna Baĺ and Dr. hab. inŨ. Jacek Kasperski Prof. WUT (my supervisor), and the other in 

Energies also with my supervisor. Also attached to the appendix of this thesis is the proposed 

building plan for the single-family home incorporated with the PVP-STS system. I sincerely 

hope that you the reader will find the work described in this thesis, exciting, enlightening, and 

a possible solution to achieving sustainable development goals in Poland. 
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1.0 INTRODUCTION  

The European Union in 2018, committed to a binding target of at least 32.5% reduction 

in energy consumption (from a baseline projection in 2007), with a final energy consumption 

of no more than 848 Mtoe, by the year 2030. As at the end of 2021, a 14.4% distance to the 

target was recorded in final energy consumption, as seen in Figure 1.1 [1]. 

 

 
Figure 1.1: Final energy consumption in the EU, distance to 2030 target [1] 

 

Buildings account for 36% of all CO2 emissions in the European Union. Building energy 

consumption has been ear-marked as one of the major energy sinks in the global energy sector 

today, and in Europe, the single largest energy consumer. Around 40% of energy consumed in 

the EU is used in buildings. In 2019, the International Energy Agency, IEA, recorded a rise in 

building final energy consumption from 118 EJ in 2000 to 128 EJ in 2019. In 2019, emissions 

from building electricity and commercial heating ascended to the highest level recorded at 

10GtCO2 which accounted for about 28% of total global emissions.  Over 33.3% of the energy-

related greenhouse gas emissions in the EU come from buildings [199, 2]. Heating, ventilation 

and air-conditioning, lighting, electronics and other miscellaneous sources account for the 

energy demand in buildings. 

 

This invariably implies that lowering building energy consumption will have a significant 

impact on the emission of greenhouse gases, energy shortages and quick depletion of fossil 

fuels. Cutting down on building energy consumption involves lowering the energy needs of 

buildings while at the same time maintaining indoor air quality, thermal, acoustic and visual 

comfort. Homes could be built to reduce heating or cooling demand by taking into consideration 

building orientation, building design, building operation and building utilisation to develop low 

energy consumption buildings. According to the Sustainable Development Goals, radical steps 

are needed in the housing sector on many levels. One of them is the search for innovative 
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solutions and processes that enable e.g. reduction of consumption of energy from non-

renewable sources, reduction of energy demand and reduction of greenhouse gas emissions. 

Reduction of overall energy consumption and increasing reliance on energy generated 

from renewable sources, especially solar energy, is highly beneficial for the EU. Some of these 

benefits include [199]: 

¶ Reducing dependence on fossil fuels and imports 

¶ Promoting energy supply security and independence 

¶ Encouraging technical development within the EU 

¶ Creating more employment opportunities and growth of economy 

¶ Reduce pollutant emissions 

 Solar energy, being the singular most abundant renewable energy source available to 

man today has been widely utilised in installations such as solar collectors (generating thermal 

energy from solar energy) and photovoltaic panels (generating electrical energy from solar 

energy), to combat heavy reliance on fossil fuels. The solar energy resource available to man 

according to [3], as seen in Figure 1.2, is more than a 100% enough to power all of manôs energy 

demands. However, one major problem still remains, solar energy is subject to the law of time 

and seasons and this results in great disparity between the time of energy supply and the time 

of energy demand. 

 

 
Figure 1.2: Annual Solar Resource available in Comparison to Other Energy Sources and 

Annual World Energy Consumption [2] 

 

One way to bridge this gap is through energy storage techniques. A lot of energy storage 

techniques currently exist with Sensible Thermal Energy Storage being the friendliest energy 

storage method for residential applications. Through STES storage, the night and day energy 
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chasm has been to a large extent bridged, but the problem of supplying energy to meet the 

greater energy demand during the colder, winter months of the year is still an ongoing issue. 

The short and quick discharge time of STES makes it difficult to store energy for longer periods 

of time. 

 

This work is an attempt to proffer solution to meeting the all-year energy needs of a 

single-family residential home by combining the unlimited solar energy resource (harnessed 

through photovoltaic panels) with a novel seasonal thermal energy storage proposition in order 

to achieve not just an energy-independent home, but also a plus-energy home which generates 

excess energy that can be sold to the grid. 

 

1.1 RESEARCH OBJECTIVES (THESIS) 

 

This research aims to propose a sustainable means for meeting the all-round energy needs 

of a single family house by proposing a photovoltaic-powered heating, ventilation and cooling 

system coupled with seasonal thermal energy storage. 

This thesis serves to establish the fact that: 

A. It is possible to design an energy system for a plus-energy single-family house for 4 

residents in Wroclaw, Poland. 

B. On site-renewable energy generated by rooftop photovoltaic panels in such a home can 

produce sufficient energy to cover space heating, space cooling, electrical appliance usage 

and still be surplus enough to sell to the grid. 

C. It is possible to design a sensible thermal storage stack (made of highly insulated ceramic, 

granite or concrete solid blocks) within the home, charged by electrical energy from 

photovoltaic panels that can cater for the all-year round space heating demand. 

D. The proposed thermal storage solution can be optimized. 

Additional conditions include: 

¶ This single-family home is in accordance with the new reformative act, that allows for a 

single-family detached building of not more than two-storeys high, with a built-up area 

of up to 70 m2 on the plot of land on which it is designed, to be built without the 

requirement of a building permit (Polish regulation). 

¶ The energy performance of the designed building takes into account the all-year round 

climatic conditions of the region by drawing from the Typical Meteorological Year Data 

of the selected region (EU regulation). 

 

1.2 PROBLEM STATEMENT AND MOTIVATION  

 

The European Union in a bid to achieve a fully zero-emission building stock by 2050 

released the  Directive (EU) 2024/1275 of the European Parliament and of the Council of 24 

April 2024 on the energy performance of buildings (recast). Amongst other points listed in the 

directive, the following are worthy of note [199]: 

¶ Reduction of energy consumption in accordance with the ñenergy efficiency firstò 

principle as laid down in Article 3 of Directive (EU) 2023/1791 of the European 

Parliament and of the Council and defined in Article 2, point (18), of Regulation (EU) 
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2018/1999 of the European Parliament and of the Council and the use of energy from 

renewable sources in the buildings sector constitute important measures needed to reduce 

greenhouse gas emissions and energy poverty in the Union. Reduced energy consumption 

and an increased use of energy from renewable sources, especially solar energy, also have 

a key role to play in reducing the Unionôs energy dependency on fossil fuels overall and 

on imports especially, promoting security of energy supply in line with the objectives set 

out in the REPowerEU plan, fostering technological developments and in creating 

opportunities for employment and regional development. 

¶ The energy performance of buildings should be calculated on the basis of a methodology 

which may be differentiated at national and regional level. That methodology should 

include, in addition to thermal characteristics, other factors that play an increasingly 

important role such as urban heat island effect, heating and air-conditioning installations, 

the use of energy from renewable sources, building automation and control systems, heat 

recovery from exhaust air or waste water, system balancing, smart solutions, passive 

heating and cooling elements, shading, indoor environmental quality, adequate natural 

light and design of the building. The methodology for calculating the energy performance 

of buildings should be based not only on the season in which heating or air-conditioning 

is required, but should cover the annual energy performance of a building. It should take 

into account existing European standards. The methodology should ensure the 

representation of actual operating conditions and enable the use of metered energy to 

verify correctness and for comparability, and should be based on monthly, hourly or sub-

hourly calculation intervals. In order to encourage the use of on-site renewable energy, 

and in addition to the common general framework, Member States should take the 

necessary measures to the effect that the benefits of maximising the use of on-site 

renewable energy, including for other uses, such as electric vehicle recharging points, are 

recognised and accounted for in the calculation methodology. 

¶ Member States should set minimum energy performance requirements for buildings and 

building elements with a view to achieving the cost-optimal balance between the 

investments involved and the energy costs saved throughout the life cycle of the building, 

without prejudice to the right of Member States to set minimum energy performance 

requirements which are more energy-efficient than cost-optimal energy efficiency levels. 

Provision should be made for the possibility for Member States to review regularly their 

minimum energy performance requirements for buildings in light of technical progress. 

¶ The enhanced climate and energy ambition of the Union requires a new vision for 

buildings: the zero-emission building, with very low energy demand, zero on-site carbon 

emissions from fossil fuels and zero or a very low amount of operational greenhouse gas 

emissions. All new buildings should be zero-emission buildings by 2030, and existing 

buildings should be transformed into zero-emission buildings by 2050. 

¶ Zero-emission buildings can contribute to demand-side flexibility for instance through 

demand management, electrical storage, thermal storage and distributed renewable 

generation to support a more reliable, sustainable and efficient energy system. 

¶ Solar photovoltaics and solar thermal technologies, including in combination with energy 

storage, should be rolled out rapidly to benefit both the climate and the finances of citizens 

and businesses. 

This directive has encouraged new regulations in member states of the EU to ensure 

increased energy performance of buildings. According to ODYSSEY-MURE [4], between 
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2000 and 2018, energy consumption in households Poland grew by 2.0 Mtoe. This increase was 

attributed to larger building concentration, larger dwellings and changes in heating behaviour. 

The Polish government is doing its best to encourage building of smaller dwellings in a bid to 

cut down on this figure. 

 

Therefore, on September the 17th, 2021, the Polish Senate released a new reformative act 

amending the previous Construction Law and the Act on Spatial Planning and Development 

(Dz.U. 2021, poz.1986). The changes in the act are itemised below: [5] 

¶ The Act classified a special category of single-family buildings, which will not require a 

building permit, an appointed construction manager alongside, a construction log and will 

not be subject to pre-construction inspection by architectural and construction 

administration authorities. 

¶ Pursuant to the Act, a single-family residential building, not more than two-storeys high, 

with a built-up area of up to 70 m2 situated on the plot on which it was designed, will not 

require a building permit, although prior notification will be required. The construction 

is to be executed to suit the investorôs own needs. 

¶ The Act takes into consideration that houses built up to 70 m2 will be detached buildings 

and this could cause an explosion in building density, Hence, only one of such kind of 

building is allowed per every 500 m2. 

¶ Pursuant to the Act, upon completion, the investor is required to submit a notification of 

completion, a statement with the measurement of the useful area of the building and the 

individual residential units according to the regulations and in compliance with the 

construction design and technical and construction regulations. 

Additionally, there are efforts being made to improve building energy efficiency under 

the recast Energy Performance Building Directive (EPBD). A three-stage phase was launched 

in Poland in 2014, for increasing the requirements for the parameters of the thermal insulation 

of building partitions, as well as reducing the annual demand index for non-renewable primary 

energy, amongst others. The first phase, which took effect from 1 January, 2014, required that 

the non-renewable primary energy demand EP index for all new residential single-family 

buildings be not greater than 120 kWh/(m2a), while from 1 January, 2017, the maximum was 

reduced to 95 kWh/(m2a) [204]. Finally, from 1 January 2021, single-family buildings had to 

be designed in such a way as to achieve an EP index of no more than 70 kWh/(m2a) for heating, 

ventilation and hot water preparation [6]. 

 

The initiation of this new act has marked a notable increase already in the number of 

homes built in Poland between January 2022 and July 2022 in comparison to the number of 

homes built in the previous year. A 2.1% increase was recorded in the number of homes built 

between January to July 2022 and the previous year, and the number of homes built by private 

investors went up by 3.4% [7]. 

Foreseeing the inevitable boom in single-family residential buildings by private investors, 

the  onus lies on engineers and architects, to design sustainable energy-friendly homes. These 

homes are to not only meet the Polish requirements for constructed single-family houses of 

achieving lower than 70 kWh/(m2a) primary energy consumption index for heating ventilation 

and domestic hot water [8], but also to meet the requirements of the EU Energy Performance 
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of Buildings Directive to ensure that all new buildings are nearly zero-energy by the end of 

2020 [9]. 

In order, to design such energy-friendly homes, energy sinks such as HVAC, DHW, 

electronic appliances and lighting need to be put into consideration to ensure the least energy 

consumption possible. 

1.3 THESIS OUTLINE  

 

This thesis is outlined into seven chapters. The contents of this nine chapters are outlined 

as follows: 

 

Chapter 1: This chapter introduces the subject matter of the thesis, the motivation and the 

problem statement and declares the objectives to be achieved in this thesis. 

 

Chapter 2: In this chapter, the already existing state of art in reference to low energy buildings, 

photovoltaic technology, thermal energy storage systems and typical meteorological year are 

discussed. Literature review is carried out on already-existing low energy buildings and the 

parameters of building energy consumption. Insight is also given on the history of PV 

technology, its mode of operation, types of PV systems, environmental impact and also 

literature review on combined photovoltaic systems with thermal storage. The fundamentals of 

thermal energy storage systems are highlighted, different types of thermal energy storage 

systems are defined and compared, and existing seasonal thermal energy storage technologies 

are discussed. Finally, different methods of calculating the TMY are examined and how they 

are used in literature to calculate building energy data. 

 

Chapter 3: In this chapter, the architectôs proposed building design of a 70m2 external area home 

is introduced. The energy system to meet the energy demands of the home is also proposed and 

the building energy analysis is carried out. The Seasonal Thermal Energy Storage Stack (STS) 

is introduced and its method of operation explained. The combination of the STS powered by 

rooftop photovoltaic panels gives rise to an innovative HVAC ï PVPSTS system. 

 

Chapter 4: In this chapter, the mathematical model for the proposed HVAC - PVPSTS system 

is developed. Experiments are also conducted to practically measure the heat transfer rate in the 

thermal stack using three different insulation materials combined with the stack filling, in order 

to prove the validity of the heat transfer equation proposed to describe heat losses  due to 

conduction from the thermal storage stack. 

 

Chapter 5: In this chapter, possibilities for optimising the proposed seasonal thermal energy 

storage stack system by comparing and analysing possible variant combinations of stack filling 

material and stack insulation to achieve optimum volume and cost are discussed. 

 

Chapter 6: In this chapter, the results and discussion on the comparison of the proposed system 

with currently existing and well-known storage technologies are presented. 

 

Chapter 7: In this chapter, the conclusions are presented and the set-out objectives stated at the 

beginning of the thesis are examined to see if they were achieved. 



20 
 

2.0. STATE OF THE ART 

BUILDING  ENERGY CLASSIFICATION  

According to [199], a ñbuildingò can be referred to as a roofed construction having walls, 

for which energy is used to condition the indoor environment. Therefore, there it is almost 

impossible to mention a ñbuildingò, without talking about energy usage or consumption. The 

energy performance of a building refers to the measured or calculated amount of energy 

required to meet the energy demand associated with typical use of a building which includes 

amongst others, energy used for heating, ventilation, cooling, lighting and hot water.  

 Buildings can be classified according to their energy consumption indicator as seen in 

Table 2.1. The Zero energy building according to Torcellini et al refers to a commercial or 

residential building with greatly reduced energy needs through efficiency gains such that the 

balance of energy needs can be supplied with renewable technologies [10]. Hence, zero energy 

buildings operate on the principle of reduced energy demand employing passive energy 

compensations and increased energy supply by means of renewable energy generation. 

 

An energy-saving or low-energy building is usually used to refer to a building with energy 

demand that falls below approximately 25% of the present national energy average of buildings 

of a similar size, type and climatic region. Lower energy demand is achieved by optimization, 

careful selection of building materials and application of efficient active energy methods. 

Table 2.1: Building Energy Classification [11] 

 

Energy Class Type of Building EU indicator (kWh/m2.a) 

A++ Zero energy To 10 

A+ Passive energy 10 ï 15 

A Low energy 15 ï 45 

B Energy saving 45 ï 80 

C Medium energy saving 80 ï 100 

D Medium energy consuming 100 ï 150 

E Energy consuming 150 - 200 

F Highly energy consuming Over 250 

 

In Poland, from January 1, 2021 according to the WT 2021 standard [200], the value of 

the annual demand for non-renewable primary energy (EP index) needed for heating, 

ventilation, cooling and lighting for new buildings must not exceed 70 kWh/m2. Therefore, 

according to Table 2.1, only buildings from energy class B (Energy saving buildings) and above 

would obtain the necessary building permission. 

 

BUILDING ENERGY CONSUMPTION  

 

Building energy consumption is dependent on several factors such as geographical 

location of building, prevailing climate, purpose of building, consumer behaviour and of course, 

building design. These factors work interdependently to influence the energy demand in a 

building. Heating, cooling and hot water amounts for about 80% of energy consumption in 

homes in the EU [199].  
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Building energy demand can be broadly divided into three categories of loads as seen in 

Figure 2.5: 

1. Space Heating 

2. Space Cooling 

3. Lighting 

In addition, electrical appliance usage and domestic hot water can also be taken into 

consideration as one of the energy sinks in buildings. This is largely dependent on the building 

function and consumer behaviour. 

1. SPACE HEATING DEMAND 

The space heating demand of any building is inter-related with the thermal quality of the 

building envelope. Space heating demand has increased a lot in this new decade as seen in 

Figure 2.2. It is responsible for most of the energy consumed in buildings (see Figure 2.1). 

Space heating demand is a function of any (or a combination) of the following factors [25]: 

  

¶ Heat losses through Conduction, convection and radiation losses in building envelope 

¶ Ventilation air losses, for maintaining good indoor air quality 

¶ Infiltration losses through cracks or incomplete tightness of construction joints 

¶ Passive solar gains through windows 

¶ Thermal gains from variable load like people, electrical devices, electric lighting 

¶ Consumer behaviour 

 

             
 

Figure 2.1: Comparison between energy per square metre consumed  

in selected countries in 2000 and 2018 [17]. 
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The idea of low or passive energy buildings could eliminate almost all sources of space 

heating demand except for consumer behaviour. Thermal load in buildings could significantly 

affect space heating demand as seen in the chart below by Lari (1999) [78]. 

 

 
 

Figure 2.2: Comparison between residential space heating energy intensity in kilowatt hour 

per square metre in 2000 and 2018  [16]. 

2. SPACE COOLING DEMAND 

The need for space cooling has been on the increase in recent years due to climate change 

and the resulting increased temperatures. In desert climates like the Middle East, more than 

70% of the energy consumption in buildings is used to power cooling systems [33]. Generally, 

space cooling demand is met by air conditioning systems designed to provide thermal comfort.  

3. BUILDING LIGHTING  

According to Tzemplikos A. et al, daylight in buildings can be used to reduce electricity 

consumption for building lighting and hence, result in significant energy savings [35]. 

Additionally, there is the added benefit of indoor visual quality and increase in occupantsô 

productivity [34]. 

REDUCTION OF BUILDING ENERGY DEMAND 

 

H. Karunathilake et al [18] categorised intervention methods for energy demand reduction 

in buildings into three, as seen in Table 2.2. These methods include energy savings, energy 

efficiency and energy conservation. According to the IEA, as at 2017, energy efficiency 

increased globally by 13%, with most of it attributed to savings in buildings and industry [19]. 

Hence, it is possible to achieve an energy-efficient society with the cooperation of both the end 

users and the building industry. 

 

 

 

0.00

50.00

100.00

150.00

200.00

250.00

K
W

h
/m

2

Residential Space Heating Energy Intensity per square metre 
in selected countries

2000 2018



23 
 

Table 2.2: Intervention methods for reduction of energy demand in buildings [18] 

 

Categories Definitions 
Intervention 

Type 
Limitations 

Energy 

efficiency 

Reducing energy 

input and 

maximizing energy 

output 

Technological 

Regulatory 

Product initial cost bias 

Mechanical equipment 

efficiency limit 

Limited tenancy rights 

Energy savings 

Augmenting energy 

demand from 

passive energy 

sources 

Technological 

High Initial costs 

Limitations on already-built 

structures 

Conflicting interests in heating, 

lighting and cooling applications 

Energy 

conservation 

Engaging in 

conservatory 

practices 

Behavioural 

Technological 

Regulatory 

Consumer lifestyle 

Inconvenience to consumers 

Ignorance to conservatory 

practices 
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2.1. LOW ENERGY / PASSIVE ENERGY BUILDINGS  

 

A low energy building is a building with reduced energy demand. It could also be referred 

to as passive energy building. The term ópassiveô when used in conjunction with energy 

phenomena basically refers to the generation, conversion and application of energy with a 

reduced reliance on fossil fuels. As far back as 50 A.D., the Romans used glass in their windows 

to create a greenhouse effect in their houses, and eventually to grow fruit and vegetables even 

in the colder months of the year, which didnôt become popular in Europe until the eighteenth 

century. 

 

Passive solar refers to a system that collects, stores, and redistributes solar energy without 

the use of fans, pumps or complex controllers [12]. The idea of passive or low-energy buildings 

is hinged on the design and construction of buildings to fully maximise radiant solar energyé 

Building energy consumption accounts for over 40% of total primary energy consumption both 

in Europe and in the U.S. [13]. The Energy Commissioner for the European Union in 2009, 

admitted that an improvement in the energy performance of buildings was a cost-effective way 

of fighting against climate change and ensuring energy security and in the long run had a great 

effect on the economy of the EU as well. He fixed the year 2020 as a deadline for all new 

buildings being built in Europe to be nearly zero energy buildings [20]. 

 

The need for low-energy consumption buildings cannot be isolated from the evident need 

to try to slow down global warming by a reduction in the emission of greenhouse gases, the 

gradual depletion of fossil fuels and the need for energy sustainability, while, still meeting the 

energy demand of a building at minimised operational costs. It is possible to cut down on active 

use of fossil fuels by designing, constructing and running buildings in the best possible way 

that maximizes the available solar radiation in the specified location all year round. 

 

Basically, passive energy systems can be classified into two, namely: 

¶ Passive heating 

¶ Passive cooling 

 

PASSIVE HEATING  

 

Passive solar heating, according to [4] refers to energy from the sunôs rays entering a 

building envelope through a window or other transparent or translucent part of the envelope, 

which is useful in replacing auxiliary heating or improving comfort conditions within the 

building. The heating demands of buildings account for more than 33.33% of energy 

consumption in the heating-dominated climates of Europe. 

 

In EU countries, passive solar energy utilization in heating systems in buildings is 

estimated to amount to a 360 kg/year/person total savings of CO2 emissions, which 

economically yields a gain of approximately 45 euros per person. 

 

In comparison with active solar heating, passive solar heating systems have the advantage 

of less maintenance costs and longer durability than their active counterparts. Lechner in his 

book, Heating, Cooling, Lighting: Sustainable Design Methods for Architects, described the 
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greatest advantage of passive over active to be the greater comfort and pleasant indoor 

environment associated with passive as opposed to active which has less aesthetic value and 

just supplies heat [5]. 

 

According to the European Calculation Code EN 832, Thermal Performance of Buildings 

ï Calculation of Energy Use for Heating (CEN 1988), in a stationary state, the basic energy 

balance of a building can be calculated using equation (1.1) [14]. 

 

 ὗ ὗ –ὗ ὗ ὗ  (2.1) 

 

Where: 

QH - the heat delivered from the heating system, W 

QS - the utilized gains from solar source, W 

QI - the utilized gains from internal sources, W 

QT  - heat losses due to transmission, W  

QV  - heat losses due to ventilation, W 

ɖ - utilization factor, - 

 

Due to the fact that passive solar and internal gains are usually not in alignment with the 

heat demand, the utilization factor ɖ is introduced to the equation. 

 

PASSIVE COOLING 

 

Passive cooling refers to building design features which reduce the entry of sunlight into 

a building (overhangs, blinds, shutters, etc), promote passive ventilation (cross ventilation 

measures, stack ventilation etc) or reduce maximum temperatures (thermal mass, water cooling 

etc), to reduce auxiliary cooling loads or improve comfort levels [15]. Passive cooling refers to 

less dependence on fossil fuels to meet the cooling needs of an infrastructure. 

Passive solar cooling utilises the following three methods to achieve and maintain reduced 

temperatures: 

 

i. Preventing heat gain 

ii.  Control of heat flow 

iii.  Maximization of heat sinks 

 

Heat gain could be prevented by the use of thermal insulation, shading of window or door 

openings, and also utilising outdoor spacing. 

 

SHADING 

 

Shading is useful for reducing solar gains while at the same time maintaining a balance 

of space lighting requirement. There are three main factors that determine the influence of 

shading on visual and thermal comfort and energy performance. They are [36]: 

¶ The type of shading device 

¶ The optical and thermal properties of the shading device 

¶ The considered control of the shading device (where applicable) 
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Albeit heat sinks are the main fuel for passive cooling. Heat sinks or passive cooling 

systems can be said to be of four types: 

1. Ventilative Cooling 

Ventilative cooling is most popular all over the world. According to Lechner [12], this 

ventilative cooling could either be comfort ventilation, which allows direct passage of air over 

the skin of individuals or night-flush cooling, which utilises the cooler night air to flush out heat 

from a building. Comfort ventilation very often is assisted by active cooling techniques like a 

window fan to supplement wind insufficiency. Comfort ventilation is very well suited for hot 

and humid climates while night flush cooling as seen in Figure 2.3 is better suited for hot and 

dry climates with great temperature difference between the hours of the day. 

 
 

Figure 2.3: Night Cooling 

2. Radiative Cooling 

This could be employed directly by for instance, making the roof serve as a radiator by 

painting the roof white, as illustrated in Figure 2.4,  hence aiding heat loss to the sky which 

serves as a heat sink or indirectly by cooling a heat-transfer fluid through radiation to the sky. 

Radiative cooling might not be applicable for multi-storey buildings and also in weather 

climates with cloudy night skies. 

 
Figure 2.4: Radiative Cooling 
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3. Evaporative Cooling 

Evaporative cooling is actualised by cooling the sensible heat of air using evaporating 

water. For water to evaporate, its latent heat needs to be increased so it can change state. This 

increase in latent heat is gotten by absorbing heat from the air, hence lowering ambient 

temperature. Direct evaporative cooling could be achieved by misting the air (infusing tiny 

droplets of water which are quickly evaporated into the air), this lowers temperature but causes 

a rise in humidity, hence limiting its use to dry climates. Indirect evaporative cooling does not 

increase humidity because it involves aiding evaporation on one of the building surfaces, 

usually roof ponds or roof sprinkling, as illustrated in Figure 2.5, which then serves as a heat 

sink for the warm air. 

 
Figure 2.5: Evaporative Cooling 

4. Earth or Ground Cooling 

Earth Cooling is possible because the earth temperature is significantly lower than air 

temperature during cooling season, especially at lower depths beyond surface level. Earth 

cooling could be directly achieved by building homes totally or partially encased in the earth 

or indirectly as in the case of Figure 2.6, by facilitating air flow from ground to air using pipes 

buried deep under the earth surface. Indirect earth cooling is not so suitable for humid climates. 

 

 
Figure 2.6: Earth Cooling 
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EXAMPLES OF LOW ENERGY BUILDING S 

Low energy buildings as illustrated in Table 2.1 exist from Class A and above. They 

include: 

THE PASSIVE HOUSE 

According to W. Feist [1], a passive house is a building standard that is truly energy 

efficient, comfortable, affordable and ecological at the same time. The idea of the passive house 

is to combine maximum indoor comfort which as low energy consumption as possible. The 

passive house target is 15 kWh/m2 or less annually. The worldôs first passive house was built 

in 1990 in Darmstadt-Kranichstein, Germany by Dr. Wolfgang Feist who in his 1993 thesis, 

ñPassive Houses in Central Europeò had already provided theoretical proof to the workability 

of the concept. 

Passive house is not a style of building construction, rather it is a building standard, that 

is identifiable by any building possessing the characteristics listed below: 

 

¶ An energy requirement not exceeding 15 kWh/m2 a 

¶ Maximum heating/cooling load at 10 W/m2 

¶ Maximum air tightness parameter at 0.6 /h 

¶ Primary energy demand maximum at 120 kWh/m2a 

¶ Renewable primary energy demand, the total energy to be used for all domestic 

applications (hot water, space heating and domestic electricity) must not exceed a 

maximum of 60 kWh/m2a 

¶ All -year round thermal comfort with not more than 10% of the hours in a given year with 

temperature over 25ÁC. 

 

There are five principles necessary for achieving this passive house standard. They 

include [202]: 

i. Passive house windows: Passive house window frames must be well insulated with low 

e-glazings to avoid heat transfer. In cool temperate climates, triple glazed windows with 

a maximum heat transfer coefficient of 0.80 W/(m2K) might be necessary, while in 

warmer climates, double glazed windows should be sufficient. 

ii.  Thermal insulation: Non-transparent surfaces forming the exterior envelope of the 

building have to be insulated. In cool temperate climates, the target should be 0.15 

W/(m2K) or less. 

iii.  Airtightness of the building: A passive house should have a tight outer shell with 

uncontrolled leakage through gaps less than 0.6 of the total house volume during a 

pressure test at 50 Pascals. 

iv. Ventilation Heat Recovery: Ventilation heat recovery combines the benefit of good 

indoor air quality with energy savings by recycling waste air and introducing fresh air 

into the building. 

v. Elimination of Thermal Bridges: Passive house buildings are designed and constructed in 

such a way as to minimise (or totally eliminate) thermal bridges in the buildings which 

often serve as heat sinks. 

Passive houses present almost 90% energy savings over typical Central European 

buildings. However, according to the Passive House Database [201], there are currently only 
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18 certified Passive house buildings in Poland, since the inception in 1989. This is because the 

construction of a passive house standard building is quite strenuous, very expensive (more than 

50% of the cost of building the average house), requires a lot of technical expertise and 

extensive knowledge. Table 2.^ provides more details on Passive Houses in Poland. 

NEARLY ZERO / NET ZERO ENERGY BUILDINGS (NZEB)  

A nearly zero-energy building according to the Energy Performance of Buildings 

Directive of the EU [203] refers to a high energy performance building with very low or nearly 

zero energy demand which is offset to a large extent by energy from  renewable sources 

produced on-site or nearby. Torcellini et al in 2006, described the concept of net Zero Energy 

Buildings to be a residential or commercial building with greatly reduced energy needs through 

efficiency gains such that the balance of energy needs can be supplied with renewable 

technologies [10]. Hence, zero energy buildings operate on the principle of reduced energy 

demand employing passive energy compensations and increased energy supply by means of 

renewable energy generation. 

Common features of NZEBs include [209]: 

¶ Tight building envelope, achieved by reducing thermal bridges in buildings, ensuring 

optimum thermal insulation, employing high performance windows 

¶ Highly efficient HVAC units powered by renewable energy e.g ground source heat 

pumps, etc. 

¶ Caution with high-energy consuming electrical appliances 

¶ Waste-heat recovery ventilation using recuperators  

¶ Maximizing daylight as much as possible to meet lighting needs, plus LED lightings. 

In the EU, the Energy Performance of Buildings Directive required that by 31 December, 

2020 all new buildings are nearly zero-energy buildings. The commission made a proposal to 

revise the directive in December 2021, and hence raising the stakes higher from NZEB to ZEB 

(Zero-Emission Buildings). The ZEB requirement for all new buildings is to kick off starting 

from 1 January, 2030. The zero emission building is described as a high energy performance 

building with the very low amount of energy still required FULLY COVERED by energy from 

renewable sources and without on-site carbon emissions from fossil fuels [203]. 

PLUS-ENERGY BUILDINGS (PEBs) 

 

Currently, there is no single universal definition for plus-energy buildings. Very often, in 

literature ñPositive Energy Buildingsò are used interchangeably to refer to ñPlus Energy 

Buildingsò. 

Salvalai G. et al described Plus-energy buildings (PEBs) as ñbuildings that produce more 

energy from renewable energy sources (RES) than they import over a year [40], while [41] 

described them as ñNZEBs that produce 30% or more of the required energy using on-site 

renewable energy. 

Hawila A. et al described the Plus Energy Buildings as being one step ahead of NZEBs, 

in that  they produce more energy than they consume and they export energy from renewable 

sources into the grid, thus reducing building energy-related greenhouse gas emissions [205]. 
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Excess [206] defines a positive energy building (PEB) as an energy efficient building that 

produces more energy than it uses via renewable sources, with high self-consumption rate and 

high energy flexibility, over a time span of one year. 

Kolokotsa D. et al defined a PEB as one that produces more energy than is needed and 

exports it to other systems or buildings which could be through energy storage management or 

feeding the additional energy produced to the grid [207]. 

Bojiĺ M addressed the net-plus balance as a situation where the annual electrical energy 

surplus fed-in to the grid is greater than the annual electrical energy imported from the grid 

[208].  

PEBs boast a lot of advantages, which include: 

¶ Reduced energy-related greenhouse gas emissions 

¶ Energy security 

¶ Thermal comfort and good indoor air quality 

¶ Reduced stress on the grid [205] 

The methods of assessing PEBs vary in literature and are usually not consistent. However, 

[205]  proposed an operational assessment methodology that assesses PEBs based on greater 

energy production from locally available RES when compared with the final energy used (with 

user-related consumption and building operation energy demands included) over a time span of 

one year, while ensuring low carbon emissions, high user satisfaction with indoor environment 

quality and economic affordability with technical viability. 
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Table 2.^: Certified Passive House Buildings in Poland as at 2024 [201] 

 

S/N Location 
Year 

Built 
Building Type 

Building Floor 

Area (m2) 

PER Demand* 

(kWh/m2a) 

PE Demand**  

(kWh/m2a) 

Annual Heating Demand 

(kWh/m2a) 

1 05-806 Pruszk·w (Mazowieckie) 2021 
Detached single-family 

house 
206 25 52 15 

2 37-300 LeŨajsk (Podkarpackie) 2016 
Detached single-family 

house 
238 17 - 14 

3 61-312 PoznaŒ (Wielkopolskie) 2013 Public building (church) 125 n/a***  119 15 

4 
05-123 DŃbrowa Chotomowska 

(Mazowieckie) 
2016 

Detached single-family 

house 
210 25 53 15 

5 30-63 Krak·w (Maloposkie) 2014 
Sports centre / 

recreation centre 
1666 n/a 106 14 

6 32090 Slomniki (Malopolskie) 2013 
Sports centre / 

recreation centre 
546 n/a 104 13 

7 72-51 Wiseğka (Zachodniopomorskie) 2016 
Detached single-family 

house 
111 n/a 104 15 

8 
11034 Stawiguda (Warminsko ï 

Mazurskie) 
2014 Model house 206 n/a 101 14 

9 05092 Kieğpin (Mazowieckie) 2015 
Detached single-family 

house 
160 n/a 108 15 

10 21003 Ğagiewniki k. Lublina (Lubelskie) 2015 
Detached single-family 

house 
119 n/a 95 15 

11 05082 Latchorzew (Mazowieckie) 2015 
Detached single-family 

house 
255 n/a 83 13 

12 
73110 Stargard SzczeciŒski 

(Zachodniopomorskie) 
2013 

Detached single-family 

house 
185 n/a 99 15 

13 73110 Tychowo (Zachodniopomorskie) 2013 
Detached single-family 

house 
150 n/a 95 15 

14 32090 Slomniki (Malopolskie) 2011 
Sports centre / 

recreation centre 
1638 n/a 98 15 

15 05520 Kostancin (Mazowieckie) 2013 
Detached single-family 

house 
151 n/a 91 15 

16 05083 W·lka (Mazowieckie) 2009 
Semi-detached house (2 

units) 
205 n/a 94 15 

17 84207 Koleczkowo (Pomorskie) 2007 
Detached single-family 

house 
141 n/a 97 - 

18 55080 Smolec (Wrocğaw) (DolnoŜlŃskie) 2006 
Detached single-family 

house 
136 n/a 105 15 

*PER Demand ï Renewable Primary Energy Demand        ** PE Demand ï Non-renewable Primary Energy Demand          *** n/a ï information not available 
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DESIGN FEATURES OF LOW ENERGY HOUSES 

1. WINDOWS 

Windows are an integral part of any building with benefits such as daylight, external 

views and even solar heating during the day. On the other hand, windows could serve as a heat 

sink during the winter and a light sink at night. To maximize window benefits and minimize its 

demerits, various technologies have been proposed. Window thermal resistance is dependent 

on its frame and glazing type. Heat loss through window frames are very negligible in large 

windows due to the overpowering heat loss by reason of window glazing. However, in small 

windows, there is considerable heat loss resulting from the window glazing, the window frame 

and the connection between them. Window frame plays a major part in heat loss. Materials like 

wood, vinyl and fiberglass are very durable for window frames due to their low thermal 

conductance. Double or triple glazed windows lose heat through spacing in between their edges, 

but this is controlled in high-performance windows by including thermal breaks. 

 

 
 

Figure 2.7: Comparison Between a Few Window Technologies and their Heat Transfer 

Coefficients and Total Resistivity values [1] 

 

Table 2.3: Typical Solar Irradiance of Windows at Different Locations [20] 

 

Location Window G-value (W/m2) 

Freiburg, Copenhagen, Denmark 0.60 

Perpignan 0.59 

Madrid 0.77 

Palermo 0.80 

Athens 0.80 

Merida 0.80 

 

 

Radiative heat is lost through glazing as well and can be significantly reduced by means 

of special coatings on the glass. Low-emissivity coatings are best suited for passive solar needs 
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in temperate regions while a transparent polished metal coating is better suited to buildings that 

donôt require sunlight. 

Solar irradiance of windows varies from location to location depending on the solar 

altitude of the selected location. Table 2.3 indicates a few examples of these variations from 

selected cities in Europe. The heat transfer coefficient of a window type is a value obtained by 

the combination of the heat transfer coefficient of the frame, the heat transfer coefficient of 

glazing and the linear transmittance value of window frame and glazing connection. U-value is 

usually provided by window manufacturers or can be calculated for better exactness using the 

hot box method in accordance to EN ISO 12567-1 [28]. Figure 2.7 compares the heat transfer 

coefficients with total resistivity values in several window technologies. 

2. THERMAL BRIDGES 

Passipedia defines a thermal bridge to be a localised area of the envelope where the heat 

flow is usually greater in comparison with adjacent areas (usually when thereôs a temperature 

difference between interior and exterior temperature) [22]. Thermal bridges usually result in 

increased heat losses and sometimes moisture penetration through reduced interior 

temperatures. Thermal bridges usually occur at component joints, building corners and joints 

between materials of varying thermal conductivity. Thermal (heat) bridges often result in 

increased heat loss. Heat bridges could either occur geometrically or structurally or materially. 

A geometrical thermal bridge, as seen in Figure 2.8, occurs usually at building corners as 

a result of a discrepancy between the external and internal area of a wall. A material thermal 

bridge is a thermal bridge at the joint where two or more material kinds meet in a structure. A 

structural thermal bridge is likely to occur where there is a structural connection. Structural 

thermal bridges could result in condensation and formation of mould, not to mention the high 

heat losses they cause. Structural thermal bridges must be completely avoided. 

Thermal bridges can be calculated by modelling the building component in a heat flow 

program taking note of temperature boundary conditions, heat transfer resistance and the 

thermal conductivities of the materials involved. 

Linear transmittance in thermal bridges, according to ISO 14683 [26] expresses the heat 

flow rate in a steady state per unit length and per degree of difference in the indoor and outdoor 

air temperatures on each side of a thermal bridge. Linear transmittance could be estimated using 

typical values listed in the ISO standard or calculated using the following relation: [24] 

 

 
  ὒ   Ὗὰ (2.4) 

Where 

L2-D - linear thermal coupling coefficient obtained from the two-dimensional calculation, 

W/mK 

Ui - thermal transmittance of the ith one-dimensional component between the internal and 

external environment, W/m2K 

l i - corresponding length to Ui, m 

In calculating heat loss due to thermal bridges in a building it is necessary to consider the 

separating distance between the thermal bridges occurring in the building. Closely-spaced 

thermal bridges will surely experience a difference in their heat flow rates as a result of the 

interaction between them. Thermal bridges located at a considerable distance apart from each 
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other are assumed not to have any interaction [27]. Thermal bridges inadvertently affect the 

energy efficiency of a building. 

 
 

Figure 2.8: Geometrical thermal Bridge 

3. WALLS 

Walls carry the weight of any building. Walls give the building structure. With reference 

to passive houses, the external walls of any building are responsible for the greatest heat loss 

through the building envelope. Evidently, the less insulated the wall is, the greater the heat loss 

and hence, energy consumption within the building leading to increased costs. Aside from 

offering reduced costs, insulation could also serve as protection for external building surfaces 

when applied on the outside. This minimizes the effect of weather elements on the actual 

building wall, and could also advertently increase indoor air quality seeing as interior humidity 

and the risk of mould formation is reduced as well. [32] 

4. THERMAL INSULATION 

Building insulation is very crucial for maintaining the building thermal envelope. Simply 

put, building insulation helps to seal in needed energy (heating or cooling) while keeping out 

unwanted energy (also heating or cooling), hence maintaining thermal comfort in buildings. 

Some of the properties to be considered in selecting insulation materials include physical 

properties like its density and water absorption rate, vapour permeability coefficient and its 

dimensional stability, thermal conductivity and resistivity, porosity and flammability; 

mechanical properties like its brittleness, hardness, elasticity, tensile strength and chemical 

properties like the chemical composition and corrosion resistance [23]. The lower the thermal 

conductivity of an insulation material, the better suited it is for building applications and the 

more economical it is to use. 

 

Aside from thermal applications, insulation can also be applied in noise and vibration 

control, fire protection, and to keep out moisture in construction. Moisture infiltration in 

buildings is one of the leading causes of building damage. Good insulation should be selected 

that prevents condensation, corrosion and the future risk of mould or fungus compromising the 
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buildingôs biosphere. In summary, it is important to note that the selection of building insulation 

goes a long way to determine building durability over a period of time. 

 

5. VENTILATION HEAT RECOVERY UNITS 

Commonly referred to as air-to-air heat exchangers, heat recovery ventilators are devices 

that essentially decrease the heating or cooling demand of a building by recycling waste heat to 

compensate for the heat losses in the building. These devices are also designed to improve 

indoor air quality in buildings. In zero-energy buildings primarily characterised by energy-

efficient installations, it is of utmost importance that the exhaust temperature after heat 

exchanger must be limited to a band of  +0ęC - 5ęC for fully mechanical supply/exhaust 

ventilation systems, depending on the heat recovery type [24]. 

 

THE BUILDING ENVELOPE 

The building thermal envelope refers to the ability of a building to seal in heat in heating 

season and remain cool in the cooling season for the longest time possible. It is the sum of all 

the elements in a building that demarcate between the building interior and the external 

environment. This involves taking into consideration potential heat loss sources in building. 

Heat loss in buildings are as a result of infiltration of cold air through exposed cracks or 

construction joints, conduction, convection and radiation through ceilings, doors, windows, 

walls and floors and intentional ventilation of a building space. In a standard building, about 

30-40% of heat is lost due to ventilation, 20-30% through the walls, the windows contribute 

about 15-25% heat loss, the roof about 10-25% and in the event where thereôs a basement, 3-

6% of heat is lost through the basement [78]. 

 

Infiltration heat loss in buildings can be roughly estimated using the amount of infiltrating 

cold air into a building and the temperature difference between the indoor and outdoor air. The 

infiltration heat loss rate in watts is calculated by the product of the difference between indoor 

and outdoor design temperature and the volume and recorded hourly changes in air. Lechner 

refers to this method of solution as the air-change method [1]:  

 

 Ὄὒ πȢππυὃὅὌὠ Ὕ Ὕ  (2.2) 

 

Heat Loss by transmission (conduction, convection and radiation) is calculated as the 

product of the area and temperature difference divided by the total thermal resistance. (Thermal 

resistance is a reciprocal of the heat flow coefficient) [1]: 

 

 
ὌὒὙ
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(2.3) 

 

The heat loss through different building sections is estimated from the thermal 

transmittance (U-value) or heat transfer coefficient of the individual building sections. The heat 

transfer coefficient is calculated as the rate of heat transfer through a material divided by the 

temperature difference across the material. This is a very important parameter for determining 

the building envelope. In the case of the Passive House, there is a specified value requirement 
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of heat-transfer coefficients for different building sections, without which a building cannot be 

certified to have met the Passive House standard (see Table 2.4). 

 

When it comes to cooling, the building envelope is concerned with heat gain. Heat is also 

gained from the same sources like heat is lost but also additional sources of heat include 

insulation of thermal mass, internally generated heat and of course solar action. 

 

Table 2.4: Passive House Standard for U-Value of Different Building Sections 

 

S/N Location U-value (W/m2K) 

1. Insulation 0.10 ï 0.15 

2. Roof 0.10 ï 0.15 

3. Walls 0.20 ï 0.25 

4. Doors around 1.0 

5. Windows 1.2 ï 1.7 

6. Foundation 0.20 ï 0.30 

7. Attic 0.18 

 

AIRTIGHTNESS 

Airtightness in buildings simply refers to the measure of permeability of building 

structures to air flow. Airtightness is a very important measure of the energy efficiency of any 

building, as it is impossible to maintain the building envelope without airtightness. A building 

must be sufficiently air tight to prevent structural damage to building components, while at the 

same time allowing ventilation at par with standard indoor air quality. One standard way of 

measuring or testing for airtightness in any building is the ón50-value testô, which measures the 

total leakage through the building envelope by describing (in/h) the air exchange rate resulting 

from a differential pressure of 50 Pascals created between the exterior and interior of the 

building employing a óblower door testô. 

 

ISO 9972 describes the blower door test as being capable of identifying any likely sources 

of leakage, measuring the air permeability of a building or building section in accordance to 

airtightness building design specification, comparing relative air permeability of several 

buildings or building sections and determining the air leakage reduction resulting from 

individual retrofit measures applied to the building or building section. 

 

The blower door test is  carried out by creating under-pressure in a building by introducing 

a compressor to the building envelope in order to detect leakages The test involves a series of 

under-pressure and over-pressure measurements determining leakage rate at a differential 

pressure of 50 Pascals in relation to the air volume. These tests are necessary for passive house 

certification. In passive houses, leakage rates should be at a maximum of 0.6/h to qualify for 

certification [29, 30, 31]. 

 

ENERGY SAVINGS 

Energy savings in buildings is one of the leading weapons to combat climate change. In 

many countries, such practices are backed by legislation. In Poland, the Ministry of 
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Infrastructure put forth a regulation applicable to technical conditions to be met by buildings 

and their localisation stating that the heating, ventilation, air-conditioning and hot water 

installations (and lighting in public utility buildings) should be designed and constructed to 

ensure reasonably low amount of heat, cooling and electricity needed for the building to 

function as intended. (Dz.U. Nr 75, poz. ze zm.) 

 

According to [34], one of the most important factors in energy saving is integrating the 

building design to regulate the heating and cooling demand and as such reduce reliance on 

HVAC systems to meet these demands.  
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2.2 PHOTOVOLTAIC S 

 

PV PANELS TECHNOLOGY AND INSTALLATION 

 

The word ñphotovoltaicò is a compound word formed from two words, the first ñphotoò 

of Greek origin translating to mean ñlightò and the second ñvoltaicò, the adjectival form of the 

measurement unit of electric potential, named after Alessandro Volta, the Italian physicist to 

whom we owe the invention of the electric battery. 

 

Photovoltaic simply refers to the conversion of photo energy from solar radiation into 

electrical energy. The sun unarguably remains the greatest renewable energy source. In 

comparison with other forms of renewable energy, photovoltaics takes the lead in terms of 

global installed capacity with about 63%, followed by 30% from wind onshore, hydropower 

9%, 3% for on shore wind capacity and the remaining 5% for other forms of renewable energy 

[49]. 

 

Amongst the technologies for harnessing and utilising solar energy, the use of 

photovoltaic cells has experienced an exponential increase since when it first appeared and 

currently stands as one of the strongest competitors for electricity generation in various parts of 

the world. As at 2020, as seen in Figure 2.9, installed solar photovoltaic cells have recorded 

about 760 GW capacity (in direct current) in both on-grid and off-grid installations, a shocking 

increase in spite of disruptions due to the pandemic. Poland ranks fifth place in the EU for 

additionally installed capacity in 2020 reaching up to 2.6 GW, which makes a total of 3.9 GW. 

 

A photovoltaic cell is a semiconductor device that converts radiated solar energy into 

electrical energy. 

 

 
 

Figure 2.9: Increasing Popularity in Photovoltaic Cell Installations (Installed Capacity 

Measured in DC not AC) [42] 
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The sun is a giant star composed of several gases, measuring about 2.638 x 106 km in 

diameter and with a surface temperature varying from between 5700 and 6000ęC [43]. The sun 

is the primary source of energy in the solar system. Virtually all natural processes such as rain, 

photosynthesis, tides, etc are driven by the sun. The sun is said to release an estimated 3.68 x 

1012 MW of solar energy, although only a constant rate of 1.37 kW/m2 reaches the earthôs 

atmosphere [44]. 

 

Solar radiation is composed of various lights reflected at varying wavelengths and 

frequencies. The solar spectrum is said to be made up of mainly 44.7% of visible radiation, 

6.6% of ultraviolet radiation and 48.7% of infrared radiation [45]. The useful energy available 

to man from the sun is usually referred to as solar irradiance. Solar irradiance is the rate at 

which radiant energy is incident on a surface, per unit area of that surface, measured in watts 

per metre square. 

 

Due to the rotation and revolution of the earth, the intensity of solar irradiance and 

duration of sunlight hours varies with geographical location, seasons and times [25]. 

 

THE PHOTOVOLTAIC EFFECT 

 

Sunlight is made up of photons. Photons are particles that transport electromagnetic 

radiation from the sun into space. Energy conversion from photo energy to electrical energy in 

a PV cell occurs when a photon, as a result of incident light, with an energy level equal to the 

gap energy in a semiconductor barrier displaces electrons over the barrier to produce a voltage. 

This is what is referred to as ñThe Photovoltaic Effectò. Henri Edmund Becquerel in 1839 was 

the first to notice the photovoltaic effect when he observed a voltage in a conducting solution 

of two electrodes. 

 

Incident solar radiation can be measured in discrete units referred to as ñphotonsò. The 

energy of a photon is the product of the frequency of solar radiation and Planckôs constant as 

described by equation (2.*). 

 

 Ὁ Ὤὺ (2.*) 

Where 

h = Planckôs constant (6.626 Ĭ 10-34 J-s) 

v = frequency of radiation as described by equation (2.**) 

 

 
ὺ
ὅ

‗
 (2.**)  

Where 

C = speed of light (3 Ĭ 108 m/s) 

ɚ = wavelength 

 

Thus, the shorter the wavelength, the higher the frequency, and the higher the frequency, 

the higher the energy of the photon. A photovoltaic material is any material or device with the 

ability of converting photons of light into electrical voltage. 

Photovoltaics rely on semiconductors to generate electricity. The most common PV cells 

are made of silicon. Silicon belongs to group IV on the periodic table because its outermost 
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orbit contains only 4 electrons although it has a total of 14 electrons orbiting its nucleus and 

inadvertently 14 protons. In semiconductors, with increase in temperature the more electrons 

gain energy to loose themselves from the nuclei and flow as electric current. Hence, increase in 

temperature is directly proportional to increase in conductivity in the semiconductor. 

 

The electrons in a semiconductor need a minimum of 1.12 eV (1 eV = 1.6 Ĭ 10-19 J) to 

break free from its nucleus and jump into the conduction band of the atom, allowing current to 

be generated. This required energy is provided by photons of solar radiation from the sun in 

photovoltaic materials. When a photon has enough energy to displace an electron this way, it 

leaves behind a hole. This creates a hole-electron pair; a hole where there is a missing electron, 

and an electron out of the crystal structure. Unless, the process of recombination is somehow 

managed, the hole eventually becomes filled. Both the hole and the electron are mobile, 

therefore the electric current in a semiconductor can be carried by the positively charged hole 

and the negatively charged electron [54, 55]. 

 

THE P-N JUNCTION OPERATING PRINCIPLE 

 

There are two kinds of semiconductors which make up the photovoltaic cell. The p-type 

semiconductor has a deficiency of electrons on its outer shell, and the n-type has excess 

electrons in its outer shell. The p-type semiconductor is achieved by doping the semiconductor 

with a trivalent element, hence creating a positively charged hole that is free to move around in 

the semiconductor. The n-type semiconductor, on the other hand is achieved by doping the 

semiconductor with a pentavalent element, hence leaving the fifth electron to roam freely, 

creating a negatively charged material. The n-type materials are often referred to as ñdonorsò, 

and the p-type as ñacceptorsò. Placing the p-type material next to the n-type material, the p-n 

junction is created. 

 
Figure 2.**: Equivalent Circuit for a Photovoltaic Cell 

 

The holes drift from the p-type side across the junction and the electrons drift from the n-

type material across the junction in the opposite direction to fill a hole, leaving an immobile, 

positive charge behind in the n-region and creating an immobile negative charge in the p-region. 

These immobile charged atoms create a barrier that inhibits the free migration of electrons from 

one side to the other. This barrier results in a potential difference resulting from accumulation 

of holes on the p-side and accumulation of electrons on the n-side. This potential difference 

(voltage) can be used to deliver electric current. 
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The operation of the PV cell is similar to that of a p-n junction diode, which allows free-

flow of current in one direction and inhibits flow in the other direction. An ideal diode actually 

has no voltage drop across them in the forward direction and no flow of current in the reverse 

direction. The circuit equivalent of the photovoltaic cell can be seen in Figure 2.**. 

 

HISTORY (FIRST GENERATION -  SECOND GENERATION) 

 

Photovoltaic research has grown in leaps and bounds since the photovoltaic effect was 

first discovered in 1839. Various discoveries in classical physics have helped shape the world 

of photovoltaics as we know it today. Photovoltaic history can be compressed into a timeline 

of 11 milestones, compiled by Tom Markvart of University of Southampton, that brought forth 

cutting-edge improvement in photovoltaic technology. They are as follows [46, 47]: 

 

¶ The Photovoltaic Effect (1839): In 1839, Alexandre-Edmond Becquerel at nineteen, made 

the earliest documented observation of a voltage in a conducting solution of two 

electrodes. 

 

¶ Discovery of Photons (1900): Max Karl Ernst Ludwig Planck postulated the quantum 

theory, for which he won the Nobel Prize in Physics in 1918, stating that emitted energy 

was in the form of discrete packets (quanta), which later became known as photons. This 

discovery although not earlier appreciated turned out to be the bedrock of quantum solar 

energy conversion and photovoltaics. 

 

¶ Photovoltaics and Semiconductors (1930s): Walter Hermann Schottky while working on 

Cu2O in a Siemens laboratory in Germany, identified a potential barrier formed at a 

metal-semiconductor junction, which could be used as a diode. This barrier, now known 

as the Schottky barrier became the basis for the photovoltaic panels we see today. Neville 

Mott of the United Kingdom and Lars Grondahl also contributed to advancement in 

semiconductor technology during this period. 

 

¶ The Advent of the Transistor (1947): William Bradford Shockley, John Bardeen and 

Walter Houser discovered the transistor and its effect on semiconductors and were 

awarded the Nobel prize for their discovery in 1956. The knowledge of transistors led to 

the development of the first silicon years about a decade after this discovery. 

 

¶ First Silicon Solar Cell (1954): At Bell laboratories, Daryl Chapin, Gerald Person and 

Calvin Fuller experimented with capturing free electrons from silicon strips placed in 

sunlight, and then converting these electrons to electricity. This was the first solar cell 

able to harness photoenergy to power electronics. 

 

¶ Photovoltaic Power in Space (1958): A transmitter powered by six solar cells mounted 

on the Vanguard 1C satellite was launched at the Cape Canaveral Air Force Station into 

space orbit around the earth. After subsequent launches that same year with Explorer III, 

Vanguard II and Sputnik-3 all with photovoltaic powered systems, Photovoltaics 

automatically became the standard energy source for space applications. 



42 
 

 

¶ Maximum Efficiency of a Solar Cell Defined (1961): The Shockley-Queisser limit which 

refers to the maximum theoretical efficiency of a solar cell in conjunction with a p-n 

junction was defined by American physicist William Shockley and German physicist 

Hans-Joachim Queisser. This not only marked the integration of thermodynamics into 

photovoltaics, but also made way for direct solar energy conversion. 

 

¶ Increased Solar Cell Efficiency (1990): While Shockley and Quiesser theoretically 

defined maximum solar cell efficiency as being around 33.7%, practically the existing 

solar cells could only reach a 12% efficiency. Martin Green and a few co-workers at the 

University of New South Wales, Australia, were able to practically come up with a 

crystalline silicon cell with up to 25% efficiency of direct solar energy conversion to 

electricity. 

 

¶ Nanostructured Solar ñGrªtzelò Cell (1991): Thin film solar cells had recently been 

introduced when Michael Gratzel and Brian OôRegan developed a titanium dioxide 

nanostructured cell coated in dye similar to chlorophyll and absorbs sunlight just as in 

photosynthesis. Although with a lower efficiency than traditional silicon, it had the 

advantage of lower cost and a wider range of applications. 

 

¶ Crossing the 1000 MW mark (1999): Worldwide installed photovoltaic power capacity 

reached 1 gigawatt. The possibility of a greener future seemed to be hanging just above 

the horizon. 

 

¶ Organic Solar Cells (2001): Although they are less-efficient and less-stable in comparison 

with their silicon counterpart, organic solar cells were discovered. Presently, efficiencies 

up to 9% have been reported for organic cells in PTB7Th:PC71BM utilized thiophene 

solvent [48]. 

 

TYPES OF PV CELLS 

 

In terms of cell material, PV cells can be divided into three categories [56]: 

¶ Organic Cells: These cells are based on conductive polymers, conductive blends or 

conductive polymer nanocomposites. 

 

¶ Inorganic Cells: This group of cells can further be divided into two: 

- Silicon-based: Monocrystalline silicon cells, Polycrystalline silicon cells, Amorphous 

silicon cells and micromoph (which is a combination of amorphous and crystalline 

silicon 

- Non-silicon Based: Cadmium Telluride, Copper Indium Selenide 

 

¶ Hybrid Cells 

ADVANTAGES OF THE PHOTOVOLTAIC CELL 
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The PV cell is widely used and recommended owing to some of the following advantages 

[44]:  

¶ It operates on a renewable energy source (i.e the sun) and requires no extra fuel to power 

it. 

¶ Ease of installation 

¶ It leaves little or no carbon footprint as it generates no pollution whatsoever 

¶ Absolutely noiseless 

¶ Materials for manufacturing such cells are readily available and accessible in nature 

¶ Little or no maintenance required 

¶ Wide range of power generation 

 

 
 

Figure 2.10: An array of photovoltaic modules  [50] 

 

COMPONENTS OF A PV SYSTEM 

 

A PV system (as seen in Figure 2.10) is composed first and foremost of a PV module, an 

inverter, some sort of storage system and a charge controller. 

 

TYPES OF PV SYSTEMS 

 

There are three types of PV systems namely [44]: 

 

1. Stand-alone 

 

Stand-alone PV systems like the name implies refers to photovoltaic systems that generate 

electricity solely for the purpose of use on the generation site. This kind of PV systems are 

usually made to produce just sufficient electricity as the demand on-site, and any excess can be 

stored in batteries. Examples include solar streetlights, rooftop home solar PV systems amongst 

others. 

In designing, a stand-alone PV system it is important to calculate  the panel generation 

factor which is a climate-dependent constant that not only determines the peak watt rating of 

the PV plant but also determines the number of PV panels required on site. The panel generation 

factor can be determined both experimentally and analytically as seen in equation (2.5). 
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Ὅ
 (2.5) 

Where 

PGF ï Panel generation factor, 

Is ï Irradiation of selected location 

Sh ï Sunshine hours 

Io ï Irradiation at standard test conditions 

 

The number of PV modules needed is usually calculated as a function of the total peak 

power rating of the system and the peak capacity of an individual panel. This peak power rating 

can be calculated as seen in (2.6). 

 
Ὃ  

Ὁ

ὖὋὊ
 (2.6) 

Where 

G ï Total power rating 

Ein ï Energy required 

 

2. Grid-connected 

 

This kind of PV systems are designed with the intention of feeding electricity into the 

grid. This system is composed of an inverter, a transformer, some PV modules and a meter. The 

purpose of the inverter is to convert the direct electric current produced by the PV array into 

alternating current which is easier transported and fed into the grid. These inverters usually 

have as high as 98% conversion efficiency. 

 

3. Hybrid 

 

Hybrid PV systems are a combination of both grid-connected and stand-alone systems, 

hence, they both generate electricity for use on site, and feed in the excess power generated into 

the grid. 

 

APPLICATIONS OF PV POWER SYSTEMS 

 

Photovoltaic cells can be utilised for a variety of applications including, operating of a 

solar power plant, powering HVAC systems, lighting, powering telecommunication devices, 

traffic lights, powering water pumps etc. Photovoltaics application in buildings can be divided 

int two, namely: 

¶ Building Applied Photovoltaics (BAPV) 

¶ Building Integrated Photovoltaics (BIPV) 

BAPV involves attaching PV modules to the building by means of mounting on railings 

or structures which hold the PV modules down to the building. Here, the PV modules have no 

influence on the building sections or their functions. BAPV modules are often installed on the 

roof at a certain tilt angle or sometimes on a horizontal roof or a vertical wall. Meanwhile BIPV 

systems involves PV modules being integrated into the building envelope. Here, architecture 

meets photovoltaic energy to create optimum results in terms of energy, design and economy. 
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One major advantage of BIPV systems is that they generate energy for use at the point of 

generation, without the need of designating specific areas for PV plant installation, also cutting 

down on electricity transmission and distribution costs. Because BIPV are integrated into the 

building, they are often not susceptible to lift or damage by high winds as in their BAPV 

counterparts [56, 57]. BIPV materials are usually transparent or semi-transparent and give the 

building additional aesthetics and the benefits of incident daylight and solar gains from the 

transparent surfaces. 

COMMON PROBLEMS OF PV SYSTEMS 

 

Problems affecting PV systems can be classified broadly into three, namely, component 

failures, connection errors and miscellaneous failures.  

 

Component failures have the most effect on any PV system. Components like the inverter 

are prone to experience problems as a result of incompatibility of design, poor cooling 

mechanism sizing, communication problem between grid and the panels, thermal stress, 

electrical stress and internal component failure. Other components likely to experience faults 

include surge arrestors, fuses, cables, switches, contactors and others. These faults donôt only 

affect power generation but could also cause electric or fire hazards. 

 

Connection and wiring errors could lead to line-to-line faults between two active points 

in the system, ground faults and arc faults which can be a fire hazard risk. 

 

Miscellaneous problems are problems like broken glass, soiling of panels, bypass diode 

failures, shading of panels, manufacturing defects, low quality anti-reflective coating amongst 

others. These problems could significantly affect power production but in most cases are not as 

hazardous to safety as the previous two categories. 

 

Syafiq A. et al listed several factors which affect the efficiency of PV panels. Among 

which include [53]: 

¶ High dust accumulation 

¶ High ambient temperature 

¶ High wind speed 

¶ High humidity resulting in corrosion 

¶ Extremely low temperatures 

¶ Heavy deposits of snow and frost formation 

 

DURABILITY/ LIFE -CYCLE 

 

Generally, a photovoltaic module should last up to 20 years, however, because it is 

installed outdoors, the module is subject to elements such as temperature, mechanical stress, 

humidity, etc that could affect the life-time of the module. Degradation of the PV module will 

ultimately affect its power generation capacity. The degradation rate of a PV module, measured 

in percentage per year (%/yr.) shows the proportion of decline in the module over the years. A 

photovoltaic module is said to be degraded when it generates only 80% output power of its 

initial value [52]. 
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About 235 MW of PV systems, were connected in Poland in 2018, thereby increasing 

cumulative installed capacity to 500 GW. Of which 80% comes from small and micro 

installations and only 20% accounts for systems larger than 500 kW [51]. 

 

In conclusion, there has been a lot of research on the development of single-family homes 

with reference to energy sustainability. The use of renewable energy sources, like photovoltaics 

to achieve net zero energy buildings with regards to architecture has been examined [37], and 

the design of building integrated photovoltaic systems are being widely encouraged [38, 39]. 
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2.3 THERMAL STORAGE  

 

In recent years, technological discoveries in the area of energy generation has grown in 

leaps and bounds. However, energy conservation and storage seems to yet pose a challenge. 

Very often in nature, peak energy supply never coincides with periods of peak energy demand, 

so there is often the need to store generated energy until demanded. It is safe to say that stored 

energy could considerably lower energy demand of buildings and installations. With the world 

trying to guarantee energy security by developing more renewable energy technologies to 

compensate for gradually depleting fossil fuels, energy storage plays a huge role in realising a 

more sustainable energy future. 

 

Thermal energy storage is very crucial as heat generated (usually from solar sources) 

could be easily lost through conduction, convection or radiation if not stored. Thermal energy 

storage refers to technology for conserving generated thermal energy for subsequent use at a 

different place, temperature or power, through the process of charging, storing and discharging 

energy from a storage medium [58]. 

 

TES boasts of a lot of benefits such as increased efficiency and system performance, 

energy reliability, reduced operational and investment costs, less pollution and far much lesser 

carbon footprint and also sustainable energy practices. In 2013, IRENA estimated a 1.4 million 

GWh energy savings potential and 400 million tonnes of CO2 emissions that could be avoided 

by implementing thermal energy systems [60, 61]. 

 

As in all storage concepts, TES systems can be categorised into two ï active and passive 

storage, as illustrated in Figure 2.11. Passive storage systems involve passing a heat transfer 

fluid through the storage to charge and discharge a solid material. Passive storage systems 

include the phenomenon of building passive energy houses to reduce heat loss by maintaining 

the building envelope, indirectly conserving thermal energy. However, more emphasis will be 

put on active storage systems in this paper. Active storage systems involves artificially (or 

mechanically) forcing heat transfer into a storage material either directly, in which case the heat 

transfer fluid also serves as the storage medium or indirectly where the heat transfer fluid 

charges a second medium that stores the heat. 

 

 
 

Figure 2.11: Storage systems classification according to storage concept [59] 

Storage Concept

Active Storage

Direct System

Indirect System

Passive Storage
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Thermal energy storage systems in comparison to mechanical or chemical storage 

systems has the advantage of very high operating efficiencies and lower capital costs [65]. 

Important requirements to consider in designing an optimum TES include availability of storage 

medium, environmental impact, mechanical and chemical stability of storage medium, 

economic viability, rate of heat transfer between fluid and storage medium, reversibility of 

charging and discharging cycles, heat transfer fluid, heat exchanger and storage medium 

compatibility, reduced heat losses amongst others [65, 59]. 

 

THERMODYNAMICS OF HEAT STORAGE 

 

According to the first law of thermodynamics, energy can neither be created nor destroyed 

and can only be converted from one form to another. This law, often referred to as the law of 

energy conversation can be represented mathematically as seen in equation (2.7). 

 

 ῳὟ ὗ ὡ (2.7) 

 

Where 

ȹU refers to the internal energy of the system 

Q ï the heat added to the system 

W ï work done by the system 

 

The internal energy (U) of the system is made up of all microscopic energy of the system 

which include the chemical, magnetic, electric, sensible, nuclear and latent energies of the 

system. The macroscopic energy includes the kinetic energy (energy of motion in the system) 

and potential energy (energy of position in relation to gravity). 

 

The added, or in some cases, subtracted heat/added heat (Q) to/from the system occurs as 

a result of a temperature difference between two systems. The work done on or by the system 

is as a result of an external directional force covering some distance. 

Energy can be transferred either as heat work or mass. Unlike the other forms of energy, 

sensible and latent energy are forms of thermal energy that cannot be directly converted to 

work. 

 

The ability of any media to store heat is referred to as its specific heat capacity. The 

specific heat capacity of any media can be defined as the amount of heat energy (measured in 

joules) stored in the medium per degree Kelvin of temperature and per every kilogram of the 

selected media. 

 

Heat stored in a medium can be calculated to be 

 

 ὗ άὧЎ— (2.8) 

 

Where 

m ï mass of the medium, kg 

cs ï specific heat capacity of the medium ,J/KĀkg 

ȹɗ ï temperature difference, K 
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The volumetric heat capacity is quite similar to the specific heat capacity, except that 

while the specific heat capacity of any material is mass-dependent, the volumetric heat capacity 

is volume-dependent. Since the volume of any material is a function of its mass and density, 

volumetric heat capacity can be calculated using equation (2.9). 

 

 ὧ ὧ” (2.9) 

 

Where 

 

csv ï volumetric heat capacity, J/K 

cs ï specific heat capacity, J/KĀkg 

ɟ ï density, kg/m3 

 

Enthalpy is the sum of internal energy and  a product of the pressure and volume of the 

system. Enthalpy corresponds to the law of energy conversation being that every reaction is 

characterised by an increase or decrease in enthalpy of the substance from its standard state. 

Enthalpy is a very important quantity in latent heat thermal energy storage media, because the 

enthalpy of fusion or vaporisation of a substance determines how viable it will serve to store 

thermal energy. 

 

Entropy is the measure of disorder or randomness in a system. Entropy doesnôt obey the 

law of conservation of energy and can often be generated in a system. The entropy in any system 

is the sum of the entropy generated and the difference between entropy transferred into a system 

and entropy transferred out of a system. Entropy in a system is directly proportional to the heat 

of the system, heat added into a system will result in increase in entropy just as heat exiting a 

system will reduce the entropy of that system. In thermal storage, we see the effect of entropy 

generation, as irreversibility limits all the energy stored during charging from being converted 

to useful energy during discharging. 

 

Exergy is the maximum useful work extractable from a system before the heat difference 

between the system and a surrounding heat source or sink is overcome. Essentially, exergy can 

be defined to be the ñusefulnessò of energy. High exergy sources like fossil fuels (oil, coal, gas) 

are better recommended for doing essential work and should not be squandered on low energy 

requirement purposes while low exergy sources (ground source heat) is better utilised for space 

heating needs [78]. 

 

HEAT TRANSFER TECHNIQUES 

 

Heat flows from regions of higher concentration to lower concentration. It is transferred 

through three main mechanisms: 

¶ Conduction 

¶ Convection 

¶ Radiation 

 

Conduction is the transfer of thermal energy between objects in physical contact 

possessing a noticeable temperature difference from a region of higher thermal concentration 
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to a region of lower concentration through the vibration of molecules in the media. Conduction 

can occur in solids, liquids and gases. Joseph Fourier postulated equation (2.10) to calculate the 

quantity of heat flow through conduction. 

 
ὗ ‗ὃ

Ὠ—

Ὠὼ
 

 

(2.10) 

Where 

Qcond ï Heat flow through conduction, Watts or J/s 

A ï cross-sectional area of medium, W/mĀK 

ɗ ï temperature, K 

x ï distance covered in the direction of heat flow 

dɗ/dx ï temperature gradient, K/m 

The measure of a material to be a good heat conductor is determined by the thermal 

conductivity of the material. 

 

Convection occurs as a result of movement of fluids. Convection could occur naturally 

or could be forced. Isaac Newton explained convection in equation (2.11) by postulating what 

is now known as The Newtonôs Law of Cooling. 

 

 ὗ ὬὃὝ Ὕ  (2.11) 

 

Where 

 

Qconv ï the rate of heat transfer from body to fluid, W/m 

h ï the heat transfer coefficient, W/m2ĀK 

A ï the cross-sectional surface area of heat transfer, m2 

Tbody ï the temperature of the body, K 

Tfluid ï the temperature of the body, K 

 

Radiation, the contactless form of heat transfer, is the generation of heat through the 

movement of charges in a material transmitted by electromagnetic waves. The spectrum of 

electromagnetic waves begins with gamma waves having the shortest wavelengths less than 10-

12 mm , but with the highest energies all the way to radio waves with wavelengths ranging from 

1 mm to a few hundreds of metres but with the lowest energies. Wienôs law verified that the 

temperature of a radiative body is inversely proportional to its modal wave length. The rate of 

heat transferred through radiation can be calculated using the Stefan-Boltzmann law in equation 

(2.12). 

 

 ὗ „ὃὝ  (2.12) 

 

Where 

Qrad ï Radiation Heat Transfer rate, - 

ů ï Boltzmann constant, - 

A ï cross-surface area of radiating body, m2 

T ï the temperature of the body, K 
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These three methods of heat transfer enable the movement and hence, storage of heat 

from source to sink. 

 

TYPES OF THERMAL ENERGY STORAGE SYSTEMS 

 

A thermal energy storage system is made up of the storage medium, the heat transfer 

mechanism and the containment system. TES systems are grouped according to storage media, 

duration of energy storage and temperature level of the stored energy as seen in Figure (2.12). 

TES systems can be classified, based on the storage medium into three categories: 

 

¶ Thermochemical Systems 

¶ Latent Heat or Phase Change Storage Systems 

¶ Sensible Heat Storage Systems 

 

The choice of appropriate storage system is hinged on several characteristics which 

include application, availability, cost, etc. 

 

THERMOCHEMICAL SYSTEMS 

 

Thermochemical systems operate on the principle of exothermic and endothermic 

reversible reactions which release and absorb large quantity of heat with the formation and 

destruction of chemical bonds. These processes must be completely reversible to allow for 

charging and discharging which is necessary for a thermal energy storage system. The chemical 

reaction is often characterized by molecular fission, which absorbs energy, as well as molecular 

fusion of the resulting products, which releases energy. Thermochemical energy storage is also 

advantageous because many such reactions release oxygen as a by-product, and this oxygen can 

be harnessed for use. Chemical reactions involved in a few of the typical thermochemical 

storage media can be seen in Table 2.5. Thermochemical heat storage is useful when very high 

temperatures are involved. 

 

Thermochemical systems have a higher storage performance efficiency than both latent 

and sensible heat systems. Thermochemical systems are also better suited for seasonal storage 

due to their high energy density and negligible heat losses between seasons during the heat 

storage period. Energy density of thermochemical systems could measure up to  200 ï 500 

kWh/m3, while energy density of sensible heat storage (in water) measures about 54 kWh/m3 

and energy density of latent heat storage measures about 90 kWh/m3 [68]. 

 

Thermochemical storage systems consists of the chemical reactions and sorption. 

Thermochemical heal storage operates on the principle of division of a chemical compound into 

its constituent elements or smaller compounds as a result of added heat. The constituent 

elements should be stored separately and can be once again combined to form the initial 

compound, thereby releasing heat as a by-product. 

 

Thermochemical storage sorption systems could either be open or close. The open 

sorption system uses air rather than a heat exchanger as in the closed sorption system to 

transport the heat to and from the adsorbent. The adsorbent is the adhesive material for binding 
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a gas or liquid to a porous material without affecting its own covalent bonds. Closed adsorption 

systems are able to achieve higher and lower extremes of temperature than the open systems. 

 

 
Figure 2.12: Classification of Thermal Energy Storage Solutions (redrawn from [77]) 

 

Table 2.5: Typical Thermochemical Energy Storage Media [65] 

 

Compound Reaction Temperature(ęC) ȹH(kJ/mol) 

Manganese oxide 
ὓὲὕ ЎὌᴾπȢυὓὲὕ

πȢςυπ 
530* 42 

Calcium hydroxide ὅὥὕὌ ЎὌᴾὅὥὕὌὕ 505* 112 

Calcium carbonate ὅὥὅὕЎὌᴾὅὥὕὅὕ 896* 167 

Magnesium hydride ὓὫὌ ЎὌᴾὓὫ Ὄ  250 - 500 75 

Ammonia ὔὌ ЎὌᴾρȾςὔ σȾςὌ  400 - 500 67 

Methane/Water ὅὌ Ὄὕᴾὅὕ σὌ  500 - 1000 n/a 

Magnesium oxide ὓὫὕ ὌὕᴾὓὫὕὌ  250 ï 400 81 

Iron carbonate ὊὩὅὕPὊὩὕὅὕ 180 n/a 

Metal hydride 
ὓὩὸὥὰ ὼὌᴾάὩὸὥὰ ώὌ

ὼ ώὌ  
200 - 300 n/a 

Methanolation - 

demethanolation 
ὅὌὕὌP ὅὕ ςὌ  200 - 250 n/a 

 

LATENT HEAT STORAGE SYSTEMS 

Criteria for categorising 
thermal energy storage 

solutions

Temperature level of 
stored thermal energy

Heat storage

Cool storage

Duration of stored 
thermal energy

Short term

Long term

Storage Media and 
Technique

Sensible heat storage

Latent heat storage

Thermochemical heat 
storage
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Storage of heat in latent heat storage materials (also known as phase change materials) 

involves optimising the absorption or emission of latent heat of fusion or vaporisation generated 

during melting or vaporisation or solidification of a phase change material, without altering the 

chemical composition of the material. Phase change materials are materials that transit from 

one phase to another (solid ï liquid, liquid ï gas, gas ï solid and vice versa) without a change 

in their chemical composition. A few of the commonly used phase change materials for thermal 

energy storage include organics (like paraffins and non-paraffins), inorganics (mostly metals 

and salt hydrates), and a few other materials produced artificially by several commercial 

companies. 

 

Latent heat storage materials maintain constant temperature during phase change and 

therefore, are recommended in temperature-restricted applications owing to the isothermal 

nature associated with phase change in latent heat storage, unlike sensible heat storage materials 

which exhibit significant rise/drop in temperature during charging or discharging [66]. 

 

Latent heat stored is calculated from equation (2.13) as a function of the material mass 

and enthalpy of phase change of the material. 

 

 ὗ άȢЎὬ (2.13) 

 

Where 

Q ï amount of heat stored, KJ 

m ï mass of the storage material, kg 

ȹh ï phase change enthalpy, KJ/kg 

 

Some important criteria for selection of PCMs include phase change enthalpy, thermal 

conductivity, specific heat of fusion or vaporization of the material, chemical stability of 

material, cost of material, availability of material, melting temperature, toxicity and corrosivity. 

Phase change materials can be classified into two: 

 

¶ Organic phase change materials 

¶ Inorganic phase change materials 

 

Organic phase change materials often include aromatics (numbers 7 and 8 in Table 2.6) 

and fatty acids (numbers 3 ï 6 in Table 2.6) with sufficient latent heat of fusion to store energy. 

Although organic PCMs are usually flammable with low thermal conductivity and low phase 

change enthalpy, they are often corrosion-resistant and very chemically stable with no 

subcooling reactions. 

 

Inorganic phase change materials have greater phase change enthalpy than the organic 

PCMs, but are very thermally unstable, undergo phase separation, subcooling and corrosion 

[72]. 

Table 2.6: Thermal Information on Selected Organic Phase Change Materials [71, 72] 
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S/N Material 
Chemical 

Formula 

Melting 

Temperature 

Thermal 

Conductivity 

(W/m K) 

Heat of Fusion 

(kJ/kg) 

1 Paraffin wax ὅὌ  64 0.167 (liquid) 173.6 

2 
Polyglycol  E 

400 
ὅ Ὄ ὕ  8 

0.187 (liquid, 

38.6 ęC) 
99.6 

3 Stearic acid ὅ Ὄ ὕ 69 - 202.5 

4 Palmitic acid ὅ Ὄ ὕ 64 0.162 (liquid) 185.4 

5 Decanoic acid ὅ Ὄ ὕ 32  152.7 

6 Caprylic acid ὅὌ ὕ 16 0.149 148.5 

7 Biphenyl ὅ Ὄ  71  19.2 

8 Naphthalene ὅ Ὄ  80 
0.132(liquid, 83.8 

ęC) 
147.7 

 

 

SENSIBLE HEAT STORAGE SYSTEMS 

 

Sensible heat storage, which is agreeable the simplest form of thermal energy storage 

stores heat in a storage medium (solid or liquid) by heating or cooling the storage medium, and 

transfers this stored heat where required by conduction, convection or radiation. Sensible heat 

storage boasts the advantage of less environmental impact and little or no toxicity involved in 

the process. Also, sensible heat storage materials generally cost less than their latent heat 

storage counterparts, although sensible heat materials are often required in a larger quantity to 

produce similar quantity of heat as their latent heat counterparts. 

 

Sensible heating or cooling applications include space cooling, space heating, pool 

heating, dehumidification, domestic hot water production, process heating, process cooling and 

equipment cooling. 

 

Sensible heat, mathematically described in equation (2.14), stored in a material is a 

function of the product of the specific heat capacity, mass and difference in temperature of the 

material. 

 

 ὗ άὧῳὝ (2.14) 

 

Where 

Q ï energy stored as heat, KJ/kg 

Cp ï specific heat capacity of the storage medium, KJ/kg K 

ȹT ï temperature difference, K 

 

Sensible heat storage materials can be divided into two; solid and liquid. Sensible heat 

thermal energy storage in liquids utilises the change of internal energy of a liquid with change 

in temperature, without changing phase and stores the heated or cooled liquid in a designated 

tank for subsequent energy exchange [62]. Commonly used materials for liquid sensible heat 

TES include [63]: 
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¶ Liquid Metals like lead, aluminium and copper, with high densities and high thermal 

conductivities but very cost-ineffective. 

¶ Molten Salts commonly used in concentrated solar power plants and nuclear power plants 

due to their non-flammability, non-toxicity, high boiling point, high thermal stability, 

high volumetric capacity and low vapour pressure. Some of these salts are very affordable 

and readily available. Solar salt, for example, comprising of three-fifths of sodium nitrate 

(NaNO3) and two-fifths of potassium nitrate (KNO3) is one of the most widely used and 

has been used for long duration at temperatures up to 565ęC in a concentrated solar power 

plant [64]. 

¶ Water, due to wide availability, chemical stability, high specific capacity, low cost and 

dual nature as both a heat transfer fluid and storage medium, is the most commonly used 

liquid for low temperature applications (not higher than 100ęC). Water is also applicable 

for high temperature demands but as steam and not as liquid. More recent technologies 

have been introduced in water tanks for storing thermal energy such as good thermal 

insulation and stratified water flow. The use of water also permits for co-generation (of 

heat and power) in solar-powered systems [60]. 

¶ Thermal Oils, usually synthetic or mineral oils are used 

 

Thermal properties of selected liquid materials for sensible heat storage can be seen in 

Table 2.7. Liquid sensible heat storage can be enhanced by implementing stratification devices 

to induce a thermal gradient between the hot and cold fluid. This increases efficiency by 

avoiding mixing of the hot fluid needed for charging and the cold fluid needed for discharging 

[59]. 

 

Table 2.7: Thermal properties of Selected Liquid materials for sensible heat storage [3]. 

 

Medium Temperature Range (ęC) Density (kg/m3) Specific Heat (J/kg K) 

Aluminium 20 2710 896 

Water 0 ï 100 1000 4190 

Engine Oil Ò 160 888 1880 

Ethanol Ò 78 790 2400 

 

Sensible heat storage in liquids involves the charging and discharging of heat energy from 

a solid material using a heat transfer fluid through heat conduction and convection. Concrete, 

bricks, ceramic, rocks, metals are some of the materials used for sensible heat storage. In 

comparison with liquid sensible heat materials, solid particles have the advantage of lower 

costs, high temperature range and chemical stability even at high temperatures. 

Criteria for choosing sensible heat storage materials include high specific heat capacity, long-

term stability under thermal cycling, compatibility with its containment, and of course, 

affordability [69]. 

 

In considering solid material for sensible storage, additional parameters like density, 

thermal conductivity and coefficient of thermal expansion are important. Table 2.8 illustrates a 

few of these parameters in selected solid sensible heat materials. 
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Solid Sensible Heat Storage materials could be fitted in a mobile or immobile system. 

Mobile storage systems usually employ small particles.  

 

The effectiveness of any sensible heat storage system heavily relies on the insulation of 

the system, because sensible heat storage is more prone to heat losses than any other storage 

system. Heat loss to surroundings is varies with the temperature difference between the heated 

material and the ambient temperature and also varies with surface area. 

 

Containment is also very important in sensible heat storage, as the total amount of thermal 

storage is proportional to the volume of the storage container [71]. 

 

Table 2.8: Thermal Properties of Selected Solid State Sensible Heat Materials [59, 60, 67] 

 

Storage 

Medium 

Temperature 

Range (ęC) 
Density (kg/m3) 

Thermal 

Conductivity 

(W/(m.K)) 

Specific Heat 

(J/(kgĀK)) 

Sand 20 1555  800 

Sand-rock 

minerals 
200 ï 300 1700 1.0 1300 

Concrete 20 2240 1.6 880 

Reinforced 

concrete 
200 ï 400 2220 1.5 850 

Brick 20 1600  840 

Silica fire bricks 200 ï 700 1820 1.5 1000 

Magnesia fire 

bricks 
200 ï 1200 3000 5.0 1150 

Granite 20 2640  820 

Cast iron 200 ï 400 7200 37.0 560 

Cast steel 200 ï 700 7800 40.0 600 

Clay n/a 1458 0.15 ï 2.5 879 

Sandstone n/a 2200 1.7 712 

Glass n/a 2710 1.05 837 

Steel  7840  465 

Gravelly earth n/a 2050 0.7 1840 

Wood  700  2390 

 

Solid Sensible Heat Storage materials could be fitted in a mobile or immobile system. 

Mobile storage systems usually employ small particles.  

 

The effectiveness of any sensible heat storage system heavily relies on the insulation of 

the system, because sensible heat storage is more prone to heat losses than any other storage 

system. Heat loss to surroundings is varies with the temperature difference between the heated 

material and the ambient temperature and also varies with surface area. 

 

Containment is also very important in sensible heat storage, as the total amount of thermal 

storage is proportional to the volume of the storage container [71]. 
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PACKED BED STORAGE 

Packed bed storage usually involves fitting of particles, sometimes of different shapes in a 

storage container. Yang B. et al carried out experiments randomly filling a cylindrical tank with 

ceramic spherical balls of 25mm diametrical width, achieving maximum temperature of almost 

600 ęC [74]. NemŜ M. et al experimented with strzegom granite in cubical and spherical shapes 

and rock granite as well, packed into a rectangular storage bed, and recorded the highest 

charging efficiency for the rock granite which had the lowest coefficient of sphericity, proving 

that the coefficient of sphericity doesnôt determine the charging process [75]. 

 

HIGH TEMPERATURE THERMAL INSULATION  

 

Thermal insulation refers to the ability of any material to restrict the flow or transfer of 

heat from one medium to another. In the wake of cutting down on CO2 emissions, thermal 

insulation has been known to play a very key role in cutting down energy requirements by 

helping reduce thermal energy losses. Some additional advantages of thermal insulation 

include, maintaining steady temperature during a process, increasing overall operating 

efficiency of HVAC systems, controlling surface temperature to ensure protection and comfort, 

and sometimes they help to reduce emissions of pollutants to the environment [114]. 

Thermal insulation can be divided into categories depending on their temperature ranges. 

The categories include [114]: 

¶ Low Temperature Thermal Insulation (usually cryogenic up to 15ÁC) 

¶ Intermediate Temperature Thermal Insulation (ranges from 16ÁC to 315ÁC) 

¶ High Temperature Thermal Insulation (from 316ÁC and above) 

 

Sooriyalakshmi N. itemised the factors affecting thermal insulation as listed below [115]: 

¶ Thermal conductivity 

¶ Density 

¶ Particle size 

¶ Thickness of material 

¶ Alkali treatment 

¶ Moisture content 

 

All of these factors combined determine the performance of a thermal insulation. 

Moisture content in a thermal insulation can degrade or ultimately destroy its insulative 

properties, depending on the insulationôs reaction to moisture. The thermal conductivity of an 

insulative material is the materialôs capacity to transfer heat through conduction. Good thermal 

insulation is generally characterised by low thermal conductivity. This is often indicated by ñɚò 

and measured in Watts per metre per Kelvin. 

Insulation is produced in different forms depending on the required application. These 

forms amongst others, include [116]: 

¶ Foams; these could be either rigid foams or sprayed foam 

¶ Rigid boards 

¶ Sheets/Mats/Blankets (batts and rolls) 
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¶ Pre-formed shapes 

¶ Cements  

¶ Reflective insulation (typically aluminium foil covered surfaces) 

¶ Loose-fill insulation (such as perlite) 

 

Insulative materials are also divided into three types depending on their internal structure. 

They can be fibrous (consisting of thin fibres), cellular (composed of several microcells) or 

granular (loose-fill). Selected high-temperature thermal insulation materials are further 

discussed in the paragraphs below. 

Perlite is gotten as a result of heating rock pellets between temperatures of  800ÁC and 

1200ÁC until they pop and produce small-sized, almost weightless pellets. Perlite is mainly 

composed of silica and aluminium, but also contains some impurities. The thermal conductivity 

of perlite is about 0.076 W/mK, but 0.057 W/mK for expanded perlite and its average density 

about 120 kgm3. Perlite is generally not advisable for use in applications with high probability 

of moisture permeability as perlite easily absorbs moisture, but itôs a favourable choice for 

filling  small compact spaces and awkwardly-shaped areas, because of its loose-fill form. Perlite 

is usually classified as non-combustible. It is subject to dusting during installation, so, 

appropriate caution should be taken [117, 118].  

Mineral wool is a general term that often refers to three kinds of insulation material [118, 

119, 120]: 

¶ Slag wool, which is made from blast furnace slag, often from steel mills; 

¶ Glass wool, which is fibre glass made from molten glass comprising of 20-75% recycled 

glass. Its thermal conductivity is about 0.035 W/mK with a density ranging from 10 to 80 

kg/m3. It is non-combustible and absorbs sound; 

¶ Rock mineral wool, is usually obtained by heating molten basalt or diabase as high as 

1600ÁC, or spinning molten rock in a candy floss-like spinning machine. Its thermal 

conductivity is about 0.033 W/mK and a working temperature of between -200 to 900ÁC. 

It is non-combustible. 

Mineral wool usually comes in blanket or loose-fill forms. It absorbs moisture, but can 

be tempered with mineral oil to reduce its moisture-permeability. 

Polystyrene is a thermoplastic, resulting from the polymerisation of styrene, that comes 

as either expanded polystyrene or extruded polystyrene (Styrofoam). The extruded form is 

usually denser and hence, stronger. Thermal conductivity of polystyrene varies with density. 

They usually come in form of boards/slabs or little loose-fill, lightweight polystyrene beads. 

Polystyrene, although waterproof, is flammable and not suitable for high temperatures. In the 

past polystyrene was known to be coated with hexabromocyclododecane (HBCD) to increase 

its fire resistance, but this substance is currently being investigated as a hazard to health and the 

environment. Polystyrene has good sound absorption qualities [121]. 
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Figure 2.&: Selected High-Temperature Thermal Insulation Materials: A) Perlite B) 

Glasswool C) Rockwool D) Polystyrene E) Aerogel F) Polyurethane G) LECA H) Vacuum 

Thermal Insulation Panels [135-141] 

Aerogel is a super insulating material with high porosity, very low density and high 

thermal insulation efficiency. It is gotten by replacing the liquid component of gel with gas, and 

A B 

C D 

F 

G H 

E 



60 
 

this is what makes them good thermal insulators as gases are poor conductors. However, they 

are poor radiative insulators because infrared radiation passes through them. It can be made 

from different compounds. Aerogels could be organic or inorganic. The most popular form of 

aerogels are the silica aerogels. They can come as blankets, powder, loose-fill or monolithic 

forms. The blankets have low thermal conductivity of about 0.015 W/mK [120, 122]. 

Fibre glass is usually manufactured in several forms including; mat/blanket (batts and 

rolls), rigid boards and loose-fill form, therefore, its range of application is wide. It is produced 

by spinning molten glass (a large percentage from recycling) into fibres. Because of the 

presence of glass particles in this material, it could be harmful when in contact with the human 

skin, eyes, or if ingested. It is moisture-permeable, however, fire-resistant. The thermal 

conductivity also varies with respect to its density in the case of batts or boards. Fibre glass is 

usually very affordable [120, 123]. 

Polyurethane, commonly known as PUF, is a thermoset foam material composed of non-

connected closed microcells, filled with an inert (low-conductivity) gas. It is a polymer 

composed of organic joints bounded by urethane bonds. Polyurethane is a very good thermal 

insulator with favourable thermal conductivity ranging from 0.016 to 0.023 W/mK. 

Polyurethane foam comes in open-cell or closed-cell forms. Generally, the closed-cell forms 

are better thermal insulators because they are filled with an inert gas that closes up vacuum 

present in the foam, while the open-cell forms are filled with air and therefore have lower 

density and higher thermal conductivity. Polyurethane foam is often produced in rigid board 

form or liquid spray form. Sometimes, the boards are laminated with reflective foil to increase 

the resistance and act as a radiant barrier. It doesnôt absorb moisture and it has a low density. 

According to PN-EN 13501-1 standard, polyurethane is classified as class E in reaction to fire 

i.e a flammable, self-extinguishing material [117, 118, 119, 120, 123, 124]. 

Lightweight expanded clay aggregate (LECA) or clay ceramsite is gotten by heating clay 

to about 1200ÁC till it pops and gives rise to small lightweight pebbles. It is a good thermal  and 

acoustic insulator and is impermeable to moisture. Its thermal conductivity ranges from 0.08 to 

0.14 depending on the density. It is usually light brown in colour and odourless. LECA is non-

flammable [125]. 

Vacuum thermal insulation panels are formed by compacting a core panel into a specific 

mould to create a vacuum by forcing out all ambient gases, and then they are covered by a 

protective film to prevent contamination of impurities. The panels are then dried and covered 

with reflective aluminium foil that is airtight. The centre-of-panel thermal conductivity of 

vacuum insulation panels varies from 0.0035 to 0.008 W/mK. It is a very good thermal insulator 

although prone to mechanical defects from handling because of the sensitivity of the material 

[122]. 

Ceramic fibres or refractory ceramic fibres is composed of equal proportions of alumina 

and silica. It is often referred to in modern terms as ñhigh temperature insulation woolò. Ceramic 

fibres come in two types: i) Ceramic oxide fibres ii) Ceramic nonoxide fibres. The latter having 

the disadvantage of being resistant to oxidation. They are non-flammable, have low density and 

possess high temperature capacity for continuous use up to 1260ÁC. They generally come in 

blanket forms although they can also be produced as precast shapes depending on the desired 

application [126]. Polycrystalline wool is a kind of ceramic oxide fibre consisting of above 63% 
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of Al2O3 and 37% of SiO2 with a continuous temperature rating of about 1650ÁC, and density 

ranging from 96-160 kg/m3 [127]. 

Calcium silicate is a moisture-permeable insulation material which mainly contains 

hydrous calcium silicate. It is non-flammable. It has a thermal conductivity of about 0.054 

W/mK and a density of 240 kg/m3. The maximum temperature recommended for continuous 

use is around 1000ÁC [115, 119]. 

Graphite polystyrene /Vermiculate 

Sheep wool insulation is made from waste sheep wool or wool discarded by other 

industries and is mechanically bonded by the addition of 5-15% polyester adhesive to form 

blankets and batts. Its thermal conductivity is around 0.0314 W/mK. It is very eco-friendly and 

has a great impact on health due to the fact that it absorbs and neutralises harmful and odorous 

substances through a process known as chemisorption. It could be treated to prevent moulding 

[120, 123]. 

Available high-temperature insulation in Poland with their useful technical and economic 

characteristics are as seen in Table 2.9. 
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Table 2.9: High-temperature Thermal Insulation Available in Poland (calculated by the author using obtained data from [128-134] ) 

Type Name Material composition 

Working 

temperature 

(ÁC) 

ɚ (W/mK)  
Density 

(kg/m3) 

Unit price 

(zl/m3) 
Remarks 

BOARDS 

FIRE SLAB ROCK 

mineral wool by 

ISOVER 

FIRE SLAB rock wool boards are 

covered with aluminium foil 

cladding, which reflects heat, 

reduces energy losses and increases 

the thermal efficiency of the 

fireplace. 

600 0.036  3600 

- With aluminum 

coating 

- Fire classification: 

A1 

PAROC mineral wool 

The rock wool is covered on one 

side with unreinforced aluminium 

foil.  

700 0.037 80 3 268  

FIREPLACE WOOL 

rockwool firerock 

boards 

rock wool boards with aluminium 

foil lining, 
580 0.038 (10) 80 2 500 Incombustible 

SkamoEnclosure 

Board calcium silicate 

board 

Typical chemical composition: 

SiO2 (45%), CaO (45%), LOI (8%) 
1000 

0.08 (200ÁC)            

0.10 (400ÁC)             

0.12 (600ÁC) 

225 5 957 A1 - incombustible 

PROMAT fireplace 

insulation 
calcium silicate, asbestos-free 950 

0.07 (200ÁC)            

0.10 (400ÁC)             

0.14 (600ÁC) 

245 5 334 

-Non-combustible 

- Dust-free product 

- Increased resistance 

to rapid temperature 

changes 

- A1 - non-flammable 

WDS Ultra 

The main ingredient is colloidal 

silica, and the other ingredients are 

infrared radiation limiting agents 

1000 

0.022 (200ÁC)       

0.027 (400ÁC)                 

0.034 (600ÁC)          

0.044 (800ÁC) 

200-250   

WDS Ultra Board 

SiO2 (75-85%) 

SiC (12-20%) 

Others (3-10%) 

950 

0.022 (200ÁC)       

0.027 (400ÁC)                 

0.034 (600ÁC)          

0.044 (800ÁC) 

230  
Unlimited shelf life in 

ideal situations 

RS PRO Flame 

Retardant 

Microporous Board 

Thermal Insulating 

Sheet 

Silicon dioxide 80% 

Silicon carbide 15% 

Others approx. 5% 

950  200-250 104 460 Flame retardant 
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Type Name Material composition 

Working 

temperature 

(ÁC) 

ɚ (W/mK)  
Density 

(kg/m3) 

Unit price 

(zl/m3) 
Remarks 

Polyurethane boards Polyurethane 140 

0.026 (10ÁC) 

0.030 (40ÁC) 

0.033 (70ÁC) 

60 1200  

MAT 

AEROMAT 650 

aerogel 

synthetic amorphous silica 40-50% 

glass fiber 10-20% 

polyethylene terephthalate 10-20% 

magnesium hydroxide 0 - 5% 

50-650 0.018 (25ÁC) 200Ñ20 79 560  

AEROMAT 400 

aerogel 

synthetic amorphous silica 40-50% 

glass fiber 10-20% polyethylene 

terephthalate 10-20% 

magnesium hydroxide 0 - 5% 

50-400 0.019 200Ñ20 41 200  

Glass mineral wool 

Eurowool 200 mm 
 250 0.035 23 256 

- non-combustible 

- sound-absorbing 

- vapour-permeable 

- compressed 

- mold and fungus 

resistant material 

- made of elastic 

glass fibres. 

Rockwool ProRox 

Industrial Insulation 

mat made of rock mineral wool 

with a one-sided galvanized mesh 

lining sewn with galvanized wire to 

the wool layer. 

640 
0.039 ï 0.191 

(50ÁC - 660ÁC) 
80 956  

PROROX WIRED 

MAT WM950 ALU 

A mat made of mineral wool 

obtained from rock fibres, 

reinforced on one side with a steel 

wire mesh and covered with 

aluminium foil on the side of the 

mesh. 

640 0.039 (50ÁC) 80 2050  

Heat-resistant ceramic 

mat 
Ceramic fibre refractory mats 1260 

0.06 (200ÁC)                

0.11 (400ÁC)                   

0.14 (600ÁC)                        

0.18 (800ÁC)                         

0.26 (1000Á)                     

0.35 (1200ÁC) 

128 3910 

- low weight 

- flexibility  

- low thermal 

conductivity 

- high thermal and 

chemical 

resistance 
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Type Name Material composition 

Working 

temperature 

(ÁC) 

ɚ (W/mK)  
Density 

(kg/m3) 

Unit price 

(zl/m3) 
Remarks 

- high thermal shock 

resistance 

- easy to use 

- does not conduct 

electricity 

Polycrystalline wool 
Al2O2 (95-97%) 

SiO2 (3-5%) 
1650  96-160  -  

HT BIO 1100 high 

temperature 

biodegradable FIBRE 

MAT up to 1100ÁC 

SiO2 (61-67%) 

CaO (27-33%) 

MgO (2.5-6.5%) 

Alkalia (1-2%) 

1200 

0.07 (400ÁC)                

0.11 (600ÁC)              

0.17 (800ÁC)                

0.30 (1000ÁC) 

130 3878 

- Toxicologically 

harmless 

- Biodegradable 

- Hygienically safe 

- limited biological 

durability 

- high thermal 

resistance 

- high thermal shock 

resistance 

- low thermal 

conductivity  

Ceramic wool mat 

Hitermic HT 1200 

50mm 2.14m2 

Al2O3 - 45% 

SiO2 - 54% 

Others < 1% 

1260 

0.10-0.11 

(400ÁC) 

0.12-0.12 

(600ÁC) 

0.18-0.22 

(800ÁC) 

0.28-0.36 

(1000ÁC) 

 2568 

- Durable 

- Fireproof 

- flexible and 

resilient 

- thermal shock 

resistant 

- resistant to 

chemical 

influences 

- low thermal 

conductivity 

- low heat 

accumulation 

coefficient 

- low secondary 

shrinkage 
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Type Name Material composition 

Working 

temperature 

(ÁC) 

ɚ (W/mK)  
Density 

(kg/m3) 

Unit price 

(zl/m3) 
Remarks 

WDS Multiflex 

Porextherm 

flexible microporous insulating 

material Textile cover: Low-

alkaline borosilicate glass 

1000 

0.025 (200ÁC)       

0.03 (400ÁC)                 

0.038 (600ÁC)          

0.049 (800ÁC) 

210  -  

Vitcas Thermal 

Insulation Mat Bio 

1200ÁC 

Biodegradable fibres 1200  128 528.67 -  

Superwool HT 

Blanket 

SiO2 (70-80%) 

CaO + MgO (18-25%) 

Others (<3%) 

1300 

0.04 (200ÁC)       

0.08 (400ÁC)                 

0.14 (600ÁC)          

0.23 (800ÁC) 

0.34 (1000ÁC) 

0.48 (1200ÁC) 

128 3876 

- Elastic 

- No emissions 

- Flame resistant 

GRAINS 

Perlite (Expanded)  649 0.076 (93ÁC) 120 368 
- Non-flammable 

- Inhibits corrosion 

Ceramsite Ceramic aggregate 1150 0.10 290 590 
- Non-flammable 

- Dusting possible 
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UNDERGROUND STORAGE 

Underground thermal energy storage is possible because below a depth of 10 to 15 metres, 

the ground temperature remains fairly constant, regardless of the climatic conditions at the 

surface. Between depths of 10 and 20 m, the groundwater temperature remains fairly stable at 

temperatures typically 1-2ęC higher than the local annual mean temperatures. Figure 2.13 

illustrates constant temperature at ground depth of 10m taken in Zarqa, Jordan during four 

months representing the four seasons of the year. However, below 20m, the temperature of 

groundwater gradually increases by approximately 1ęC with every 35m descent towards the 

earthôs core. This causes ground temperature at reasonable depth to be higher than ambient 

temperature during the winter and lower in summer [69]. 

 

UTES systems have been adapted to serve a variety of applications including heating and 

cooling in greenhouses, air conditioning (in residential, commercial, institutional, and rarely 

industrial buildings), process cooling in industries, food preservation cooling, quality 

maintenance cooling, cooling for fish farming in dams. 

 

 
 

Figure 2.13: Mean Temperature Distribution By Depth for Four Months [70] 

 

Underground thermal energy storage is simply storing heat or cold in the ground below 

the surface. Underground thermal energy storage systems are generally preferred due to their 

low operation and maintenance costs, zero-carbon footprint, and the inexhaustibility and 

renewability of this energy resource. Common underground storage systems include [69]: 

  

¶ BTES ï Borehole Thermal Energy Storage 

¶ ATES ï Aquifer Thermal Energy Storage 

¶ CTES - Cavern Thermal Energy Storage 

¶ Water Tank 

¶ Pit Storage 

A graphical illustration of these underground storage systems can be seen in Figure 2.14. 
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The choice of what kind of underground thermal energy storage system to employ is 

crucially dependent on physical factors like the geology and hydrogeology of the chosen 

location. UTES systems can be classified into two depending on mechanism of operation: 

 

¶ Closed Systems, refer to systems where a heat transfer fluid is pumped through heat 

exchangers in the ground. An example is the BTES system. Closed systems have the 

advantage of exemption from problems relating to water chemistry. 

¶ Open Systems, which refer to systems where groundwater is first pumped out of the 

ground and then once again re-injected into the ground. ATES and CTES are good 

examples of this system. Open systems have higher heat transfer capacity. 

 

BTES systems operate on borehole engineering, with boreholes ranging in depth from 50 

to 200m, acting as heat exchangers to the underground. BTES system is one of the most widely 

employed UTES systems because it is fairly adaptable to almost geology type, also because 

they are below the surface, they donôt require so much space once theyôve been constructed. 

 

ATES systems use groundwater to store thermal energy in an aquifer, which according to 

[69] is a saturated and permeable underground layer. An ATES configuration consists of a cold 

well and a warm well dug into an aquifer. The energy storage mechanism involves extracting 

groundwater from the aquifer and reinjecting this extracted water into a separate well at a 

different temperature. Most ATES systems store heat at less than 25ęC, but there is active 

research into developing ATES systems storing energy at higher temperatures. ATES systems 

have been highly commercialised in comparison to the rest of the UTES systems, because it is 

the least expensive. As at 2019, Fleuchas et al reported more than 2800 active ATES systems 

with almost 2.5TWh of energy in heating and cooling stored annually [72]. 

 

While ATES utilises natural aquifers, water tank and pit storage are well-insulated 

artificial structures built underground. 

 

CTES systems employ naturally-existing or man-made underground caverns  to store 

thermal energy. Thermal energy is stored here in water deposits in large, open, underground 

caverns. This is the least commercialised of the UTES technologies. 

 

The water tank and pit storage are commonly used in domestic hot water applications. 

Thermal stratification in tanks help to increase efficiency of heat storage. 

 

ADVANTAGES OF UTES SYSTEMS 

 

A few advantages of utilising UTES systems include: 

 

¶ Reduced carbon footprint due to less dependence on fossil fuels, hence UTES systems 

could be considered to be environmentally-friendly. 

¶ They offer economic viability in the long run, due to their long life cycle of operation. 

¶ In 2004, the EU Commission SAVE Program and Nordic Energy Research estimated the 

technical saving potential of UTES technologies to be as high as 85% of cooling energy. 
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Very high energy savings can be achieved for space heating or space cooling needs when 

UTES are partnered with heat pumps. 

¶ Energy security for the future 

 
 

Figure 2.14: Schematic representation of ATES, BTES, CTES systems (redrawn from [76]) 

 

DURATION OF STORAGE 

 

Energy demand varies daily, sometimes intermittently and of course, seasonally. There 

are also fluctuations in energy supply as a function of time, but the problem lies in the fact that 

the variations in demand and supply are often mismatched. For example, the abundance of 

sunshine in summer in comparison to the demand for heat energy in winter. Energy storage 

systems are employed to bridge this gap between energy demand and supply. These storage 

systems can be grouped into three according to their charging and discharging period: 

 

¶ Short-term, which caters for daily cycles of charging and discharging. 

¶ Medium-term, which averagely stores thermal energy in weekly cycles. 

¶ Long-term, which is commonly referred to as seasonal storage. 

 

Dahash et al [79], compared  four possible solutions to seasonal storage using the BTES 

storage, the Tank TES storage, the Pit TES storage and the ATEs storage option as seen in 

Table 2.10. 

 

Thermochemical energy storage is claimed to be the best suited for long-term storage 

because of the separate storage of reactants. 

 

 

Rock caverns 

Lake/River 
Pits in soil 

Wells in aquifer 

Tubes 

in clay 

Boreholes 

in rock 
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Table 2.10: Concepts for Seasonal Water Storage [22] 

 

 

ATES 

(saturated sand- 

water) 

BTES (soil) 
Tank TES ( 

Water) 
Pit TES 

Thermal Capacity Medium Low High 
Medium - 

High 

Size   
Limited (᾽ 

100,000 m3) 
 

Construction costs Very low Low High Reasonable 

Thermal insulation 
None possible; 

high losses 

None at side 

and bottom 
  

Design - 
Easily 

extendable 

Freedom of 

geometry 

Limited; 

Complex and 

costly cover 

Maintenance/Repair  
Difficult / 

impossible 
Possible 

Difficult/ 

Impossible 

Possible 

Localisation 
Very Limited Limited - - 

Operating 

Characteristics 

Low/Medium 

(Heat Pump 

recommended) 

Low (Heat 

Pump 

recommended) 

High Medium 

Others - - 

Thermal 

stratification 

and primary 

energy 

Demand 

Nearly 

unlimited store 

dimensions 

 

SEASONAL THERMAL STORAGE  

 

Yue X. et al designed a mathematical model of a novel solar heating system with seasonal 

and cascade thermal energy storage on zeolite water for space heating applications. Thermal 

energy was stored in the zeolite in the non-heating season and discharged through cascade heat 

release in the heating season. Cascade storage was proved to increase the systemôs heat supply 

efficiency by 9.66%, when compared with a reference storage system without cascading. 

 

Dada M.A. et al simulated the performance of a seasonal underground thermal energy 

storage system using Comsol Multiphysics. In storing heat in the ground during the hot season 

and recovering it in the ground during a cold season, the simulation showed an increase in 

recovery efficiency from 33.8 to 68.6 when  two additional ducts were incorporated into the 

storage domain as opposed to a single duct. The simulation forecasted steady improved 

performance in the UTES through a period of ten years [80].  

 

Liu L. et al designed and implemented a solar seasonal storage system coupled with a 

ground source heat pump. The experiment involved 1500 m thermal solar collectors in 

conjunction with 580 sets of 120 m deep ground thermal exchangers. The results from the 
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experiment showed solar energy utilisation efficiency of 50.2% and an increase of 0.21ÁC in 

soil temperature [81]. 

 

M. T. Pintanel et al describes an integration of solar photovoltaic and thermal hybrid 

seasonal storage system to supply energy for social housing in Spain [82]. This system which 

comprises of photovoltaic panels, a seasonal storage water storage tank, a water-to-water heat 

pump, a backup heat storage tank, and a gas boiler is modelled in TRNSYS and designed in 

DesignBuilder to simulate the energy performance of the system. The system can lead to 44,000 

kgCO2/a reduction in global warming potential, but the system is still not solely renewable 

energy- dependent. 

E. Nordg¬rd-Hansen et al describe a storage system in a ground source heat pump 

powered by a photovoltaic system with battery storage. Although, the ground source heat pump 

is favourable for its dual functionality as both an energy source and for seasonal energy storage. 

Yet, the authors were able to show that this installation is not economically viable for single-

family homes where the heat requirement is not high. Disadvantages of using GSHP in a 

residential setting such as noise, foul smell, changes to the ground water and geology were also 

pointed out [83]. 

P. Ocğon et al. combine photovoltaic hybrid thermal solar panels, evacuated solar 

collectors, a water-to-water heat pump and underground water tank storage, as seen in Figure 

2.15, to develop an optimised system for all-year-round heating. The system is designed to 

operate in Limanowa, Poland. The system is optimised to use less electrical energy due to 

increased coefficient of performance of the heat pump and to depend mainly on the underground 

heat storage rather than borehole heat exchanger. Three softwares were employed for this 

optimisation. The system was able to achieve 93% of heat supply for the requirements 

theoretically and in practice about 85%. Such a system will not be easy to build and maintain 

due to the underground storage tank. In the application proposed, the flat foundation is used to 

allow for insulation of the ground. Having an underground installation might give rise to dis-

uniformity in the insulation and more thermal bridges causing compromise in the airtightness 

of the building [84]. 

J. Da et al propose a photovoltaic air-source heat pump in conjunction with thermal 

energy storage to meet the demands of space heating and domestic hot water in a building. The 

air-source heat pump is hybrid powered by the photovoltaic panels and also by the grid in the 

case of insufficient power production. The air-source heat pump operates only during the day 

while the thermal energy storage tank caters for the evening space heating and DHW demand. 

During the non-heating season, only DHW need is met. An indoor fan coil is attached to the 

TES to provide hot air for space heating. The system was designed for climatic conditions in 

China and was simulated in TRNSYS. Simulating for a year, the PV system catered for 55.54% 

of the systemôs electrical consumption per square meter while the ASHP covered 99% of the 

systemôs heat balance [85]. 

M. Haller et al strive to achieve the net-zero concept in a single-family home by 

combining photovoltaic electricity production with an air source heat pump and short-term 

thermal storage, electrical storage in batteries and Aluminium-redox seasonal storage as seen 

in Figure 2.16. The system was simulated using TRNSYS for climatic conditions in Zurich, 

Switzerland. The simulation revealed an energy generation cost of 0.32 ú/kWh. This cost is 
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easily comparable to current electrical systems, and is predicted to be even lower in larger 

buildings [86]. 

E. Ryan et al explore both heating and cooling thermal energy storage by simulating a 

Ground Source Heat Pump with stratified water TES in TRNSYS. The results indicate a 4.5% 

in operating costs due to the addition of TES and a 0.75% costs savings from the TES under the 

generalized utility rate. Their findings showed as much as 7-22% reduction in annual peak 

demand kW when combined with TES [87]. 

P. Arce et al in 2011 predicted the 10-year impact of STES systems in buildings in Europe, 

in terms of load, energy and CO2 emissions reduction as seen in Table 2.11 below. About 5.5% 

of decrease in carbon emissions was predicted [88]. 

 

Figure 2.15: Underground Water Tank Storage Powered by Hybrid PVT panels and solar 

collector [84] 

Figure 2.16: Meeting Building Energy Needs with Solar and Heat Pump System Combined 

with Aluminium Redox Storage [86] 



72 
 

Table 2.11: Seasonal Solar Thermal Energy Storage Potential in Buildings for Germany, 

Spain and the EU-25 [88] 

Parameter Germany Spain EU-25 

Potential Load Reduction (MWth) 1001 2294 25 287 

Replaced Energy (GWhth) 1801 4186 46 150 

CO2 emission reduction (T) 450 322 1 049 089 12 517 676 

 

Nhut L. M. et al also explored seasonal thermal energy storage in an underground storage 

tank based on real life weather conditions in South Korea. The system is solar assisted by an 

evacuated tube collector with total collection area of 26 m2. The system, as seen in Figure 2.17,  

does not depend solely on renewable energy, as an auxiliary kerosene boiler is incorporated 

into the system to make up for temperature deficit of the heat energy from the solar collector. 

A program was created in MATLAB to evaluate the mathematical model of the system. It was 

estimate that for such a system the thermal insulation should be at least 200 mm thick to achieve 

the highest solar fraction [89]. 

 

Figure 2.17: Underground Seasonal Storage Aided by Evacuated Solar Collector and 

Auxiliary Boiler [89] 

Chwieduk B. et al utilised TMY data to calculate hourly energy output throughout the 

year for a heat pump system powered by PV energy in a typical Polish home in the heating 

season. The proposed system as seen in Figure 2.18 includes among others, a heat pump, an 

auxiliary electric heater, a domestic hot water storage tank, an underfloor heating system and 

liquid solar collectors. Their results proved that the utilisation of a PV system in driving a heat 

pump only during the winter is not viable in terms of energy savings of primary and final energy 

consumption, with or without batteries. This is due to the low solar radiation in winter in Poland 

and also the fact that the highest gains of a PV system are usually in the non-heating season. 

This further stresses the importance of a seasonal thermal storage system over the electrification 

of space heating (i.e heat pump system), as the former promises greater energy savings than the 

latter [90]. 
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Figure 2.18: A Parallel Solar Assisted Ground Heat Pump System for Space Heating and 

Domestic Hot Water as Proposed by Chwieduk B. et al [90] 

Aquifer Thermal Energy Storage, which involves drilling two wells, one warm and the 

other cold, to extract/inject groundwater at a favourable temperature is very cost-intensive as it 

requires a lot of initial geological investigation, a lot of equipment such as pumps, extraction 

and injection pipes, and not to mention the additional large area of land that should be dedicated 

to this system. The system is therefore unfit for single-family use because of the small load 

required [91]. 

 

Figure 2.19: An Aquifer Thermal Energy Storage System Combined with a Heat Pump [91] 

Vandhout D. et al combined an Aquifer Thermal Energy Storage System with a Heat 

Pump as seen in Figure 2.19 for space heating and cooling in a Belgian hospital of 440 beds. 

The system was measured for three years and primary energy savings up to 71% for space 

heating and cooling was achieved when compared with traditional gas-fired boilers and 

compression-cooling machines. The combination of both ATES and HP proved to be of a higher 

efficiency than just ATES systems. The overall estimated payback period for the system is 

about 8 years [92]. 
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Figure 2.20: Underground Water Tank Seasonal Thermal Energy Storage System for Space 

Heating and Domestic Hot Water Needs [93] 

Meister C. et al experimented with an underground seasonal thermal energy storage water 

tank to mxeet the space heating and domestic hot water needs of an energy-efficient two-storey 

house in Canada. The system as seen in Figure 2.20 consists of ten evacuated tube solar 

collectors,  seasonal storage tanks, two diurnal storage tanks, a 12 kW boiler and an energy 

recovery ventilator. The system was able to meet up to 68% of the space heating and domestic 

hot water needs of the building. The authors noted that the system is not an optimised system, 

although a solar fraction of up to 90% was achieved. The system is also very cost-intensive and 

doesnôt rely solely on renewable energy [93]. 

Cheng Z. developed an underground seasonal thermal energy storage system in Beijing, 

China to cover space heating and domestic hot water demands for six buildings. The system as 

seen in Figure 2.21, is powered by 420 m2 of flat-plate solar collectors (number 1 in the figure), 

with an efficiency of 50% and is assisted with an electric heating tube as an auxiliary heater 

(number 6 in the figure) for use in extended periods of little or no solar irradiance. The seasonal 

storage tank is charged in the non-heating season when there are periods of high solar 

irradiance. The design volume of the seasonal storage tank which is cylindrical in shape is about 

900 m3, with a diameter of 12 m and a height of 8 m excluding insulation dimensions. Styrofoam 

insulation of about 200 mm thick is employed in insulating the top and sides of the tank. Six 

identical buildings with heating area of about 300 m2 are considered. The heating season lasts 

from 15th of November to 15th of March of the following year in Beijing and according to 

Cheng, thereôs a difference of about 83435 kWh between the heating demand and energy 

produced from solar irradiance. Hence, the seasonal thermal energy storage system is to make 

up for this energy deficiency [94]. The system is not independent as it depends on auxiliary 

electrical heating. The tank dimensions are also very large. 

Sweet M. L. et al simulated an underground seasonal thermal energy storage sand bed 

powered by flat plate solar collectors using TRNSYS for a typical Richmond home in Virginia, 

USA. Their simulation predicted a 64% decrease in fossil-fuel dependent space heating. In 

optimising the scheme, bed volume of 15 m3, 90% of the south-facing roof covered by solar 

collectors and a flow rate of 11.3561pm were determined to be the best possible parameters.  

The highest internal system efficiency achieved was 70.6% in reference to the total solar energy 

collected by the collectors [95]. Generally underground thermal energy storage costs more due 



75 
 

to the added cost of excavation and ground works, not to mention water-proof insulation. Hot 

water tank storage also has the disadvantage of being prone to corrosion and leakage. 

 

 

Figure 2.21: Schematic of Domestic Hot Water and Space Heating System with Seasonal 

Thermal Energy Storage (1 ï Solar collector, 2 ï Seasonal storage tank, 3 ï Diurnal storage 

tank, 4 ï Radiant floor heating, 5 ï Domestic Hot Water, 6 ï Auxiliary Heater) [94] 

Borehole seasonal storage is usually utilised in district applications and not single-family 

homes. Flynn C. et al discussed the influence of location changes to the solar district heating 

system with borehole thermal energy storage in the Drake Landing Solar Community. This 

solar-powered system has supplied 97% of the communityôs annual space heating. In modelling 

the community in TRNSYS and changing the location to Helsinki in Finland, Hohhot in China, 

Dublin in Ireland, Oviedo in Spain and Perpignan in France. The model showed that with the 

appropriate modifications in each location, high solar fractions of up to 95% are possible, with 

oceanic regions recording high potential with little or no modifications [96]. 

Kim D. et al compares a system of solar collectors, seasonal thermal energy storage, 

hybrid-source heat pumps and ground-source heat pumps to a conventional system of oil and 

electric boilers to determine the economic benefits. The test site was the Purme Yeoju Farm in 

South Korea with a system comprising of 462 m2 of solar collectors, 234 m2 of PVT collectors, 

ground source and multi-source heat pumps, Tank-type seasonal thermal energy storage of 1200 

m3, buffer heat storage tank of 120 m3 and borehole seasonal thermal energy storage of 28,500 

m3 as seen in Figure 2.25. This system is to heat a greenhouse of 3942 m2. The solar collectors 

generate heat to be stored in the TTES, while the heat from the PVT is stored in the BTES. The 

greenhouse is heated by three heat pumps as seen in Figure 2.22, Heat Pump 1 is powered by 

residual heat from the TTES when the temperature falls below 40ÁC. Heat Pump 2 is supplied 

evaporation heat from the BTES and Heat Pump 3, which is the ground source heat pump is 

employed when there is insufficient heat. The system was monitored between October and 

March and results showed that the system could supply heating with 53.4 ï 73.1% carbon 

emissions reduction and 81.9 ï 82.8% operating costs savings when compared to traditional oil 

and electric boilers [97]. As seen in Figure 2.23, the system is designed for a large scale 

application and cannot be applied to a single family home. 
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Figure 2.22: System Breakdown at the Purme Yeoju Farm in South Korea [97] 

 

Figure 2.23: Test Site at the Purme Yeoju Solar-Powered Farm in South Korea [97] 

Yue X. et al designed a mathematical model of a novel solar heating system with seasonal 

and cascade thermal energy storage on zeolite water for space heating applications. Thermal 

energy was stored in the zeolite in the non-heating season and discharged through cascade heat 

release in the heating season. Cascade storage was proved to increase the systemôs heat supply 

efficiency by 9.66%, when compared with a reference storage system without cascading. The 

system was designed to facilitate a district heating network in Chifeng China [98]. 

NemŜ M. et al introduced and validated a solar air heating system with long term heat 

storage for a single family house located in Poland as seen in Figure 2.24. The system consists 

of a solar concentrating collector with tracking system coupled with a heat storage rock bed 

filled with granite (Figure 2.25). Granite was chosen due to its availability, affordability and 

favourable thermal properties. The heat transfer fluid used is air. The rock bed volume is about 
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0.45 m3. The building to be heated is built to be energy saving requiring only 20 kWh/m2a to 

meet its energy needs. The building is also small like the proposed building and planned to cater 

for 4 inhabitants. This system has a similar location to the proposed innovation in Wroclaw, 

Poland. The system was tested for 3 different start temperatures ranging from 50ÁC to 150ÁC, 

and the optimal starting temperature selected was 114ÁC [99]. The system is space-consuming 

and not easily integrated into the building architecture as in the case of the proposed system of 

this thesis. In comparison to the proposed system of this thesis, this system can only meet the 

heating demands of a single-family home and not total energy demand. 

 

Figure 2.24: Concept of Meeting Heating Needs of a Single-Family House with Concentrated 

Type Solar Collector and Granite Heat Storage Bed [99] 

 

Figure 2.25: Laboratory Test Stand of Solar Air-Type Concentrating Collector together with 

Granite Bed Storage [99] 

As seen from the above review, most of the currently available seasonal thermal energy 

storage utilise water as a storage medium. Water is preferred for its dual functionality as a 



78 
 

storage medium and heat transfer fluid. However, water is limited to a boiling point of 100ÁC 

which is very low for seasonal thermal energy storage. Most tank storage are prone to corrosion 

and water leakage. 

Another thing worthy of note is that a great number of these systems are powered by solar 

collectors. This is very understandable because of the high efficiency of solar collectors and the 

ease of storage technique. However, in my proposition, the system is to be powered by  

photovoltaic panels. Although they have less efficiency in comparison to solar collectors, yet 

they come with the added advantage of electricity production which caters to other non-heating 

energy demands in the single-family home. 

So far, in literature, no system has been able to fully satisfy the all-year round energy 

needs of a small, single-family house, that is totally renewable energy-dependent and at the 

same time affordable. Hence, the proposition of this Photovoltaic Powered Seasonal Thermal 

Energy Storage System is a novel idea that can bring a revolution to the building energy system  

sector. 

THE CHOICE OF ENERGY STORAGE TECHNOLOGY 

 

As discussed in previous paragraphs, Energy can be stored in so many ways, according 

to the desired application of the energy being stored. For example, in the case of industrial 

applications, we have energy storage in hydrogen (chemical energy storage) and flywheels 

(mechanical energy storage). There are different parameters to consider when choosing the best 

energy storage technology for any chosen application. When considering energy storage in 

mobile installations such as cars, planes, ships and even mobile phones, it is important to 

maximise energy storage with regard to the mass energy stored (kJ/kg). However, when 

considering stationary installations such as buildings, it is important to analyse the volumetric 

energy stored (MJ/m3), to ensure that the energy storage technology occupies as  minimal area 

of the available living space as possible. Therefore, in order to select the best energy storage 

technology for this thesis, four energy storage technologies (sensible heat, latent heat (PCM), 

thermo-chemical and electric battery) were compared in Table 2.12 based on the selected 

parameters listed below: 

¶ Volumetric energy stored (MJ/m3) 

¶ Mass energy stored (kJ/kg) 

¶ Lifetime (years or cycles) 

¶ Cost (USD/kJ) 

The table reveals the great disparity between different storage technologies in terms of 

the selected parameters. Analysing for sensible and latent heat technologies, the highest values 

of volumetric energy and mass energy stored  are achieved  in the case of magnesite bricks with 

2070 MJ/m3 and 690 kJ/kg respectively. Although, zeolite under thermochemical technology 

achieves almost similar parameters, the cost of zeolite in comparison to magnesite bricks is a 

lot higher. Considering electric battery storage technology,  Li-ion batteries also achieve 

reasonably high  values of volumetric energy and mass energy stored with 800 MJ/m3 and 720 

kJ/kg respectively. However, Li-ion batteries are more than 600 times  more expensive than 

magnesite bricks  in terms of construction costs. It is also worthy of note, that electric batteries  
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contain highly volatile and combustible chemicals which could pose a significant fire hazard in 

the case of large installations, not to mention the adverse effects on the environment. 

In choosing a preferred method of energy storage it is necessary to consider the 

application (residential, in this case), the duration (seasonal storage), the desired temperature, 

cycle lifetime, material lifetime, efficiency, capital investment and maintenance costs and the 

most important is the volumetric energy stored. Storage media containing toxic materials are 

often discouraged for residential use ï most PCM and electric batteries fall within this category. 

Generally, sensible heat storage media are known to have the least negative impact on the 

environment and help to reduce the carbon footprint. Sensible heat storage in magnesite bricks 

is preferred amongst the considered options because of its many advantages which include 

durability and a lifecycle which could span several dozen years. Also it is free of toxic, harmful 

and combustible substances. The high values of energy stored in magnesite bricks is due to its 

high density and also its ability to withstand high temperatures. Therefore, sensible heat storage 

in magnesite bricks has been chosen for this study. 
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Table 2.12: Comparison of Selected Parameters From Different Energy Storage Technologies (calculated by author) 

Storage 

Technology 
Storage Medium 

Density 

(kg/m3) 

Efficiency 

of 

Storage 

(%) 

Volumetric 

energy 

stored 

(MJ/m3) 

Mass 

energy 

stored 

(kJ/kg) 

Useful 

Temp. 

Difference 

* (ÁC) 

Lifetime 

(years 

or 

cycles) 

Cost 

(USD/kJ) 
Remarks 

Sensible 

Heat 

Water 1000 - 335.2 335.2 0 - 100   

¶ Wide availability 

¶ Chemical stability 

¶ High specific heat 

capacity 

¶ Affordability 

¶ Dual function as 

storage medium 

and heat transfer 

fluid 

¶ Fast charging 

period 

Granite [100] 2800 - 978  450 

80 

cycles 

[101] 

0.000038 
Wide availability in 

Poland 

Concrete [102, 

103] 
2240 - 504 210 200  0.00022 

¶ Affordable 

¶ Cracking/ 

Decomposition at 

high temperature 

¶ Relatively 

affordable 

¶ Poor thermal 

conductivity 

¶ Environmentally 

safe 

¶ Modular structure 
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Magnesite Bricks 

[104] 
3080 - 2070 690 20 - 600  0.00014 

¶ Available 

¶ Affordable 

¶ Dielectric 

¶ Slag-resistant 

¶ Abrasion-resistant 

¶ Corrosion-resistant 

¶ High strength and 

durability 

¶ Environmentally 

safe 

Latent Heat 

(PCM) 

Paraffin wax 

 

(C36H74) 

 [105] 

- - 191 223 72-76  0.047 

¶ Fairly affordable 

¶ Low thermal 

conductivity 

¶ Stable thermal cycle 

below 500ÁC 

¶ Combustible 

¶ Non-corrosive 

¶ Smaller volume 

required in 

comparison to 

Sensible Heat 

Media 

¶ Slower charging 

period in 

comparison with 

SHS 

¶ Easily accessible 

¶ Affordable 

Erythritol [106, 

107] 
- - 493 340 117  0.01  

Adipic acid [110] - - 374 275 152  0.041  
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Palmitic acid 

[108, 109] 
- - 219 222 61  0.28  

CH3COONa3H2O 

[111] 
- -  265 58  0.025  

Electric Battery 

**  

Lead-acid - 80 360 180  8 years 0.024 Fire hazard 

Li -ion [112] - 95 800 720  
40 years 

[113] 
0.092 

¶ Highly volatile 

¶ Combustible when 

exposed to oxygen 

¶ Higher efficiency 

¶ (100 Ah, 12 V) 

¶ Higher energy 

density 

¶ Expensive 

¶ Scalable 

LiFePO4 - - 360 393   0.096 Fire hazard 

NiMH - - 650 277   0.21 Fire hazard 

Thermochemical 

Zeolite [98] - - 1980 900   0.0006 

¶ Must be on a flat 

extended surface 

area 

¶ Unstable thermal 

cycle 

¶ Corrosive 

Magnesium 

oxide 
- -  81 250 - 400    

 * useful temperature difference or melting temperature (ÁC). ** related to 100 Ah, 12 V battery
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SUMMARY 

In conclusion, TES can be said to be a very affordable, ñgreenò and durable solution to 

combating the lapse between the period when thermal energy is generated and the period when 

it is to be utilised. The advantages of using a thermal energy storage system include energy 

savings in form of reduced utility-bill peak demand and reduced energy generation and 

consumption, lower costs; both capital, maintenance and energy costs; increased flexibility and 

efficiency of plants and of course, less dependence on fossil fuels leading to a greener 

environment. TES also allows for waste heat recovery, hence, reducing energy demand.. 

  

The versatility of media utilisable for thermal energy storage makes it a lot easier for 

thermal energy storage to be adopted in any location of the world. TES is also applicable in 

almost any residential, commercial, institutional or industrial facility. 

 

The choice of the kind of TES system to be employed in any situation depends on the 

application, availability of storage media, cost, toxicity, containment space, corrosivity and 

compatibility with other equipment. 

 

The major advantage of sensible thermal energy storage systems over the latent thermal 

energy storage system is that latent TES systems are usually temperature-restrictive, storing 

thermal energy usually only at the phase-change temperature and are better suited for 

temperature-selective operations. Whereas, the sensible thermal energy storage system can 

operate under any range of temperature within its capacity. 

 

Thermochemical TES has a higher storage performance efficiency than sensible and 

latent thermal energy storage but is chemically unstable and not advisable for residential 

applications. 
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2.4 TYPICAL METEOROLOGICAL YEAR  

 

It is impossible to predict the energy demand of a building without first analysing and 

calculating the typical meteorological year of the chosen location. According to Realpe et al 

[142], a typical meteorological year is a customised data set of hourly values of meteorological 

data spanning one year (a total of 8760 hours), that corresponds to climatic conditions that are 

assumed to be typical in a particular location over a long-term period. Typical meteorological 

year data encapsulates weather data such as rainfall, direct normal radiation, wind speed, global 

solar radiation, relative humidity, dry bulb temperature, sky cover, dew point temperature, snow 

depth amidst others, to provide a workable estimate for predicting the energy needs of a building 

in the available weather conditions. 

 

The TMY year is a collection of 12 TMY months (from January to December) which are 

selected by means of considering all weather data of each characteristic month within a 

specified range of years, and the month in whatever year within this time range with the most 

typical weather data for that characteristic month is chosen and integrated with other 11 months 

chosen in like manner without changing the weather data. 

 

TMY are essentially useful in simulations for determining the energy consumption of  

buildings, modelling of agricultural systems, and modelling of renewable energy conversion 

systems like wind and solar energy system to ensure optimum performance [147]. 

 

There have been various methods proposed for the calculation of the typical 

meteorological year, these include TRY (NCDC 1976), Schweitzer (1978), Sandia Method 

(1978), the Danish method (1980), TMY (NCDC 1983), TMY2 (NREL 1985), WYEC2 

(ASHRAE 1985), TRY (CEC 1985), Festo Ratto method (1993), CWEC, CTZ2, TMY3 (NREL 

2008). 

 

The TMY is very often than not preferable to the TRY because building energy 

simulations carried out using the TRY have been found to not be as reliable as the TMY owing 

to the fact that the TRY does not include solar radiation data and has little or no accommodation 

for the possibility of weather extremes, as the resulting typical meteorological year from the 

TRY is usually an averagely mild year after very high or very low temperatures had been 

eliminated. It also yields less accurate results in computing weather data over a long-term 

period. In 1981, The NCDC introduced TMY, a new data set to which columns of direct normal 

and total solar radiation had been added [151]. 

 

One limitation of the TMY is the presence of ñfilled-inò data values to make up for values 

which otherwise would have been missing as a result of missing measurement for a time period 

in which the weather station or measuring instrument might have been down. Hence, the TMY 

may not give accurate information as pertaining to a particular weather parameter in a long-

term period [152]. 

 

Another difference between the TMY and TRY is that weather data is weighted and 

typical months are selected in the TMY which are later concatenated to form one TMY with 

months from varying years, as opposed to the selection of entire years in the TRY. TMY was 

first calculated by Sandia National Laboratories for 248 locations in the United States in 1978. 
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A revision was made on this in 1994 to birth the TMY2 (NSRDB), and in 2007 to birth the 

TMY3 (NREL). Details included in the revised TMY3, was the changing of the data format to 

CSV format which is very compatible with a lot of software, difference in measuring units to 

SI amongst others. Computer code which allowed for prioritising of months with solar data was 

removed from the TMY3. TMY3 data was calculated from data over a 15-year period (1991 ï 

2005) unlike TMY2ôs 30-year time period (1961 ï 1990) [143]. 

 

In 1985, the ASHRAE released another format for representing typical annual weather 

data called the WYEC (Weather Year for Energy Calculations). WYEC also worked on a 30-

year collection of hourly data. The average dry-bulb temperature was calculated for each 

specific month within this 30-year range. The month with hourly data closest to this average 

value is selected and often certain days in this month are substituted with weather data from 

other months to help this month lean closer to the 30-year average. Just like the TMY, WYEC 

was also modified to WYEC2 in 1998 using TMY format [160]. 

 

TMY are usually calculated over a minimum of a 10-year period, although the longer the 

time period, the more probable the accuracy of the TMY in typifying the climate. (ASHRAE 

2004) 

 

TMYs are not an absolute determiner of weather conditions because TMY only cover 

meteorological information for ñtypicalò weather data, and as such are not reliable in the event 

of extremities. 

 

THE DANISH METHOD 

 

This method developed by Anderson et al (1977) and further postulated by Lund and 

Eidorff (1980) creates a TRY using the following three steps: [158] 

i) The months were scored by using seven meteorological parameters namely, average 

temperature, maximum temperature, relative humidity, wind speed, pressure, sunshine 

duration and global radiation to flag the months involved. A month scores zero if the 

average value of the meteorological parameter for each candidate month varies more than 

one standard deviation from the long-term mean of the respective month, and if not, the 

month scores one. The month will have a final score with a maximum value of 7 (from 

seven parameters), after summing up the individual scores. 

 

ii)  Lund and Eidorff (1980), using Fourier analysis converted the daily meteorological 

parameters into daily residuals with respect to smoothed daily long-term trend values in 

order to eliminate seasonal variations. 

 

 ὣώȟάȟὨ ὼώȟάȟὨ А άȟὨ (2.15) 

 
ὪАώȟά

А ώȟά АА ώ

„А ώ
 (2.16) 

 
Ὢώȟά

„ ώȟά А ώ

„ ώ
 (2.17) 
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Where equation (1) represents the residual of parameter x(y, m, d) for the y year, m month 

and d day with respect to the smoothed daily mean Õx(m, d), equation (2) represents the 

standardised mean and equation (3) the standardised standard deviation of the residuals. 

 

iii)  Using the equation below, the third step selects the maximum of the three standardized 

means and standardised standard deviations and designates it to the candidate month. 

 Ὢ ώȟά άὥὼὪАώȟάȟὮȟὪώȟάȟὮȿρ Ὦ σ (2.18) 

 

This will sort candidate months in ascending order according to the meteorological 

parameter j, and select the first 3 months as priority candidate months. 

The month with the highest score will be selected for the TRY. 

 

THE FESTA-RATTO METHOD (1993) 

  

As in the Danish method, the Festa-Ratto method also converts the daily meteorological 

parameters into standardised residuals with respect to smoothed-long term trend [158]: 

 
ὢώȟάȟὨ

ὼώȟάȟὨ А άȟὨ

„ άȟὨ
 (2.19) 

 

The first order products of the standardised residuals are again re-calculated and 

converted on a daily basis into first order products with respect to the smoothed long-term trend: 

 

 ᾀώȟάȟὨ ὢώȟάȟὨϽὢώȟάȟὨ ρ (2.20) 

 
ὤώȟάȟὨ

ᾀώȟάȟὨ А άȟὨ

А άȟὨ
 (2.21) 

 

Where (5) represents the standardised residual of x(y, m, d) and equation (7) represents 

the standardised residual of the first order product parameter z(y, m, d) for the y year, m month 

and d day, with respect to the standard deviation ů(x/z)(m, d) and the smoothed mean Õ(x/z)(m, d) 

that have been calculated over the number of years in question. 

 

Taking aåbå0.1 and (y, m, j) to represent the respective distance for the y year, m month 

and X or Z parameter j, a composite distance is calculated using the equation below: 

 

 ὨώȟάȟὮ ρ ὥ ὦϽὨ ώȟάȟὮ ὥϽὨ ώȟάȟὮ ὦϽὨ ώȟάȟὮ (2.22) 

 

Where dav represents the distances between the short term means (calculated from the 

mean, standard deviation and cumulative distribution for each X and Z parameter of each 

individual month) and the long term means (calculated from the mean, standard deviation and 

cumulative distribution for each X and Z parameter for each month but for the available number 

of years). The dsd represents the distances between the standard deviation of the short and long 

term parameters, the dKS represents the Kolmogrov-Smirnov parameter calculated for each X 

and Z parameter and each individual month. 

 

The final selection of the month involves assigning the maximum of the ten distances to 

the candidate month and then selecting the month with the minimum assigned distance. 
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 Ὠ ώȟάȟρ άὭὲὨ ώȟάȟὮϽȿρ Ὦ ρπ (2.23) 

 

Although, this method was slightly varied by using a weighted sum of the distances 

(weighting factors as seen in Table 1) instead of just directly assigning the maximum distance 

to the month, and then the month with the minimum assigned distance was selected. 

 

THE SANDIA (FINKELSTEIN-SCHAFER) METHOD 

 

Of all methods proposed for calculating typical meteorological year, the Finkelstein-

Schafer method has been widely employed owing to its simplicity. Infact, the Finkelstein-

Schafer method has been used to generate data in every continent of the world, like in Asia: 

Hong Kong [144], Iraq [146], Oman [147], India [149], ; in Europe: Turkey [145]; in Africa: 

Nigeria [150]. 

 

Hall et al from the Sandia National Laboratories, in their 1978 publication used the 

Finkelstein-Schafer method to develop a typical meteorological year from data gotten from the 

SOLMET/ERSATZ database for years spanning from 1952 to 1975. Their typical 

meteorological year contained data from weather elements like dry bulb temperature and dew 

point temperature that are primarily solar-inclined.  This TMY method was revised again in 

2008 by Wilcox et al [2]. 

 

The Finkelstein-Schafer method involves collecting and analysing meteorological data of 

a selected month of the year through a specified time period (a number of years), and using an 

algorithm to select the most typical weather data occurring in this chosen month within the 

confines of the selected time frame. This selected typical weather data for the chosen month 

will then be integrated with other selected typical data each representing a specific month of 

the year to form the typical meteorological year. 

The Finkelstein-Schafer statistics can be seen in the equation below: 

 

 FS = В  Ὥ (2.24)‏

 

Where 

 i = absolute difference between the cumulative distribution function (CDF) in the long-term‏

and the specific CDF at point xi. 

n = number of daily measurements in the chosen month (number of days in month) 

 

The absolute cumulative distribution function (CDF) is determined by a monotonic 

increasing function CDF(x) which is calculated by arranging in ascending order, n number of 

readings of a weather index x (x1, x2, x3, é, xn) as described in the formula below: [148] 

 

 

ὅὈὊὼ

π                                           Ὢέὶ ὼ ὼȟ
Ὥ πȢυ

ὲ
               Ὢέὶ ὼ ὼ ὼ

ρ                                          Ὢέὶ ὼ ὼȢ

ȟ (2.25) 
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The FS statistics derived of the weather indices of the twelve months gotten is further 

analysed to arrive at a weighted-sum average or composite index by calculating for each year 

and the five years with the lowest WS values are selected for further analysis [2], [3]. 

 

 ὡὛ ύ ὊὛ (2.26) 

Where 

wi = weighting factor for the ith parameter 

FSi = FS statistics for the ith parameter 

 

WEIGHTING OF TMY 

 

In selection of a TMM, the month with FS statistics for each index that appeared to be 

better than all other months is ideally selected. But in choosing this, it is evident that the 

resulting TMM might be typical with respect to certain indices and not typical with others. 

According to Marion et al [156], FS statistics are weighted to be able to observe the relative 

importance and sensitivity of the indices. Usually, weights are assigned to the weather indices 

according to the significance of the weather parameter to the desired application of the TMY, 

for instance wind parameters will bear a larger weight when designing a TMY for wind energy 

applications, and when designing for solar energy applications, solar parameters as well, will 

bear a larger weight.  

 

There is no well-defined principle that governs the allocation of weights. The Sandia 

method developed by Hall et al [14] followed a weight allocation that relied heavily on the 

predetermined application for which the TMY was generated, as wind indices were given less 

importance in weighting since the TMY was designed for solar energy conversion applications.  

 

Argiriou et al [158] selected weighting factors according to experience on the influence 

of the meteorological parameters  used on the simulated application. Although, there are certain 

indices that consequently cut across all other indices, such as solar flux index, in this case, it is 

only rational to assign a larger weight to such an index. 

 

The lower the weighted sum for the month, the closer it is to the long-term mean and the 

closer it is to the typical month [147]. 

 

From Table 2.13 [12], we can observe the comparison between weighting values assigned 

to different weather parameters from different TMY methods 

 

LOCALISATION OF PROJECT 

 

The present project is being designed for a location in Wroclaw, Poland (lat 53ę). In order 

to properly analyse the energy parameters of such an installation, the TMY of Wroclaw needs 

to be sufficiently analysed so the design will maximise the available solar resources in this 

location. The TMY was created over a 30-year period (from 1971-2000). 

 

Table 2.13: Comparison of  Weighted Values Attached to Selected Meteorological Parameters 

from different TMY methods [153] 
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Meteorological 

Parameter 

Sandia 

(TMY) 

[155] 

NSRDB 

(TMY2) 

[156] 

Pissimanis 

et al. [157] 

Kalogirou 

[154] 

Meyer 

et al 

[159] 

Sawaqed 

et al. 

[147] 

Festa-

Ratto 

[161] 

Average dry 

bulb 

temperature 

2/24 2/20 1.67 2/32  1/22 2 

Max. dry bulb 

temperature 
1/24 1/20 0.83 1/32  1/22 1 

Min. dry bulb 

temperature 
1/24 1/20 0.83 1/32  1/22  

Global 

irradiance 
12/24 5/20 10.00 8/32 -  5 

Direct 

irradiance 
- 5/20 - 8/32 85   

Average wind 

speed 
2/24 1/20 1.67 2/32 2 1/22 1 

Max. wind 

speed 
2/24 1/20 1.67 1/32 4 1/22  

Min. wind 

speed 
- - - 1/32  0  

Average dew 

point 

temperature 

2/24 2/20 - - 1   

Max. dew point 

temperature 
1/24 1/20 - - 2   

Min. dew point 

temperature 
1/24 1/20 - - 0   

Max. relative 

humidity 
- - 0.83 1/32  1/22  

Min. relative 

humidity 
- - 0.83 1/32  1/22  

Average 

relative 

humidity 

- - 1.67 2/32  1/22 1 

Average wind 

direction 
- - - 1/32 1   

 

The meteorological parameters observed include relative air humidity, dry bulb 

temperature, wind speed, total solar radiation on an horizontal surface, direct solar radiation 

intensity on horizontal surface, diffused solar radiation intensity on the horizontal surface and 

ambient (sky) radiation temperature. All temperature parameters are measured in ęC, radiation 

parameters in W/m2, wind speed in m/s, relative humidity in % and moisture content in g/kg. 

There are several online TMY calculators that calculate TMY using data from satellite, 

however, physically measured weather values have proved to be much more accurate. Because 

of associated costs with maintaining and servicing weather stations and measuring instruments, 
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usually official TMY data are not so readily available as such, and sometimes, a token is 

charged to gain access to TMY data for a certain location. 

 

Table 2.14 is a collection of selected hourly values according to maximum and minimum 

values of ambient radiation temperature in the given month measured. 

 

Table 2.14: Table Showing TMY for Wroclaw at 90 degrees with meteorological parameters; 

 

Month 

(M) 

Day 

(D) 

Hour 

(H) 

DBT 

(ęC) 

RH 

(%) 

WS 

(m/s) 

ITH 

(W/m2) 

IDH 

(W/m2) 

ISH 

(W/m2) 

TSKY 

(ęC) 

1 

 

31 9 9.8 69 2.0 59.3 0.8 58.5 5.4 

23 18 -10.7 87 1.0 0.0 0.0 0.0 -28.39 

2 
19 9 3.6 82 4.0 74.4 1.0 73.5 -2.13 

23 6 -11.1 93 3.0 14.0 0.0 14.0 -27.46 

3 
21 15 17.7 30 1.0 118.6 4.4 114.2 12.59 

5 6 -10.1 85 0.0 83.7 0.0 83.7 -27.69 

4 
3 12 20.6 35 8.0 376.8 67.3 309.5 14.36 

23 0 -3.7 95 1.0 0.0 0.0 0.0 -20.21 

5 
18 18 21.6 60 1.0 17.4 0.0 17.4 19.76 

4 3 0.2 82 3.0 0.0 0.0 0.0 -14.17 

6 
3 15 31.3 36 1.0 387.3 152.8 234.4 25.15 

17 3 8.7 83 4.0 19.8 0.0 19.8 -3.15 

7 
28 15 28.2 44 2.0 328.0 81.8 246.2 22.29 

24 3 6.8 95 0.0 0.0 0.0 0.0 -7.91 

8 
15 15 29.4 42 4.0 197.7 11.0 186.7 26.73 

28 3 6 96 2.0 0.0 0.0 0.0 -7.34 

9 

 

13 12 25.7 50 3.0 360.5 63.5 297.1 20.49 

25 6 3.2 95 1.0 145.4 0.0 145.4 -12.13 

10 
7 3 18.2 74 5.0 0.0 0.0 0.0 15.62 

17 3 -0.7 98 0.0 0.0 0.0 0.0 -16.7 

11 

11 

8 12 13 74 7.0 167.5 15.3 152.1 6.91 

24 0 -4.4 91 2.0 0.0 0.0 0.0 -21.02 

12 

 

29 12 10.9 80 5.0 58.2 0.9 57.3 6.74 

31 22 -18.6 79 4.0 0.0 0.0 0.0 -32.52 

 

TMY IN BUILDING ENERGY APPLICATIONS 

 

Skotnicka-Siepsiak A [162], measured heat-exchanger performance in a single-family 

home over the space of three years (2017 ï 2019) and compared it with TMY data and was able 

to obtain as high correlation as r = 0.89 in 2019. The results showed that irregularly updated 

historical TMY data is subject to change in real-life conditions and could lead to overestimation 

of a ground to air heat exchanger heating capacity and underestimation of its cooling capacity. 

Chen S. et al [163], analysed the effect of climate change on residential building energy 

consumption, by using the morphing method to construct future weather files based on existing 

TMY hourly data for the purpose of building energy performance simulation in Australia. The 

results showed a prediction in rise of temperature which will invariably affect space heating 
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and cooling loads in buildings. Soutullo S. et al also used two TMY databases in conjunction 

with an experimental file of average meteorological values of weather data measured in Madrid 

during the past decade to evaluate the impact of climate change on building energy 

performance. They were able to predict lower annual heating requirements and higher annual 

cooling requirements with increase in annual air temperature [166]. 

 

Michalak P. [164] used a new calculation method of EN ISO 52010-1 (anisotropic Perez 

model) to evaluate from the TMY of five locations in Poland the global solar irradiance on 

sloped surfaces, solar gains and invariably heating demands of two typical Polish residential 

buildings. The results indicated that without changing the physical structure of a building, the 

building energy rating is affected by merely changing the method of calculation. This could 

help to overcome issues such as overestimation of global solar irradiance that could result in 

overheating risks and poor thermal comfort. 

 

Jezierski W. et al. developed a mathematical model showing that the length of 

preventive self-isolation period from the COVID pandemic is directly proportional to increase 

in space heating and domestic hot water demand, by using a prototype inhabited building in 

Bialystok, Poland. This model was analysed with the TMY data to predict further variations in 

energy demand when additional variables like number of people, period of isolation, etc were 

changed [165]. 
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3.0 SYSTEM PROPOSITION AND CONSIDERATION  

Having established in previous chapters, the magnitude of energy consumption in 

residential buildings, it is worthy of note that the most common residential buildings today 

remain single-family homes. In Poland, 97.3% of the buildings commissioned for use in the 

year 2021, were single-family homes. Numerically, out of 109,212 buildings completed in that 

year, 106, 261 were single family homes with an average area of about 133.3 m2. This is a 

17.8% increase on the number of homes built the previous year [167]. Evidently, the demand 

for single-family homes is on the increase and if sustainable development goals (SDGs) are to 

be met, there is need for radical action. This includes the search for innovative solutions and 

processes that allow for, e.g., a change in the consumption behaviour of users [168], the 

reduction of energy consumption from non-renewable sources, the reduction of the demand for 

built-in and usable energy [169, 170], improvement of energy efficiency, and also the reduction 

of greenhouse gas emissions. 

Seizing the opportunity of the inevitable boom in single-family residential buildings by 

private investors, cooperation was made with Prof. Arch. Anna Baĺ to design an ideal ñalmost-

tinyò single-family detached home. This home will not only meet the Polish requirements for 

constructed single-family houses of achieving lower than 70 kWh/(m2y) primary energy 

consumption index for heating, ventilation and domestic hot water [8], but will also meet the 

requirements of the EU Energy Performance of Buildings Directive to ensure that all new 

buildings are nearly zero-energy by the end of 2020 [9]. 

The detached single-family house was designed to be sustainable by employing a 

photovoltaic-powered seasonal thermal energy storage system to meet its all-year round energy 

needs. The building is also designed to fit with the idea of downsizing and simplifying living 

spaces, to reduce the overall energy demand and as a result, reduce the operating costs, as well. 

This was achievable thanks to the cooperation of the architect and engineers during the 

integrated design process (IDP). The IDP was utilised from the very first sketch designs of the 

building, hence synergy could be achieved between the building architecture and the energy 

system. 

3.1 PROPOSED BUILDING DESIGN 

The building location is very important in the integrated design process, therefore, 

Wroclaw was chosen as the preferred location. Wroclaw lies in the second climatic zone of 

Poland and has mean annual outdoor temperature and design annual outdoor temperature to 

7.9ÁC and -18ÁC respectively, as seen in Table 3.1.  

Table 3.1: Design and Mean annual Outdoor Temperature according to Climatic Zones 

Climatic Zones I II  III  IV  V 

Mean annual outdoor temperature, ÁC 7.7 7.9 7.6 6.9 5.5 

Design annual outdoor temperature, ÁC -16 -18 -20 -22 -24 

 

In compliance with the 70m2 built-up area regulation, the building was designed to have 

external dimensions of 14.00 Ĭ 5.00 m, as seen in Figure 3.1. The building is a two-storey 

building with a building integrated photovoltaics (BIPV) ï shed roof. Altogether, the total 

usable area of the two-storey building is 98 m2, which is as a result of the gross floor area of 
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the house, which is reduced by the buildingôs envelope and internal partition surfaces, as well 

as the stairs. The house is designed to comfortably accommodate four residents. The ground 

floor consists of a living room, a dining room, a kitchen and a bathroom. The second floor is 

designed as a space for individual rooms and a second bathroom. 

 

Figure 3.1: Technical Drawing of Proposed Building Design (by Arch. Prof. Anna Baĺ) 

[171] 

The building foundation is designed to be plate/slab foundation which will allow for 

proper insulation and reduced heat loss to untight thermal bridges. The building cross-section 

revealing the foundation and insulation is seen in Figure 3.2. 

 

Figure 3.2: Building Cross-Section with Foundation and Insulation Visible 
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The house is designed to have a rectangular shape, as seen in Figure 3.3. This is to provide 

optimal space for assembly of the PV panels on the roof and also for comfortable living. Due 

to restrictions by law, the ground floor area cannot be more than 70m2. The building was 

designed as a compact whole to reduce potential thermal bridges, therefore the first floor area 

was not extended. This helps to reduce the heated area and volume of the building. The house 

has most of its windows facing the south, small windows to the East and West and no windows 

facing North, to maximise passive solar gains available through the Southern elevation. The 

windows were sized, putting into consideration the required insolation and daylight 

illumination of 1/8th of the floor area [171]. 

 

 

Figure 3.3: External views of the building from different elevations [171] 

3.2 PROPOSED ENERGY SYSTEM 

From the information gathered and knowledge gained from examining existing state of 

the art in the previous chapter, the concept of an energy system that can meet the all-year round 

needs of a single-family home was developed. The components of this energy system is 

discussed below: 

¶ High thermal efficiency of the building 

The building as earlier mentioned is designed to have a plate/slab foundation, with a thick 

layer of thermal insulation placed under the slab, on the external walls and on the roof. Triple-

pane windows are used with a shading system achieved through the use of external blinds. The 

building is equipped with a heat recovery system which helps to recover waste heat from 

ventilation, and also to maintain the indoor air quality. The heat recovery unit is powered by 

waste energy from the air leaving the building, and it is transferred in a counter-flow heat 

exchanger to the fresh air entering the building. This ensures clean air in the living space due 

to the high efficiency of the counter-flow heat exchanger. 

¶ Photovoltaic panels 

The energy system is powered by solar energy converted to useful electrical energy 

through the means of PV panels. Although thermal solar collectors have a higher efficiency, 
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PV panels were chosen because of the added benefit of electrical energy generation. Moreso, 

PV technology has become increasingly popular in Poland in the last few years and there is also 

an increase in its social demand. In 2022, Poland became the eighth largest solar PV installer 

in the world and the third in Europe, with an added 4.9 GW capacity [176]. The system of PV 

panels utilised consists of a network of half-cut, p-type, monocrystalline cells of white 

composite foil, with anodized aluminium photovoltaic panels arranged serially on the South-

end elevation of the roof of the building in order to generate electrical energy from solar 

radiation. The efficiency of these panels have been tested to be around 20%, with the rated 

maximum power being 450 Wp/panel. 

¶ Electric heater 

The electric heater receives electrical energy from the panels and converts it to thermal 

energy which is used to heat up the thermal storage stack. 

¶ Seasonal thermal energy storage stack 

The seasonal thermal energy storage stack is an enlargement of the already-existing daily 

thermal energy storage device. This is discussed in the following section. The enlargement here 

is with regards to volume, weight, and also charging and discharging time. 

 

3.3 PROPOSED CONCEPT OF SEASONAL THERMAL ENERGY STORAGE  

 

Poland lies in the temperate climatic region, which implies shorter periods of solar 

insolation. Hence, usually at the time of greatest demand for heating, the amount of solar energy 

available and accessible is usually insufficient to meet this demand. Therefore, it is highly 

viable to store energy in periods of higher solar insolation to be used in periods of greater 

demand. Hence, the desire for a seasonal energy storage system. 

The seasonal thermal energy storage system is derived from the dual-tariff electric heater 

in wide circulation in Poland. In Poland, there is the possibility for consumers to choose 

between electricity tariffs labelled G11 and G12. The G11 tariff has a uniform cost of energy 

consumption round the clock. The G12 tariff however, has two prices  - In the day, it is about 

10% more expensive than G11, and at night it is about 50% cheaper than G12. The G12 tariff 

is cheaper at night because there is no demand for electricity from industries at this time. The 

G11 tariff is targeted at consumers who use only lighting and basic household technical 

equipment. Meanwhile, the G12 tariff better pays consumers who rely on dual-tariff electric 

heaters for space heating and/or those who heat up large volume of domestic hot water in boilers 

at night. 

The dual-tariff electric heater as seen in Figure 3.4 has dimensions of about 20 Ĭ 50 Ĭ 80 

cm, hence, it is quite small. The heater is composed of rows of high-density magnesite ceramic 

bricks that are resistant to high temperatures and can be heated to as high as 600ÁC. The 

magnesite bricks are heated by electric heaters that run parallel in between the rows of bricks. 

Using the G12 tariff which supplies cheaper electricity at night, these heaters are charged or 

heated up at night and the heat energy is stored in the magnesite bricks. The heat is transferred 

from the heater to the blocks through radiation, and this heat is circulated from block to block 

through convective heat transfer. These components are tightly sealed in a sheet-metal casing 

and are fitted with a regulator to control charging and discharging as required. The heat stored 

is used for space heating, using the hot air flowing through the bricks as the transfer medium 

for the heat transfer. When more heat energy is needed, a fan is activated in the heater which 

forces cold air unto the bricks from below and this cold air is then heated by the hot bricks and 
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blown out from the bottom of the heater into the living space. The air inlet and outlet are bot 

located at the bottom of the heater in order to reduce heat loss through convection when the fan 

is not in operation. Usually, the bricks for storing heat are surrounded with a thin layer of 

thermal insulation (about 3 cm), through which a certain amount of heat flux passively 

penetrates for 24 hours a day. Because of the size of these heaters, they are able to store 

sufficient thermal energy for a 24-hour period. 

This technology of diurnal thermal energy storage is widely known and popular in the 

Polish energy market. However, if one is to consider thermal energy storage for longer periods 

of time using this technology, definitely the size of such a heater ought to be enlarged. After 

preliminary calculations, the ceramic bed was determined to be several dozen times larger than 

the typical diurnal dual-tariff electric heater. The magnesite bricks are to be arranged in a 

compact lattice structure with electric heaters running parallel through the blocks. Just as the 

number of bricks and electric heaters will have to be increased, the thickness of the thermal 

insulation would also have to be increased. Approximately 100 cm of insulation would be 

required due to the extended period of heat storage demanded. The mechanism of actively 

forcing air between the bricks and passive space heating through heat loss from the insulation 

remains unchanged, as well as the maximum temperature to which the bricks can be heated. 

Figure 3.5 compares a thermal energy storage stack suitable for seasonal storage with the 

currently available daily thermal energy storage stack. 

 

 
 

Figure 3.4: Cross-section of the electric dual-tariff air space heater [171] 
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Figure 3.5: Cross-sectional comparison between thermal energy storage stacks powered 

by electric heaters. Top: Considered for seasonal storage. Bottom: Typical daily storage dual-

tariff electric heater. [171] 

 

3.4 PROPOSED INNOVATIVE HVAC -PVPSTS SYSTEM 

 

 
 

Figure 3.6: Scheme of the proposed HVAC ï PVPSTS System [171] 

 

Therefore, the combination all the aforementioned components together, gives rise to an 

innovative Heating Ventilation and Cooling ï Photovoltaic Powered Seasonal Thermal Energy 

Storage System (HVAC ï PVPSTS) which is graphically illustrated in Figure 3.6. The thrust 

of this thesis is to supply energy to meet the energy demands of a single-family home using 
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only renewable energy sources. This is to be achieved by the utilisation of overhead 

photovoltaic panels installed on the south-facing roof of the building at an optimum angle, 

which will trap solar radiant energy from the sun. These PV panels convert the solar energy 

received into electrical energy which is then used to power the electric heaters running along 

the (high-temperature resistant) magnesite blocks of the densely-insulated seasonal thermal 

storage stack. The electric heaters heat up the blocks to a maximum of 600ÁC. 

The storage stack is located in the living space of the house in order to take advantage of 

the passive heat transfer (losses) through the thermal insulation of the stack. In situations of 

higher heat demand, the fan is used to actively utilise the heat from the storage stack. However, 

due to the variation in solar insolation, based on the TMY data, the temperature of the storage 

stack changes from 50 to 600ÁC, depending on the level it is charged to. To stabilise the 

operation of the heating system, hot air from the thermal storage system is sent to the mixing 

throttle valve (on the left in Figure 3.6) where it is mixed with cold air. The resultant effect is a 

stable air temperature of 50ÁC at the outlet of the mixing valve. This hot 50ÁC air is ducted into 

a counter-flow heat exchanger, where it crosses the air exiting the living space. The meeting of 

fluids results in a further reduction in the temperature of this hot air to about 30ÁC. The heat 

exchanger also functions as a dust separator in order to protect the storage stack from dust 

contamination from the living space. Dust from the living space can be easily ignited on  

entering the high temperature region. The purified 30ÁC air is then sent into the living space, 

while the cold air, along with the excess hot air separated by the mix throttle valve is directed 

through a fan back into the thermal storage stack to restart the cyclical movement all over again. 

The air returning to the thermal storage is once again filtered to prevent the system from being 

contaminated with dust at such high temperatures. 

One major advantage of PV systems is their ability to cooperate with the grid system. In 

the adopted solution, in order to maintain energy conversion at its highest efficiency possible, 

the power supply for the storage stack heaters is located on the DC side of the electrical 

installation. The generated electricity is mainly intended for heating the thermal storage. In a 

situation, where the maximum temperature has already been achieved in the stack, or further 

heating of the thermal storage stack is not needed, then the generated electricity is exported via 

an inverter and an electric switchboard to the grid. On the side of the grid, energy to power hot 

water production and an air-conditioning unit (in the warmer months of the year), are also 

supplied. 

 

 3.5 BUILDING ENERGY ANALYSIS  

 

In pursuit of meeting the EU goal for a fully decarbonised building stock by 2050, 

member states were encouraged to institute changes in the maximum technical requirements of 

all new buildings to ensure that new buildings are nearly zero-emission buildings. In Poland, 

this has resulted to a gradual three-phase reduction in the maximum EP index of new buildings. 

Most recently, taking effect from the 1st of January, 2021, there are changes in the technical 

requirements of new buildings. The most important changes of the WT 2021 standard include: 

¶ The introduction of a new maximum non-renewable primary energy consumption value 

set at 70 kWh/m2.a for a single-family house. 

¶ Designation of new maximum heat transfer coefficient (U-value) permissible for various 

building sections as indicated in Table 3.2 and Figure 3.7. 
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Table 3.2: Maximum heat transfer coefficient of selected building sections of a single-family 

house in Poland from 01 January, 2021 [8] 

 

Building Section Thermal Transmittance (W/m2K) 

External walls, at ti Ó 16Á C 0.20 

Internal walls, at ti Ó 8Á C 1.00 

Roof, at ti Ó 16Á C 0.15 

Ground floor, at ti Ó 16Á C 0.30 

Windows, at ti Ó 16Á C 0.9 

Doors 1.30 

Ceiling, at ti Ó 8Á C 1.00 

 

To calculate the energy balance in a building, all sources of energy and energy sinks in 

the building, as well as the constant flow in/out of energy due to external influences, must be 

well taken into account. 

 

 
 

Figure 3.7: Maximum U-Values for Building Sections According to the WT 2021 Building 

Standard in Poland 

 

SECTIONS FOR THE PROPOSED BUILDING 

 

For the purpose of analysis, the proposed building has been divided into sections as seen 

in the building diagrams in the Appendix. The assigned areas given to each section as shown in 

Table 3.3. The wall area is calculated by multiplying the obvious breadth by the height and then 

subtracting the areas of windows and doors wherever they occur. The length of sides of the roof 

was calculated using Pythagorasô Theorem as seen in Figure 3.8. The area was calculated to be 

equal to 42.42 m2. 
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Table 3.3: Building Sections with Assigned Areas 

 

Direction 
Total Wall Area 

(m2) 

Window 

No. 

Window Area 

(m2) 

Door Area 

(m2) 

Wall Area 

(m2) 

South Wall 56 

1 2.10 Ĭ 0.8 

- 46.84 

2 2.00 Ĭ 0.80 

3 2.00 Ĭ 0.80 

4 2.10 Ĭ 0.40 

5 1.30 Ĭ 0.80 

6 1.20 Ĭ 0.80 

7 1.20 Ĭ 0.80 

8 1.20 Ĭ 0.40 

North Wall 98 - - 2.2 x 1.0 95.8 

West Wall 27.5 
9 2.10 Ĭ 0.40 

- 26.06 
9up 1.50 Ĭ 0.40 

East Wall 27.50 - - - 27.50 

Roof 42.42 - - 0.4 Ĭ 0.6 42.18 

 

 

 

 

 

 

 

Figure 3.8: Pythagoras theorem to calculate roof area 

 

For the windows, the heat transfer coefficient is usually supplied by manufacturers. 

Different window glazing technology were examined in Table 3.4 and for the proposed 

building, windows with triple glazing and low e-coating were selected. The solar gain through 

the windows can be calculated from equation 3.1. 

 

 ὗ ͺ ὃ ϽὍϽὦ (3.1) 

 

Where 

Qtrnsp_rad ï solar gain through transparent surfaces 

Awndw ï window area, m2 

I ï solar irradiation, W/m2 

b ï coefficient of heat transfer through window dependent on the kind of glass, number of panes 

and glazing technology 

 

MATERIAL DIMENSIONS 

 

It is fundamental to analyse the component materials used in the building construction to 

be able to carry out the building energy audit, because heat losses are directly dependent on the 

physical and thermal characteristics of these materials. Heat losses could be minimised by 

5000 mm 

5831 mm 
3030 mm 
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careful selection of materials with the lowest thermal conductivity (invariably highest thermal 

resistivity) possible. 

 

Thermal resistivity is calculated as a function of the material thickness and thermal 

conductivity as seen in (3.2) 

 
Ὑ
Ὠ

‗
   ά ὑὡϳ  

 

(3.2) 

 

Where 

d ï thickness of section, m 

ɚ ï thermal conductivity of section, W/m Ā K 

 

Table 3.4: Total Solar Radiation Transmittance of selected window glazing technologies [8] 

 

N/p Window Glazing Technology 
Total Transmittance of Solar Radiation 

Energy 

1 Single regular glazing 1.1 

2 Double regular glazing 1.0 

4 Triple glazing 0.9 

Absorbing Technology 

1. Single glazing 0.75 

2 
Double glazing (outside absorbing, 

inside regular) 
0.65 

3 Hanging absorbing pane 0.50 

Reflecting Technology 

1. Single (outside coated with metal oxide) 0.65 

2 
- Double with metal oxide 

- Pure metal coating 

0.55 

0.45 

 

SECTIONAL COEFFICIENT OF HEAT TRANSFER 

 

The heat transfer coefficient, often denoted by the letter ñUò is a reciprocal of the overall 

thermal resistance in the building. It can be calculated using the formula in (3.3) 

 

 
Ὗ

ρ

Ὑ
 (3.3) 

 

Where 

U ï thermal transmittance, W/m2K 

RT ï total thermal resistance of building section including its layers, m2K/W 

 

The total thermal resistance is basically the sum of the thermal resistance occurring in 

every layer in a given section of the building and also the sum of the heat transfer resistance on 

the internal and external surfaces of the section. It can be calculated using (3.4) 
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 Ὑ Ὑ Ὑ  Ὑ (3.4) 

 

Where 

RT - total thermal resistance of building section including its layers, m2K/W 

Ri ï heat transfer resistance at the internal surface, m2K/W 

R ï thermal resistance of layers of building section, m2K/W 

Re ï heat transfer resistance at the external surface, m2K/W 

 

Usually, the heat transfer resistance at the internal and external surface of the building, 

depending on the heat flow direction are usually given by standard as can be seen in Table 3.5. 

The heat flow direction could either be upwards, downwards or horizontally. 

 

Table 3.6 indicates thermal transmittance as specified by the product manufacturer. For 

non-prefabricated sections, the heat transfer coefficients for individual sections can easily be 

calculated from Equation (3.3) having calculated the total thermal resistance. The resulting 

values are as seen in Table 3.7.  

Table 3.5: Standard Values for Heat Transfer Resistance [172] 

 

Resistance to Heat Transfer Direction of Heat Transfer 

m2K/W Upwards Horizontally Downwards 

Ri 0.10 0.13 0.17 

Re 0.04 0.04 0.04 

 

Table 3.6: Heat Transfer Coefficient of Building Components As Specified By Manufacturers 

Building Component Amount U-value (W/ m2K) 

External door 1 0.50 

Internal doors 2 0.50 

Windows 5 1.30 

 

Calculation of the heat transfer coefficient for the ground floor involved the introduction 

of a standard equivalent heat transfer coefficient PN-EN 12831 [173], due to the absence of a 

basement in the building. This equivalent heat transfer coefficient is needed because ground 

temperature differs from projected outside temperature, so heat loss to the ground is different 

from heat lost to the atmosphere. To determine this coefficient, the characteristic floor 

dimension is calculated from equation (3.5) 

 

 
ὄ

ὃ

πȢυ ὖ
 ά  (3.5) 

 

Where 

A ï floor area, m2 

P ï floor perimeter, m 

 

In the case of this building, Bô = 3.058 m 
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The equivalent heat transfer coefficient of the ground floor is given in relation to the depth 

and position of the ground floor.  Figures 3.9, 3.10 and 3.11 show the building floor at ground 

level, at 1.5 m below ground level and at 3 m below ground level. 

Where 

a ï uninsulated concrete floor 

Bô ï characteristic dimension, m 

Considering the house built at ground level at a depth z = 0, and the characteristic 

dimension to be equal to Bô = 3.93 m, it is safe to deduce that the equivalent ground heat transfer 

coefficient is equal to 0.10 W/m2K. 

 

Table 3.7: Material Component of Building Sections with their Thermal Characteristics 

 

Building 

Section 
Material 

Cp 

(J/kgK) 

ɚ 

(W/mK) 
d (m) 

R 

(m2K/W) 

U 

(W/m2K) 
A (m2) 

Floor 

Crushed 

stone 
900 0.15 0.25 1.67 

0.10 70 

Cement 

mortar 
1000 1.3 0.07 0.05 

Asphalt felt 

paper 
 0.18 0.04 0.22 

Styrofoam 1460 0.04 0.3 7.50 

Concrete 

screed 
1000 1.3 0.08 0.06 

Floor 

covering 
2510 0.16 0.02 0.13 

Exterior 

Wall 

Hollow 

ceramic 

brick 

 0.283 0.25 0.88 

0.12 75 

Plasterwork 840 0.82 0.01 0.01 

Styrofoam 1460 0.04 0.3 7.50 

Interior 

Wall 

Hollow 

ceramic 

brick 

 0.283 0.25 0.88 
0.83  

Plasterboard 1000 0.23 0.0125 0.05 

Roof 

Plasterboard 1000 0.23 0.0125 0.05 

0.098 82 

Ceramic 

tiles 
 1 0.03 0.03 

Mineral 

wool 
1030 0.03 0.3 10.00 

Ceiling 

Wooden 

ceiling joist 
1600 0.068 0.16 2.35 

0.3727 44 

Plasterboard 1000 0.23 0.03 0.13 
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Figure 3.9: The equivalent heat transfer coefficient of the ground floor with relation to the 

floor slab at ground level as a function of the heat transfer coefficient of the floor and the Bô 

value. [173] 

 

 
Figure 3.10: The equivalent heat transfer value of the heated ground floor with relation to the 

floor slab at 1.5 m below ground level as a function of the heat transfer coefficient of the floor 

and the Bô value. [173] 

 
 

Figure 3.11: The equivalent heat transfer value of the heated ground floor with relation to the 

floor slab at 3 m below ground level as a function of the heat transfer coefficient of the floor 

and the Bô value. [173] 
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GROUND TEMPERATURE 

 

Ground temperature for every hour of the year in a normal typical meteorological year is 

calculated using the formula described in EN 15241 [175]. In order to calculate energy loss in 

buildings by reason of ventilation and infiltration, it is important to calculate the ground 

temperature using equation (3.6): 

 

 
Ὕ ὫάϽὝ ͺ ὃὌϽЎὝϽÓÉÎ

ς“

ψχφπ
ϽὌ ὅὛ ςτȢςυ  (3.6) 

Where: 

 

TG ï ground temperature, ÁC 

gm ï soil correction factor dependent on kind of soil 

TDBT_avg ï average annual external air temperature, ÁC 

AH ï amplitude correction factor 

ȹTA ï amplitude of annual changes in external air temperature, ÁC 

Hj ï number of hour in the year 

CS ï curve shift 

 

In calculating the ground temperature from the typical meteorological year, we can find 

out the following data: 

¶ Average temperature in the coldest month of the year (December) 

Ὕ ͺ πȢχЈὅ 

¶ Average temperature in the warmest month of the year (June) 

Ὕ ͺ ρχȢσЈὅ 

¶ Average annual external air temperature 

Ὕ ψȢςЈὅ 

The results are presented graphically in Figure 3.12. 

 

 
 

Figure 3.12: Graphical Representation of Hourly Calculated Values of Ground Temperature 

in a Year 
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Using the above data, the amplitude of annual changes in external air temperature can be 

calculated using the equation (3.7) below: 

 

 
ЎὝ

Ὕ Ὕ

ς

ρχȢσ πȢχ

ς
ωȢςЈὅ (3.7) 

 

From the table of values listed in the standard EN 15241 [175], the soil correction factor 

as listed for moist soil is 

 

Ὣά ρ 
 

The amplitude correction factor and the curve shift are calculated using equation (3.8) 

and (3.9) below for a depth of 1 m below ground level. 

 

¶ Amplitude correction factor: 

 

 ὃὌ πȢπππσσυϽὬ πȢπρσψρϽὬ πȢρωωσϽὬ ρ (3.8) 

 

¶ Curve shift factor 

 

ὅὛ ςτϽ πȢπρωυϽὬ πȢσσψυϽὬ ρȢπρυφϽὬ ρπȢςωψϽὬ πȢρχψφ (3.9) 

 

Where 

h ï ground depth of heat exchanger 

 

HEAT LOSSES 

 

Heat losses in a building are calculated as the sum of heat losses through transmission 

and heat losses by ventilation (intentional and infiltration losses). In a standard building, about 

30-40% of heat is lost due to ventilation, 20-30% through the walls, the windows contribute 

about 15-25% heat loss, the roof about 10-25% and in the event where thereôs a basement, 3-

6% of heat is lost through the basement [21]. 

 

According to the European Calculation Code EN 832, Thermal Performance of Buildings 

ï Calculation of Energy Use for Heating (CEN 1988), in a stationary state, the basic energy 

balance of a building can be calculated using equation (3.10) [14]. 

 

 ὗ ὗ –ὗ ὗ ὗ  (3.10) 

 

Where 

QH - the heat delivered from the heating system 

QS - the utilized gains from solar source 

QI - the utilized gains from internal sources 

QT  - heat losses due to transmission 

QV  - heat losses due to ventilation. 

ɖ - utilization factor 
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For this building, first of all, infiltration loss through all sections including doors and 

windows was calculated. First of all, the effect of thermal bridges was introduced to the heat 

transfer coefficient using formula (3.11) 

 

 Ὗ Ὗ Ὗ ȟ           ὡ ά ὑ (3.11) 

 

Where 

Uecor ï corrected heat transfer coefficient of the building element including thermal bridges, 

W/m2K 

Ue ï heat transfer coefficient of building element, W/m2K 

Utbe ï correction factor according to the type of building element, W/m2K 

 

HEAT LOSS BY TRANSMISSION 

 

In calculating heat loss by transmission, first of all, we calculate the transmission heat 

loss coefficient from the heated indoors to the outdoors using equation (3.12) 

 

 Ὄ ὃ ϽὟ ȟ   ὡ ὑ (3.12) 

 

Where 

Ht ï coefficient of heat loss by transmission, W/K 

An ï sectional area, m2 

Un  - corrected heat transfer coefficient of building section including linear thermal bridges, 

W/m2K 

Then, the coefficient of heat loss due to transmission to the ground is calculated using 

equation (6.13) 

 

 
Ὄ Ὢ ϽὪ Ͻ ὃ ϽὟȟ ϽὋȟ ὡ

ὑ (3.13) 

 

Where 

An ï sectional area of element in contact with the ground, m2 

Un,equiv  - equivalent heat transfer coefficient of the nth element, W/ m K 

fg1 ï correction factor for the effect of annual outdoor temperature fluctuations, approximately 

1.45 

Gw ï ground water coefficient as recorded in the Polish standards 

fg2 ï temperature reduction coefficient accounting for the difference between the mean annual 

outdoor temperature, Tout,m and the design indoor temperature, Tin, as calculated in (3.14) 

 

 Ὕ Ὕ ȟ

Ὕ Ὕ
 (3.14) 
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The floor perimeter is 35.6 m while it has an area of 70 m2. The Bô value as calculated 

from equation (3.5) is 3.93 m. Therefore heat lost to the ground taken into consideration the 

elements in contact with the ground (Table 3.8) as calculated is 5.90 W/K 

 

Table 3.8: Elements in Contact with the Ground 

 

Elements Area U-Value 

Window 1 1.68 

0.60 

Window 2 1.6 

Window 3 1.6 

Window 4 0.84 

Window 9 0.84 

 

Heat loss through transmission from each section of the building is calculated as seen in Table  

3.9. 

Table 3.9: Heat Loss Through Transmission from the Building Sections 

 

Building 

Sections 
Total Area Wall Area U (W/m2K) Qtrans (W) 

South Wall 56 46.84 

0.16 31.392 
East Wall 27.5 27.50 

West Wall 27.5 26.06 

North Wall 98 95.80 

Ground 70 70 0.1 7 

Roof 42.42 42.18 0.15 6.363 

 

DESIGN TRANSMISSION HEAT LOSS 

 

Heat lost through transmission for the building is roughly estimated to fall within the 

value as calculated by equation (3.15) 

 

 ὗ Ὄ Ὄ Ὕ Ὕ  (3.15) 

 

Where 

QT ï Design Heat loss by transmission, W 

Ht ï coefficient of heat loss by transmission, W/K 

Hg ï coefficient of heat loss to the ground, W/K 

Tin ï design indoor temperature, ÁC 

Tout ï design outdoor temperature, ÁC 

The value of calculated heat loss in this building is QT = 23393 Wé 

 

HEAT LOSS THROUGH VENTILATION 

 

The building is prone to convective heat loss through ventilation and infiltration. 

Ventilation could be both natural and forced ventilation (where and when applicable). To 

calculate for heat loss through ventilation, one must calculate for both mechanically induced 
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ventilation and natural ventilation through infiltration. According to the Polish standard, PN-

EN 12831:2006 [21, 14, 173], the air flow through ventilation can be calculated using equation 

(3.16) 

 

 ὠ  πȢυϽὠ ὠ ϽὪ (3.16) 

Where 

fv ï temperature reduction coefficient 

V inf ï infiltrating air stream, m3/h 

Vsup ï supplied volume of air flow, m3/h 

Vbld ï volume of ventilative air flow through the building, m3/h 

 

The air flow through infiltration is calculated using equation (3.17). Infiltrating air flows 

through the building through cracks or incomplete tightness of construction joints. This leads 

to heat loss through the building. Airtightness in a building should be such that while it allows 

ventilation to maintain the indoor air quality, yet it is sufficiently tight enough to prevent 

damage to structural elements. 

 ὠ ςϽὠϽὲ ϽὩϽ‐ (3.17) 

Where: 

V inf ï infiltrating air stream, m3/h 

V i ï cubic volume of the heated space, m3 

n50 ï air exchange rate (as seen in Table 3.10) resulting from a differential pressure of 50 Pascals 

created between the exterior and the interior of the building, /h  

e ï exposure factor (as seen in Table 3.11) 

Ů ï correction factor (as seen in Table 3.12) dependent on increase in wind speed with reference 

to height of the heated space above the ground 

 

Table 3.10: Building Air Exchange Rate In Accordance to the Polish Standard [173] 

 

 

Building Type 

Air Exchange Rate 

Degree of tightness of building envelope 

High Medium Low 

Single-family house < 4 4 ï 10 > 10 

Others < 2 2 ï 5 > 5 

 

Table 3.11 Exposure Factor in Accordance to the Polish Standard [173] 

 

Classes of 

Exposure 

 

Description 

Exposure Factor 

Number of exposed openings in the heated 

space 

0 1 > 1 

No shading 

Building located in 

windward area, tall 

buildings in city centre 

0 0.03 0.05 

Average 

shading 

Buildings surrounded 

by trees or other 

buildings, suburbs 

0 0.02 0.03 
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Good shading 

Buildings with 

average height in the 

city centre, buildings 

in the forest 

0 0,01 0.02 

 

Table 3.12: Correction factor for wind speed with increasing altitude in accordance to Polish 

Standard [173] 

 

Height of the Heated Space Above Ground Level Ů 

0 ï 10 m 1.0 

10 ï 30 m 1.2 

> 30m 1.5 

 

My selected parameters in accordance to the Polish standard are: 

 

n50 ï 2 h-1 

e ï 0.02 

Ů ï 1.0 

With these values, the infiltrating air stream is calculated to be equal to: 

 

ὠ ςψ ά Ὤ 

 

The permissible minimum limit for air flow with regards to indoor air quality is calculated 

using equation (3.18) 

 

 ὠ ὲ Ͻὠ (3.18) 

 

Where 

Vmin ï minimum air flow permissible for indoor air quality, m3/h 

nmin ï minimum air change rate per hour, /h (value as selected from Table 3.13) 

V i ï cubic volume of the heated space, m3 

 

Table 3.13: Minimum air exchange rate with reference to space utility in accordance to Polish 

Standard [173] 

 

Type of Space nmin (h
-1) 

Living space 0.5 

Kitchen / Bathroom with window 0.5 

Office space 1.0 

Conference Hall 2.0 

  

The resulting value of the minimum permissible air exchange rate is: 

ὠ ρχυά Ὤ 

 



111 
 

The minimum air stream supplied to the room is calculated as a function of the infiltrating 

air stream and the stream of air flow induced by ventilation. This is calculated by equation 

(3.19). 

 ὠ  ὠ πȢυϽὠ ȟὠ  (3.19) 

 

In the case where a recuperator is used in ventilation, the temperature reduction 

coefficient is calculated by equation (3.20) 

 Ὢ ρ – (3.20) 

 

Where: 

fv ï temperature reduction coefficient 

ɖv ï heat recovery efficiency of recuperator, ɖv = 0.95 

Inserting the above values into equation (3.19) in calculating for ventilative air flow through 

the building, we arrive at: 

ὠ  ρω ά Ὤ  

 

Therefore, the design heat loss through ventilation (assuming constant air density and 

constant specific heat in the temperature range of the heated space) can be calculated using 

equation (3.21)  

 ὗ πȢστὠ Ὕ Ὕ  (3.21) 

 

Where 

Qv ï calculated heat loss through ventilation and infiltration, kW 

Tin  - internal temperature, ÁC 

Tout  - external air temperature, ÁC 

 

DESIGN HEAT LOAD OF THE BUILDING 

 

The design heat load of the building, according to the Polish standard [173], is calculated 

as a sum of the design heat loss due to ventilation, the design heat loss due to transmission and 

the excess heat energy generated to compensate for heating discrepancies. This is calculated 

using the formula in equation (3.22). 

 

 ὗ ὗ ὗ ὗ  (3.22) 

 

Where: 

Qxh ï excess thermal power, W 

This excess thermal power is to compensate for unexpected diminishing of heat supply 

or total outage of heat supply, in order to maintain the design temperature. Not only does this 

excess thermal power account for heat losses through the building, but it also increases the 

overall building temperature. This excess thermal power is calculated by equation (3.23). 

 

 ὗ ὃϽὪ  (3.23) 

 

Where: 

A ï floor area, m2 
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fxh ï coefficient of reheating 

 

The coefficient of heating is derived from the Polish standard as outlined in Table 3.14. 

In a well-insulated building, the decrease in internal temperature due to diminishing or 

weakening of the heating system can be approximated to 1 K. It is also safe to assume that the 

time required to reheat the building back to its set temperature will last about 2 hours. So, the 

coefficient of heating in this case, could be said to be fxh = 6 and the excess thermal power to 

be 840 W. 

 

Table 3.14: Coefficient of heating with reference to time 

 

 

Reheating Time (h) 

Coefficient of reheating fxh (W/m2) 

Assumed decrease in temperature during weakening 

1K 2K 3K 

1 11 22 45 

2 6 11 22 

3 4 9 16 

4 2 7 13 

 

SOLAR GAINS 

 

The building not only experiences losses but also gains as a result of the buildingôs 

location, size, orientation, and the physical properties of the buildings opaque and transparent 

elements. In addition to all these, the building is fitted with a recuperator that helps to recycle 

waste heat resulting in energy gain. There are also internal gains resulting from electrical 

appliances and human occupancy. 

Solar gain is calculated using equation (3.24) 

 

 ὗ †ϽὫ ϽὊὊϽὤϽὃ ϽὛ (3.24) 

 

Where 

Qs ï solar heat gains through glazed openings, W 

Ű ï ratio of typical average transmittance to transmittance at normal incidence factor 

gn ï total solar energy transmittance factor of glazing at normal incidence 

FF ï glazed fraction of opening 

Z ï solar access factor 

Aw ï area of opening, m2 

S ï solar flux on surface, W/ m2 

 

REDUNDANT SENSIBLE HEAT IN SUMMER 

 

In summer, excess heat generated is intended to be used to charge the seasonal heat 

storage accumulator. This excess heat can be calculated as a sum of heat resulting from various 

sources as seen in equation (3.25) 

 

 ὗ ὗ ὗ ὗ ὗ        ὡ  (3.25) 
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Where 

Qrsh ï redundant sensible heat, W 

Qopq ï solar gains from insolation through opaque surfaces, W/K 

Qtrsp ï solar gains from insolation through transparent surfaces, W/K 

Qppl ï solar gains from people 

QT ï solar gains from technology 

 

HEAT ACCUMULATION IN BUILDING SECTIONS 

 

Buildings have the capacity to store heat. This heat storage capacity is dependent on the 

building materials and the mass of the building sections. 

 

SOLAR GAINS FROM INSOLATION THROUGH OPAQUE SURFACES 

 

Solar radiation coming from the sun on reaching the earthôs surface is diffused by inert 

gases in the ozone layer of the earthôs atmosphere, and deflected by other factors including the 

purity of the air and transparency. Solar radiation on any surface is composed of incident or 

direct radiation, reflected and diffused radiation. Solar radiation hitting an opaque surface 

results in a spontaneous heat flux which is determined by the formula in equation (3.26) 

 

 ή Ὗ ϽὝ Ὕ ὺὝ Ὕ      ὡ ά  (3.26) 

 

Where 

qopq ï heat flux through opaque surfaces, W/m2 

U- coefficient of heat transfer through building section, W/m2K 

Tm ï Mean dry bulb temperature 

Tin ï Temperature of air inside building section 

Tout ï Dry bulb temperature 

v ï coefficient of reducing amplitude 

 

Solar gain through opaque sources can then be derived from equation (6.27) 

 

 ὗ ὃϽή  (3.27) 

 

Where 

A ï area of opaque building section 

qpn ï heat flux through opaque surface 

 

SOLAR GAIN THROUGH TRANSPARENT SURFACES 

 

In order to calculate solar gain through transparent surfaces, we need the value of solar 

irradiation  entering the building through glass windows. The solar irradiation is dependent on 

the geographical direction of the building at which the window is located. Direct solar 

irradiation is calculated as seen in equation (3.28) as the difference between total irradiation 

and diffused solar irradiation. 
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 Ὅ Ὅ Ὅ  (3.28) 

 

The heat flux flowing into a building through a transparent section is composed of the 

flow of convective heat transfer and flow of radiation to the internal space as seen in equation 

(3.29). 

 

 ή ή ή      ὡ ά  (3.29) 

 

Where 

qtrnsp ï heat flux flowing into the building through a transparent section 

qconv ï convection heat transfer 

qirrad ï irradiation penetrating to building interior 

 

The solar gain from heat transfer (convection) through a transparent surface can be 

calculated using equation (3.30) [14, 173, 174]. 

 

 ὗ ή Ͻὃ ὃ ϽὟ ὸ ὸ             ὡ (3.30) 

 

Where 

Awndw ï area of the wall window exposed to light, m2 

Uwndw ï coefficient of heat transfer for the window, W/m2K according to PN-82/B-02020 

tout ï instantaneous external temperature, ÁC 

tin ï instantaneous temperature of the internal space, ÁC 

 

The instantaneous heat flux flowing into the building space as a result of solar radiation 

can be calculated using equation (3.31) 

 

 ὗ ὃὍ  ὃ ὃ Ὅ  ὦϽί        ὡ (3.31) 

 

Where 

A1 ï area of glass that is sunlit, m2 

Itot max ï maximum intensity of total solar radiation in a chosen month for a given direction of 

window exposure, penetrating through the sunlit part of the glass in the window 

Idiff max ï maximum intensity of diffused solar radiation in a chosen month, entering the building 

space through the window 

b ï solar radiation transmittance through the window (taking into account the kind of glass, 

number of panes and use of window blinds) (around 0.75 for triple-pane window) 

s ï heat accumulation coefficient in building partitions around the living space 

 

If the temperature of the air in the living space during the warm period changes randomly 

(ventilation without cooling of air) or if the building mass is extremely light (m < 100 kg/m2), 

with no significant accumulative capacity, the heat flux flowing into the building space through 

the transparent section as a result of solar radiation is calculated using equation (3.32). 

 

 ὗ ὃὍ ὃ ὃ Ὅ Ͻὦ                  ὡ (3.32) 

Where 
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Itot ï instantaneous intensity of solar radiation (dependent on the direction of exposure of the 

window, the month and hour of day), entering into the living space through a double-glazed 

window with normal window glass 

Idiff ï instantaneous diffused solar radiation entering into a living space through a double-glazed 

window with normal window glass (dependent on the month and hour of day) 

 

HEAT GAINS FROM PEOPLE 

 

Solar gains from people is calculated as a sum of sensible and latent heat gains. The 

sensible heat gain is a function of a variety of factors like the air temperature in the room, the 

number of people in the room and the activity of the people in the room. Physical activity is 

expressed in units of sensible heat flux and is dependent on the type and volume of physical 

activity performed. Physical activities possible in the home with their corresponding sensible 

and latent heat gains are indicated in Table 3.15 [174]. 

 

Table 3.15: Total heat, qt (W), sensible heat qs (W), and rate of vaporisation vap (kg/s Ā 10
-6) 

emitted by the human body with reference to physical activity at 22ÁC [174] 

 

Temperature 22ÁC 

Physical Activity qt (W) qs (W) 
vap (kg/s 

Ā10-6) 

Resting while sitting 113 78 13.76 

Resting while standing 127 83 17.18 

Mild work while standing, little activity 174 88 33.71 

 

The sensible heat gain is calculated using equation (3.33) 

 

 ὗ  ὲϽή Ͻ•  ȟ            ὡ (3.33) 

 

Where 

n ï number of people present in living space, - 

qsens ï unit sensible heat gain, W (as seen in Table 3.15) 

ű ï coefficient of simultaneous presence of people in the living space, dependent on the purpose 

and kind of living space 

 

The latent heat from people refers to the amount of energy exchanged between the living 

organism and the environment due to work being done in the living organism by reason of 

metabolism processes such as breathing and evaporation of sweat from the skin of humans. 

Latent heat gain is calculated as a function of human activity and the temperature of the 

surrounding air using equation (3.34). 

 

 ὗ  ὲϽή Ͻ•  ȟ        ὡ (3.34) 

 

Where 

n ï number of people present in room 
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wsens ï unit flux of water vapour given up to the atmosphere by humans, dependent on physical 

activities and the temperature of the environment, g/h 

 

HEAT GAINS FROM VENTILATION 

 

Heat Gains from ventilation can be calculated as the product of ventilative air flow and 

the enthalpy difference between the supplied air temperature and the designed internal 

temperature using equation (3.36 ï 3.39).  

 

 ὗ ϽὬ Ὤ          ὡ (3.36) 

 

Where 

i ï mass flow of ventilative air, kg/s 

hm ï air temperature enthalpy supplied to the air-conditioned space, J/kg 

hint ï enthalpy of the designed internal temperature of the air-conditioned space, J/kg  

 

 ὗ ὠ Ͻ”ϽὧϽὸ ὸ  (3.37) 

 ὗ ὠ Ͻ”ϽὧϽὸ ὸ Ͻρ –  (3.38) 

 ὗ ὗ ὗ  (3.39) 

 

Where 

Qinf ï total heat from infiltration 

V inf ï infiltration airflow stream 

cp ï specific heat capacity of air 

Qrec ï total heat from recuperator 

Vrec ï recuperative airflow stream 

ɖrec ï efficiency of recuperator 

tin ï design temperature of the heated space 

tout ï external temperature 

 

RECUPERATIVE HEAT EXCHANGER 

 

Table 3.16: Recuperator Parameters 

 

Parameter Value 

Efficiency 95% 

Length 1300 mm 

Width 500 mm 

Depth 500mm 

Airflow  Over 80,000 m3/h 

Maximum working temperature Up to 200ÁC 

 

A recuperative heat exchanger helps to recover waste heat from ventilation and maintain 

the air quality as well. The recuperator is fed with waste heat energy leaving the heated space 

and through a counter-current flow with fresh heat energy from the accumulator, it is able to 

deliver purified and hygienically conducive air to the heated space, hence maintaining the 
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indoor air quality. The counter-current flow heat exchanger is chosen because of its high 

efficiency and suitability to the building space. As the name suggests, counter-current heat 

exchanger allows for a perpendicular air flow between the cold air stream and the hot air stream 

which are separated by a diaphragm. Due to the fact that these air streams do not mix, the room 

is purified of unpleasant odours and impurities. The operating parameters of the selected 

recuperator is as seen in Table 3.16. 

 

HEAT GAINS FROM TECHNOLOGY 

 

Thermal energy is also gained through emission of heat from technological appliances in 

the home. This thermal energy can only be estimated by the heat flux being emitted by these 

devices due to the variety of technological appliances in the home and the discrepancy in their 

degree of operation. The heat flux is calculated as a function of the nominal power of the device 

and the daily operating time of the device as seen in (3.35). 

 

 
ὗ ὲέάὭὲὥὰ ὴέύὩὶ Ͻ 

έὴὩὶὥὸὭὲὫ ὸὭάὩ

ςτ
 ϽήόὥὲὸὭὸώ έὪ ὨὩὺὭὧὩ         ὡ (3.35) 

 

For example, calculating for the case of a refrigerator, 

 

ὗ ςππ Ͻ 
ςτ

ςτ
 Ͻρ ςππ ὡ 

 

Table 3.17 shows the list of projected technological appliances, their quantities, nominal 

power, operating time and ultimately the heat gain to the building as a result of these devices.  

This is also projected graphically in Figure 3.13. 

 

 
Figure 3.13: Electrical Power demand per hour by electrical appliances 

 

TOTAL HEAT GAIN 

 

Total heat gain is calculated as the sum of all hourly heat gains using the typical 

meteorological year data.  
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Table 3.17: Technological Devices and the Estimated Heat Gain Obtainable from them per Hourly Usage 

 
Appliance 

Heat Gain 

(W) 
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0 50 100 - - - - - - - - - - - 

1 50 100 - - - - - - - - - - - 

2 50 100 - - - - - - - - - - - 

3 50 100 - - - - - - - - - - - 

4 50 100 - - - - - - - - - - - 

5 50 100 - - - - - - - - - - 80 

6 50 100 500 - - - - - 1000 - - - 80 

7 50 100 - - 1000 400 - - - 300 400 - 80 

8 50 100 - - - - - - - - - - 80 

9 50 100 - - - - - - - - - - - 

10 50 100 - - - - - - - - - - - 

11 50 100 - - - - - - - - - - - 

12 50 100 - - - - - - - - - - - 

13 50 100 - - - - - - - - - - - 

14 50 100 1000 - - - - - - - - - - 

15 50 100 1000 - - - - - - - - - - 

16 50 100 - - - - 200 - - 300 - - 80 

17 50 100 - 500 - - 200 250 - - - - 80 

18 50 100 - 500 - - 200 250 - - - - 80 

19 50 100 500 - - - 200 250 - 30-0 - - 80 

20 50 100 500 - 1000 - 200 250 - - - - 80 

21 50 100 - - - - - - - - - - 80 

22 50 100 - - - - - - - - - - 80 

23 50 100 - - - - - - - - - - 80 
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4. MATHEMATICAL MODELLING  

The findings of the research work carried out in this chapter have been published in 

Sustainability 2023 journal and was co-written with authors; Baĺ A. and Kasperski J. The article 

is titled ñA Simulation of a Sustainable Plus-Energy House in Poland Equipped with a 

Photovoltaic Powered Seasonal Thermal Storage Systemò [171].  

4.1  HEAT LOSSES FROM THE STACK 

For a thermal storage stack to be effective, the use of thermal insulation to avoid heat 

losses is necessary. When considering thermal storage stacks with high temperature and a long 

period of heat storage, exceptionally thick thermal insulation is required. Typical applications 

of thermal insulation are usually associated with situations where the thickness of the insulation 

is much smaller than the dimensions of the insulated item. Heat flow calculations are thus 

relatively simple, as they refer to flat or curved surfaces. 

In literature, we find fundamental calculations of heat transfer for large, flat, and 

boundary-less surfaces, utilised in arbitrarily calculating thick layers of thermal insulation. 

There are also widely known formulae for calculating heat transfer in insulated pipes and 

spheres as indicated in Figure 4.1. 

 

Figure 4.1: Internal and external temperature difference in a) Large, flat cuboidal surface 

b) in an insulated pipe c) in a sphere 

Fourierôs law of heat transfer in a long cylindrical pipe of length L, internal radius ri, 

external radius re with thermal conductivity k, states that: 

 
ὗ Ὧὃ

ὨὝ

Ὠὶ
   ȟ ὡ (4.1) 

Where 

A ï area of a cylinder (A = 2ˊrL) 

dT ï Temperature difference between Ti (internal temperature) and Te (external temperature) 

 

Substituting A = 2 ˊrL into equation 4.# and integrating from ri to re, we have the final 

equation as:  

 
ὗ ς“ὒὯ

Ὕ Ὕ

ÌÎ ὶ ὶϳ
   ȟ ὡ (4.2) 
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Equation 4.2 could also be applied in the same vein to a spherical object with area A = 

4ˊr2 resulting in: 

 
ὗ τ“ὶὶὯ

Ὕ Ὕ

ὶ ὶ
   ȟ ὡ (4.3) 

   

However, considering this case with thick layers of insulation, it can be said to be similar 

to the case of the insulated sphere, although the geometry in question is of a rectangular shape 

where we have Ae >> Ai. In regard to the calculation of heat transfer for cylindrical or spherical 

surfaces, the convection coefficient, which influences the rate of convection, is higher on the 

external side and lesser on the internal side. This increment or reduction is performed in 

proportion to the ratio of the areas considered as seen in equations 4.2 and 4.3. In the analysed 

case, it is necessary that the heat losses from the thermal stack do not exceed 500 W 

(theoretically, higher heat loss values could be deemed acceptable, although in autumn ï where 

the stack has the highest temperature ï such high values would require the use of air-

conditioning, even at low ambient temperatures). For this reason, the used thermal insulation 

should be significantly thick. In such cases, as can be seen in Figure 4.2, the outer surface area 

of the stackôs insulation Ae far exceeds the outer surface area of the stack filling Ai several 

times. 

 

 

Figure 4.2: Diagrammatical scheme for calculating heat losses from the stack through 

insulation [182] 

For the conditions defined above, Equation (4.4) is used: 

 
ὗ

ρ

ρ
ὃ
ὃ ϽὬ

Ὠ
‗

ρ
ὃ
ὃ ϽὬ

Ͻὃ ϽЎὝȟ 
(4.4) 

Where: 

Q ï heat loss, W; 

Ae ï external area of thermal insulation, m2; 

A i ï internal area of thermal insulation (external area of storage stack), m2; 

Aa ï average area of thermal insulation, m2; 

d ï thickness of thermal insulation, the same in each direction, m; 

ɚ ï heat conduction coefficient, W /mK; 

he ï external convective heat transfer coefficient, W / m2K; 
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hi ï internal convective heat transfer coefficient, W / m2K; 

ȹT ï temperature difference between external and internal air, ÁC. 

 

In Figure 4.2, the average heat exchange surface area is marked with a dashed line. When 

the area Ae is close to Ai, which is most often the case in technical issues, the average area Aa 

can be calculated as the arithmetic mean of both areas as seen in equation 4.5: 

 

 
ὃ

ὃ ὃ

ς
ȟ (4.5) 

 

In the case where the area Ae is much larger than Ai, the average area Aa should be 

calculated as the arithmetic mean as in Equation (4.6): 

 ὃ ὃ Ͻὃ (4.6) 

 

The value of the heat conduction coefficient is heavily dependent on the temperature. 

Usually, the value doubles in the temperature range of 20 to 600ÁC. In such a case, the inner 

layers of the stackôs insulation would have a higher value of this coefficient, whereas the outer 

layers would have a lower value. In order to use one value in the calculations, it was proposed 

that a weighted average that is proportional to the layer area would be calculated: 

 
‗
ὃ Ͻ‗ ὃϽ‗

ὃ ὃ
 (4.7) 

Where: 

ɚe ï heat conduction coefficient for the temperature of an external layer, W/mK; 

ɚi ï heat conduction coefficient for the temperature of an internal layer, W/mK 

 

In comparison to the heat transfer calculation for cylindrical or spherical surfaces, the 

thermal conductivity coefficient on the side with the larger area i.e., the external side, is 

increased, while that on the smaller internal area is reduced. This increment or reduction is 

performed in proportion to ratio of the areas given consideration. 

In order to simplify the calculations, it was assumed that the structure of the insulation is 

uniform in the entire volume (especially at the bottom). The real construction of the thermal 

stack should take into account the strength of the thermal insulation material pressed under the 

weight of the stackôs filling material. Typically, the compressive strength of thermal insulation 

materials is low, and the construction would require a steel support frame to support the stack 

filling.  

In the next section, experimental analysis is carried out to verify the accuracy and validity 

of the method of calculation proposed in this section. 

4.2 EXPERIMENT 

An experiment was carried out to verify the accuracy of Equation (4.4), which describes 

heat losses from the extremely large cuboidal-shaped stack. The equation was derived and 

modified from the existing similar equation of a very big insulated sphere. The experiment aims 

to check the validity of this equation. 
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Various high-temperature insulation materials have been examined analytically and 

modelled to determine the best possible material for the thermal stack in reference to energy, 

cost and volume. To ascertain the validity of the results gotten from the model, three different 

stack insulation materials were selected, and experimentally tested. The materials selected 

include: 

¶ Promat fireplace insulation, 

¶ Fire-rock rockwool fireplace boards, 

¶ Aeromat 650 aerogel. 

 

Promat fireplace insulation comes in form of rigid boards and is mainly composed of 

calcium silicate and asbestos-free. It has a density of about 245 kg/m3 and it is non-combustible 

and dust-free. In the case of fire-rock rockwool, the boards are covered with aluminium foil 

cladding, as seen in Figure 4.5, and have a density of  80 kg/m3. The Aeromat 650, which is the 

most expensive of all three is made up of synthetic amorphous silica (40-50%), glass fibre (10-

20%), polyethylene terephthalate (10-20%) and magnesium hydroxide (0-5%). It comes in form 

of a mat [195-197]. The stack itself was formed using high-temperature resistant cement as seen 

in Figure 4.4. 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

Figure 4.3: Schematic diagram of the Experimental Set-up for Testing Essential Parameters of 

Selected Insulation Materials 

 

1 ï Insulation Material (Promat, Fire-rock wool, Aerogel) 

2 ï Concrete Block with fitted-in electric heating coil 

3 ï Internal thermocouple K-type 

4 ï External thermocouple K-type 

5 ï Screen recorder with FDA certificate (Lumel KD7) 

6 ï Power Supply Unit AX-3020 L (0-30 V, 20A) 

6 

5 

1 

2 

3 

4 
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PROCEEDURE 

The experiment was set up and connected as seen in Figure 4.3. First of all, a wooden 

frame was prepared to hold the high-temperature resistant concrete mixture until it solidified. 

The electrical heating coils, which were previously tested to ensure they were in good condition, 

were fitted into this wooden frame, as seen in Figure 2A). Next, the cement aggregate was 

prepared and poured out to fit the wooden frame as seen in Figure 2B). 

        

Figure 4.4: Experimental Set-up Preparation: A) Wooden Mould fitted with electrical coils B) 

Filling wooden frame with aggregate mixture 

The aggregate was left to sit and solidify and dry for a period of about 14 days. After 

which, the resulting stack was dismembered from the wooden frame. Afterwards, the various 

insulation materials were prepared and cut to match the design specification. In the case of the 

fire-rock rock wool fireplace boards, the external aluminium lining was removed as seen in 

Figure 4.5. 

 

 

Figure 4.5: Preparation of Insulation Material to Fit Design Specification 

The Fire-rock rockwool and Promat insulation materials were in the form of boards, and 

were much easier to work with. However, the aerogel was in the form of a mat and in order to 

achieve the design specification, the mat was cut out in the form of several flat layers to be able 

to achieve the same or similar design, as seen in Figure 4.6C. The experimental set-up was 

placed on a metal grid, as seen in Figure 4.6, to avoid contact with the table due to the high 

temperatures expected. 

A B 
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Figure 4.6: Experimental Test Stand With A) Promat Insulation B) Fire-rock rockwool 

Insulation C) Aeromat 650 insulation 

The experiment involved gradually increasing the power supply from the power supply 

unit, and waiting for about a period of 24 hours, for the resulting increase in temperature due to 

the power increase. This increase in temperature was then recorded manually and automatedly, 

as seen in Figure 4.7, with reference to the corresponding power input. This process was 

repeated for values of temperature ranging from 100ÁC to a maximum of about 600ÁC 

sequentially for each of the three insulation materials. In total, the experiment lasted for almost 

a month. 

 

Figure 4.7: Recording Experimental Results Both Manually and Automatedly (with the 

KD7 screen recorder) 

OBSERVATIONS 

A thermal imaging camera was used to take thermal images of the experimental setup for 

each of the three insulation materials used as seen in Figure 4.8. 

                  

Figure 4.8: Thermal Imagery of Experimental Setup With A) Promat Insulation B) Fire-rock 

rockwool Insulation C) Aeromat 650 insulation 

A B C 

A B C 
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The Fire-rock wool insulation and Promat insulation exist in board form, and as such, 

were easier to prepare and fit into the cuboidal shape of the thermal stack design. However, in 

the case of the Aeromat 650 insulation, the material was in the form of a mat, and so several 

uneven layers had to be stacked on each other to achieve the cuboidal shape. This inadvertently, 

made room for greater air infiltration, and consequently greater heat losses in the Aeromat-650 

mat, in comparison to the other two materials. The uneven air gaps in the Aeromat are visibly 

seen in the thermal image in Figure 4.9C. 

          

Figure 4.9: Frontal View of Experimental Setup Showing Visible Air Gaps in A) Promat 

Insulation B) Fire-rock rockwool Insulation C) Aeromat 650 insulation 

RESULTS AND DISCUSSION 

1. The recorded values from the experiment are seen in Table 4.1. The same concrete block 

filling was used to carry out the experiment for the three insulation materials. However, there 

is a slight size variation in the case of the insulation materials as seen in Table 4.1, due to 

the fact that each of these materials come in different size specifications based on the 

manufacturerôs choice. For the purpose of the experiment, the materials were cut and 

prepared to suit the thermal stack design specification. The size of the thermal stack in the 

experiment is about 10 times smaller than that which was analysed in the article. 

 

2. Uncertainty in measurement was taken into account, with the power supply unit having an 

uncertainty index of 0.05 V and 0.05A respectively. The uncertainty of heat losses was 

calculated using Eq. (4.8) and (4.9). The temperature difference was calculated using Eq. 

(4.10). The temperature uncertainty index was 0.01 and the resulting values can be seen in 

Table 4.1. 

 ὖ ὠϽὍ (4.8) 

 

 Ўὖ ὠϽЎὍ ὍϽЎὠ (4.9) 

 

 Ўὸ  ὸ ὸ  (4.10) 

A B C 
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Table 4.1: Measured Parameters from the Experiment in Comparison with Model 
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3. The comparison showed that the results obtained from the model are satisfactory in 

comparison with the results from the experiment as seen in Table 4.2. The lowest mean 

difference which is 5%, occurs in Fire-rock rock wool insulation. Promat insulation has a 

maximum difference of 13.1 at a temperature of 514ÁC, and a mean difference of 6.4%. 

However, in the case of Aeromat 650, the maximum difference is very high, up to 31%. 

  

Table 4.2: Heat Losses Error Comparison Between Results Obtained from the Model 

and from the Experiment 

Insulating Material Maximum Difference (%) Mean Difference (%) 

Promat 13.1 6.4 

Fire-rock rockwool 8.0 5.0 

Aeromat 650 31.1 20.7 

 

4. Graphical comparison between the modelled and experimental results can be seen from 

Figures 4.10 to 4.12. The blue line represents the results from the model while the markers 

represent the experimental results together with the uncertainty.  The greater the electric 

power being supplied to the electric heater, the greater the temperature. It can also be 

observed that the lower the coefficient of heat transfer of the selected insulation material, the 

higher the temperature of the concrete even at the same power supply to the electrical heater. 

 

5. In the case of Promat insulation, the difference between the values from the model and that 

from the experiment are more pronounced from temperatures higher than 300ÁC. The values 

of the experiment are quite lower than that of the model, as seen in Figure 4.10. For Fire-

rock rock wool insulation, the values of the experiment are quite consistent with that of the 

model, asides for temperatures higher than 400ÁC which are only slightly higher, as seen in 

Figure 4.11. Aeromat 650 however, from Figure 4.12, recorded much higher heat losses 

experimentally than the values predicted by the model. This could be because of the 

noticeable air gaps in the Aeromat 650 as seen in Figure 4.9C, leading to excessive air 

infiltration which could influence greater heat loss in the material. 

 

Figure 4.10: Graphical Representation of Modelled and Experimental Parameters for Promat 

Insulation 
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Figure 4.11: Graphical Representation of Modelled and Experimental Parameters for Fire-

rock rockwool Insulation 

 

Figure 4.12: Graphical Representation of Modelled and Experimental Parameters for Aeromat 

650 Insulation 

 

6. Most importantly, the experiment was able to prove the validity of Equation (4.4) about heat 

losses through an extremely large cuboidal shape especially as seen in the case of Fire-rock 

rockwool insulation, where there is almost a convergence between the experimental results 

and the modelled results. 

 

7. After carrying out the experiment with the Promat insulation, there were visible dark circles 

on the insulation that seemed to emanate from the heated concrete block as seen in Figure 
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4.13 The circles are probably to show the effect of high temperature on the chemical 

constituents of the material. From the results of the experiment, however, it appears to be 

that the lines have no effect on the thermal properties of the insulation material. 

 
Figure 4.13: Visible dark circles around the heated concrete block in Promat Insulation 

 

8. Based on the obtained results from the experiments, for such a high-temperature application 

in the shape like the proposed seasonal storage stack, the use of Aeromat 650 is not 

recommended, whereas, the calculation of the stack using the Fire-rock rockwool insulation 

is based on experimentally-proved and confirmed insulation parameters, and so Fire-rock 

rockwool insulation is better recommended in practice.  

 

4.3 CALCULATION OF STACK CHARGE AND DISCARGE  

 

The thermal storage stack is heated over a period of time, during which the temperature 

increases with time as seen in Figure 4.14. The amount of energy needed to raise the 

temperature of the thermal stack from temperature ñT1ò to a temperature ñT2ò can be calculated 

as: 

 

 ὗ άϽὧϽὝ Ὕ  (4.11) 

 

Where: 

m ï mass of the thermal storage stack, kg 

cp ï the specific heat capacity of the thermal storage stack filling material, J/kgK 

 

This amount of energy can be supplied at a time interval (ȹt) from time t1 to time t2. With 

regards to time, the energy supplied can be calculated as: 

 

 ὗ ὖ Ͻὸ ὸ ὖϽЎὸ (4.12) 

 

Where: 

PTH ï charging or discharging power of the thermal storage stack, W 

 

Therefore, the temperature, T2, of the thermal storage stack at any given time t2 can be 

said to be: 
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Ὕ Ὕ

ὖϽЎὸ

άϽὧ
 (4.13) 

 

Therefore, to calculate the power of the thermal energy storage stack at any given time, 

we add the electric power generated by photovoltaic panels and deduct the heat losses from the 

thermal stack and also the power taken from the stack for space heating. This is calculated as: 

 

 ὖ ὖ ὗ ὗ  (4.14) 

 

Where: 

PPV ï power from photovoltaic panels supplied to the stack, W 

QHL ï heat losses from the stack through its thermal insulation, W 

QSH ï power supplied for space heating of the living space, W 

 

Using this method, it is possible to model the changes in the temperature of the thermal 

storage stack, wherein solar insolation on the photovoltaic panels during the day results in 

increasing temperature of the stack. On the other hand, absence of solar insolation at night or 

periods of high space heating demand, will result in decreasing temperature of the stack. The 

results of using this method in calculation can be seen in Figure 4.19.  

 

Figure 4.14: Temperature Change in the thermal storage stack with respect to time 

4.4 TRIAL AND ERROR METHOD  

The methodology applied to finding solution is the ñTrial-and-Errorò method. According 

to E. G. Mbonipa et al [177], the ñtrial and errorò method implies: 

¶ The selection of independent model parameters on the basis of previous knowledge and 

experience 

¶ Adjusting parameter values and manually changing the model input files 

¶ Running the model 

¶ Evaluation of the model and comparison with observed data trends 

Repeating the last three steps till an acceptable calibration is achieved or model 

performance criteria is met is what actually makes up the ñtrial-and-errorò process, as it is 

illustrated in Figure 4.15. The main difference between the ñtrial and errorò method and the 

typical method of technical calculation is that the latter involves inputting a set of independent 

variables into a mathematical model, and getting a set of results, while the ñtrial and errorò 

method involves a cyclical repetition of inputting independent variables into the mathematical 

model, evaluating the obtained results, making necessary corrections and once again inputting 
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variables till the desired output is achieved. What is key in the ñtrial and errorò method is a 

prior knowledge of the accurate form of the intended results. 

 

 

Figure 4.15. Trial and error method diagram [6] 

Table 4.3: HVAC-PVPSTS System Parameter Assumptions [6] 

Part Parameter Assumption 

Home 

Location Wrocğaw, Poland (Lat. 51.1Á, Long. 7.0) 

No. of people in living space: 4 

Thermal insulation of walls styrofoam, 30 cm 

Thermal insulation of roof mineral wool, 30 cm 

PVC windows parameter 0.6 W/m2K 

Efficiency of air heat recovery unit 80% 

Seasonal Criteria 
space heating schedule: 15th of September 

up to 15th of May 

PV 

Panel module DM450M6-72-HBW 

Amount of panels 39 

Roof slope and azimuth 30o, South 

Storage 

Stack filling magnesite ceramic bricks 

Stack volume available range * 0.5-2.5 m3 

Min. range of temperature stack 50oC 

Max. range of temperature stack 600oC 

Storage insulation material 
high temperature resistant aluminosilicate 

fibres 
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ASSUMPTIONS MADE 

In this case, several assumptions had to be made to facilitate the design of the system. 

The assumptions made include selection of the location due to the fact that all calculations were 

made on the basis of the Typical Meteorological Year (TMY) data of the selected location. 

Other assumptions including building technology and design, defining of the heating and 

cooling season, selection of photovoltaic panel model, and others, can be seen as explained in 

Table 4.3. The most critical of these assumed data are the number of panels required to generate 

sufficient yearly energy supply, stack dimension and mass and the selection of the starting day 

of the heating season of the storage stack. 

4.5 PV POWER CALCULATION  

In this study, the possibility of producing electricity by a PV installation consisting of 

monocrystalline panels was analysed. This type of panel is popular in domestic and industrial 

systems due to its relatively low price, easy installation and low operating costs. The product 

warranty given by the producer is 12 years, and power warranty is 90% and 84.8% of the 

nominal output power after 10 and 25 years, respectively.  

Solar radiation and ambient temperature have an important influence on the power 

production of a photovoltaic panel. The PV power production PPV is described by equation 

(4.15) [178, 54, 179]:  

 

 
ὖ ὖ

ὋὍ

Ὃ
ρ

‎

ρππ
Ὕ Ὕ Ͻ– Ͻ– Ͻὔ (4.15) 

where:  

Pmax ï the rated maximum power, W/panel; 

GI ï current global irradiance, W/m2;  

GSTC ï solar radiation in standard test conditions (STC), W/m2;  

g  ï the temperature coefficient of Pmax, %/̄ C; 

Tcell ï current cell temperature, ̄C;  

TNOCT ï normal operating cell temperature (NOCT), C̄;  

hinv and hwire ï the efficiency of the inverter and wire, respectively;   

N ï the total number of PV panels. 

 

For the considered panels, the standard test conditions are [181]: 

 

GSTC = 1000 W/mĮ, 

GNOCT = 800W/mĮ, 

g / 100 = 0.00365 

TNOCT = 46̄ C 

hwire = 0.8 

Pmax = 450 

Ta,NOCT = as gotten from the Wroclaw TMY data 

cell temperature TSTC = 42̄ C  
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The current cell temperature Tcell is described by equation: 

 

 
Ὕ Ὕȟ

ὋὍ

Ὃ
Ὕ Ὕȟ  (4.16) 

        

where Ta,DBT is the current ambient temperature of the dry-bulb thermometer. During the day, 

the cell temperature Tcell changes with solar radiation GI. Therefore, the calculations of 

electricity production were done within 1-hour time intervals applying the meteorological data 

collected in Typical Meteorological Year (TMY) database for Wrocğaw city, Poland [180].  

 

4.6 ENERGY BALANCE  

 

Mathematically modelling this innovative system, involves making analysis of the heat 

exchange between the buildingôs elements, the environment and the thermal storage stack. The 

calculations have to consider the following interactions: 

¶ Heat exchange between ambient air and the building walls 

¶ Heat exchange between ambient air and the roof of the building 

¶ Heat exchange between the building floor and ground heat from under the building 

¶ Heat exchange between the ambient air and building openings (i.e. doors and windows) 

¶ Solar radiation transmitted through the windows and the effect of solar shading on heat 

gain/loss 

¶ Heat loss through air infiltration 

¶ Heat loss through active ventilation with heat recovery 

¶ Heat gain from the residents and their physical activity 

¶ Heat gain from operation of electrical appliances 

¶ Heat loss from the ceramic storage stack through its insulation to the room 

 

When considering heat exchange through the building walls, floor and roof, we have to 

take into account the thickness and materials of the building structure, as well as the thermal 

insulation. In order to maximise solar radiation during the winter season, it was assumed that 

the windows would not be shaded during this time to maximize the passive gains from radiant 

energy. In like manner, to reduce the consumption of electricity through the air-conditioning 

system in summer, about 25% of the window surface is to be covered (when solar radiation 

exceeds 500 W/m2). 

Ventilative heat recovery was assumed at a level of 80%. Heat gains from the residents 

and working electrical devices were considered for calculating the work balance of the air-

conditioning system in the summer. In order to correctly implement this, a 24-hour plan of the 

time that people stay in the rooms of the building, including the type of physical activity 

performed by these people was created. It was assumed according to a 24-hour plan, that the 4 

residents were absent from the home between 8am in the morning and 4pm in the evening, and 

were present for the rest of the day. Also, the 16-hour period in which the residents were present 

was divided into periods of physical activity consisting of resting while seating (from 9pm to 

5am) and mild work while standing or little activity (between 6 to 7 am, and between 5pm to 

8pm), as seen in Figure 4.16. Using the values of heat gotten from physical activity (as seen in 

Table 3.15), the amount of heat produced for every hour of the day was calculated based on the 
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TMY data. In the case of electrical appliances, their usage and the heat gain from them within 

a 24-hour period was also analysed as seen in Table 3.17 and Figure 3.12. 

 

 
 

Figure 4.16: Heat Gain from Home Residents within 24 hours of the day 

 

These hourly energy analyses were all combined together and calculated on the basis of 

the TMY data (Figure 4.17) to determine if there would be need for heat to be actively taken 

from the storage stack to heat up the living space in the winter season or to activate the air-

conditioning system in the summer season of the HVAC system as seen in Figure 4.18. 

 

 

Figure 4.18: Scheme of Hourly Energy Balance (HEB) Analysis [171]  
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Figure 4.17: Panoramic view of Calculations Relying on TMY data of Selected Location ï Wrocğaw 
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The HEB calculations were carried out in one-hour steps for 24 hours of the day, 

successively for all 365 days of the year using the TMY. Considering the example of selected 

days from November 24th to November 30th, as seen in Figure 4.19, we compare the temperature 

of the storage stack (red line) with the energy balance of the HVAC-PVPSTS installation 

(yellow line) per given moment in time. When the energy balance is negative (heating is 

required in November because of low temperatures), the appropriate amount of energy is taken 

from the storage stack consequentially causing a decrease in the temperature of the storage 

stack. When the energy balance is positive (usually around noon on a day with solar radiation), 

the PV installation generates significant amount of electricity (black line), which in turn heat 

the storage stack and increases its temperature. 

 

Figure 4.19: Recorded changes in selected parameters of the considered energy system 

for selected days in November [171]  

Before starting energy calculations for the whole year, an appropriately determined value 

of the temperature of the storage stack ought to be selected. This value selected at the beginning 

of the year 1 January, 00:00, will prove to be appropriate when the energy calculations for the 

year end with the same value at 23:00 on 31 December (Figure 4.20). To be able to accurately 

determine such a value, two cycles of annual calculations were carried out, a preliminary cycle 

and a precision cycle, as seen in Figure 4.21. The preliminary cycle is first calculated and then 

the final value of storage stack temperature at the end of the year is assumed as the value of the 

initial temperature of the storage stack in the precision cycle. After calculating the temperature 

for the entire year, the condition of the storage stack is assessed and the production and export 

of electricity from the PV installation is summed up. 
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Figure 4.20: Sequential Calculation of Hourly Energy Balance for the Whole Year 

 

Figure 4.21: Preliminary and Precision Calculation Cycles [171] 
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Another important parameter to be determined in the proposed heating system is to choose 

an appropriate size of the storage stack. The size of the storage stack is correctly selected by 

observing the curve of changes in the stack temperature throughout the year. The storage stack 

should be sized in a way that when preheated in autumn, its temperature gradually decreases 

till the end of the heating period (15 May). A storage stack that is too small will cool down too 

quickly when the temperature fluctuates with varying solar radiation in winter, and by the end 

of winter, there might not be sufficient heat to meet the available demand. Vice versa, a storage 

stack that is too large will remain heated until summer, thereby unnecessarily burdening the 

buildingôs air conditioning system with its heat losses. The appropriate size of the storage stack 

is determined through the ñtrial and errorò method. Using this method, involves determining 

the values for all the input variables and changing only one of them (size of the storage stack) 

at a time to evaluate if the obtained results meet the needs of the correct operation of the system. 

After conducting a series of calculations, the correct results were obtained for the ceramic 

storage stack with parameters as shown in Table 4.4. 

Table 4.4: Achieved Parameters of the Storage Stack [171] 

Parameter of the Storage Stack Value 

Dimensions of the ceramic filling, m 1.6Ĭ1.6Ĭ0.3 

Volume of the ceramic filling, m3 0.77 

Mass of the ceramic filling, kg 2264 

Thickness of the thermal insulation, m 1.00 

Outer dimensions of the insulation, m 3.6Ĭ3.6Ĭ2.3 

Volume of the insulated storage stack, m3 29.8 

Share of the insulated storage stack in the floor area of the living space, % 12.5 

Share of the insulated storage stack in the volume of the living space, % 11.5 

Maximum passive heat loss, W 414 

 

 

Figure 4.22: Building cross-section showing the ratio of the size of the storage stack to the 

total living space of the building [171] 
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The obtained dimensions of the entire storage stack fit perfectly within the designated 

space indicated by the orange dashed line in Figure 3.1. The three-dimensional ratio of the size 

of the storage stack to the living space of the building is shown in the building cross-sectional 

diagram in Figure 4.22. 

The calculation of the installationôs operation over the period of a whole year can be seen 

in Figure 4.23. The temperature of the storage stack through the year is indicated with the red 

line. The temperature of the stack at 00:00 hours, 1 January is 436ÁC which is the same 

temperature at the end of the year at 23:00 hours, 31 December. This proves that the calculations 

were balanced for the whole year and can be considered to be precise. 

 

Figure 4.23: Results of the annual hourly energy balance calculations [171] 
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The actual operation of the installation should start from the last days of September when 

the storage stack is discharged to the minimum value (a temperature of 50ÁC). The autumn 

process of charging the storage stack begins from the first day of October. This is usually an 

intensive process of charging due to the fact that the storage stack must be fully charged quickly 

before the winter period. This intensive process of charging the storage stack lasts for a period 

of one month. After this (from the beginning of November to the end of February), the intensity 

and availability of solar radiation significantly decreases and the buildingôs heating demand is 

at its peak. At this time, the temperature of the storage stack drops due to passive (and active, 

when needed) heat losses from the stack used to meet the buildingôs heat demand. However, 

there are also a few sunny days within this period that allow the stack to be recharged. This 

helps the storage stack maintain the necessary state of charging throughout the heating period, 

and then begin to cool down only at the beginning of the summer season as seen in the diagram. 

The energy used to charge the storage stack (positive values) and also the energy taken 

from the storage stack through the ventilation system to heat the living space (negative values) 

is indicated with the yellow line in Figure 4.23. This diagram shows both the period of intensive 

charging of the storage stack in October and the period of gradual discharge of the storage stack 

(from March to May). After this time, for the summer months from May to September, the 

storage stack is kept at its minimum temperature, so as to facilitate the operation of the air-

conditioning system. 

The energy produced by the PV installation is indicated with a black line in Figure 4.23. 

Due to the angle of inclination of the roof at 30Á, greater electrical energy is generated by the 

PV panels in the summer than in the winter. This electrical energy is needed to heat the stack 

only from the beginning of October to the end of February. Looking at the pink curve in Figure 

4.23, we see the generated electricity available to be exported to the power grid. This is the 

surplus energy generated that is not needed for the operation of the buildingôs heating system. 

This electricity can be channeled to meet the consumerôs needs, for example, production of 

domestic hot water, powering of electrical appliances and the operation of the air-conditioning 

system in the summer. 

Table 4.5: Energy values from the annual operation of the installation [171] 

The Amount of Energy MJ kWh kWh/m2a 

Produced by the PV installation 48,020 13,339  

Heating needs of the building (without heat 

gain from people) 
10,717 2,977 33.4 

Heating needs of the building (with heat gain 

from people) 
8,446 2,346 26.4 

Exported to the power grid 39,575 10,993  

Used to power electrical appliances 8,568 2,380  

Used for domestic hot water production 19,318 5,366  

Exported to the power grid although lowered 

by buildingôs own energy consumption 
11,689 3,247  

 

There are also passive solar gains through solar radiation on the windows, which is 

indicated by the purple curve in Figure 4.23. As can be seen, this energy is relatively level 

throughout the year owing to the vertical position of the windows in the walls, an the lack of 
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windows in the slope of the roof. To help the operation of the air-conditioning system in the 

summer, 75% of the area of the windows facing south are shaded when the radiation density 

exceeds 500 W/m2. In this case, the graph shows a more than two-fold decrease in passive solar 

gains between mid-May to mid-September. 

The energy needed to meet the cooling demand by the air-conditioning system in summer 

is as indicated by the blue curve in Figure 4.23. The demand is very low even in the peak 

summer season (from June to mid-September), partly due to the window shading system 

described above. The summary of the calculations for the annual energy balance of the 

installation is presented in Table 4.5. 

It is also worth discussing the selection of the day to start the intensive charging of the 

storage stack. This parameter is also very important in regulating the overall operation of the 

storage stack. Comparison of the changes in the temperature of the storage stack with reference 

to the starting day of the charging process are seen in Figure 4.24. Using the ñtrial and errorò 

method, analysis was made for starting the heating process on each of the following five days: 

¶ 1 September (beginning of the month) 

¶ 15 September (middle of the month) 

¶ 1 October 

¶ 15 October 

¶ 1 November 

 

Figure 4.24: Temperature Changes with reference to change in the starting day of the charging 

of the stack [171] 

As can be observed from the graph, starting the charging of the stack on 1 September, 15 

September or 1 October have no significant effect on the stackôs temperature in the winter and 

in spring. However, starting the charging process from mid-October or later results in the stack 

being unable to achieve maximum charging at the end of the year (255ÁC from starting on 15 

October and 107ÁC from starting on 1 November), and hence a shortage of stored thermal 

energy in the stack towards the end of winter. These results are obtained on the basis of the 

TMY data and for real-life situations, such values may vary. Although, one thing is for sure, 

earlier starting times guarantee a greater certainty of stable operation of the thermal storage 

stack. In starting the charging process earlier, air-conditioning of the rooms might be needed in 

September and October due to the passive heat losses to the living space from the prematurely 

heated storage stack. 

Therefore, the HVAC-PVPSTS system can be said to be viable for meeting the HVAC 

needs of the building throughout the year. The combination of the seasonal thermal energy 

storage stack (located within the building), powered by electrical energy generated by 
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photovoltaic panels (located on the roof of the building) is an innovative idea which has been 

modelled mathematically to be feasible and profitable. It is profitable due to the fact that the 

energy balance of the installation (even after deducting electrical demand for domestic hot 

water production and electrical appliances) is still positive and about 11.7 GJ (3.2 MWh) of 

electrical energy can be comfortably exported to the grid. This accounts for about 24% of the 

energy produced by the PV installation per year. Therefore, the building in the proposed 

architectural form, alongside the proposed energy installation is a plus-energy building. 
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5.0 SYSTEM OPTIMISATION  

The findings of the research work carried out in this chapter have been published in 

Energies 2023 journal and was co-written with author Kasperski J. The article is titled ñEnergy, 

Volume and Cost Analyses of High Temperature Seasonal Thermal Storage for Plus Energy 

Houseò [182].  

5.1 THERMAL STORAGE OPTIMIZATION  

The mathematical modelling and energy analyses of the thermal storage stack was carried out 

based on a lot of assumptions that included the maximum temperature of the ceramic stack 

being 600ÁC and the ceramic material for the stack being high-temperature magnesia blocks. 

However, in trying to optimise the system for the purpose of thermal comfort balance, it is 

worthwhile to consider the two variants presented in Figure 5.1. 

 

Figure 5.1: Comparing the possibility of the thermal storage stack with: (a) high-temperature, 

(b) low-temperature [182] 

For a certain amount of required heat of thermal storage stack, the size of the stack can 

be reduced if heated and kept at a higher temperature with thicker thermal insulation. To achieve 

this will require the use of more expensive high-temperature resistant materials. On the other 

hand, if the stack is heated and kept at a lower temperature, this would imply a larger size of 

the storage stack and reduced thickness of the thermal insulation as seen in Figure 5.1. In the 

lower-temperature case, cheaper and more readily available materials can be used for the stack. 

Therefore, in seeking the optimal solution, thermal stack filling materials and thermal insulation 

materials readily available in Poland are reviewed. The size and the cost of the materials of the 

thermal storage (with the necessary heat capacity for the assumed maximum temperature for 

the stack filling and thermal insulation) are analysed to be able to arrive at this optimal solution. 
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5.2 THERMAL STACK FILLING MATERIALS  

There are many high-temperature resistant building materials readily available in the 

modern construction industry that could be used as filling materials for the thermal storage 

stack. Building materials such as bricks/blocks have regular, rectangular shapes, which means 

they can be arranged in stable stack-formation. For this reason, the stack doesnôt have to have 

a high resistance to the lateral pressures of the filling. By leaving small gaps for air to flow in 

the stack between the bricks/blocks, it is relatively easy to organise heat exchange between the 

solid mass of the stack and the air. Bulk materials, such as gravel, crushed granite, or basalt 

pieces, require the use of gabion-type containers or frames, into which they can be poured. The 

poured stones leave 30% - 40% free space, which can allow the movement of air as a heat 

transfer fluid. The walls of the container must be resistant to the relatively high lateral pressures 

of the stones. Technical and economic data for the filling materials considered for the thermal 

storage stack are listed in Table 5.1. The density indicated in Table 5.1 also takes into account 

air-filled voids in certain materials. 

The building materials found to be applicable include the materials listed below: 

¶ Calcium silicate bricks are a relatively new material [191]. They are made by mixing 

quartz sand and quicklime with the addition of water. The bricks, after being formed into 

specific dimensions, were heated to a temperature of 200 ÁC using steam for several 

hours, which, in turn, accelerated the bonding of the lime with the sand. 

¶ Ceramic bricks are the most known historical building material [192]. They are made 

from locally mined clays, which, after being mixed into a uniform mass, are formed into 

blocks of specific sizes and then dried. Depending on the type of clay, they are fired at 

temperatures of 850ï1000 ÁC. Ceramic bricks are a durable material (lasting hundreds or 

even thousands of years), as long as they do not soak up water and freeze. 

¶ Hollow ceramic blocks are a relatively new building material. They are much larger than 

bricks, but have a slotted structure, thanks to which they provide some thermal insulation. 

They are created in the same way as ceramic bricks. In the case of a thermal stack, these 

channels can be used as additional heat exchange surfaces. 

¶ Clinker bricks are made in the same way as ceramic bricks, albeit using specially selected 

types of clay and through firing at a temperature of 1000ï1100 ÁC. Bricks of this type are 

relatively resistant to water absorption, and for this reason, they are used for the facades 

of buildings. 

¶ Clinker-perforated bricks are made in the same way as clinker bricks; however, they 

contain empty channels inside, which allow for their mass to be reduced. In the case of a 

thermal stack, these channels can be used as additional heat transfer surfaces. 

¶ Chamotte bricks are made in the same way as ceramic bricks, albeit using selected types 

of refractory clay and through firing at a temperature of 1100ï1300 ÁC. Bricks of this 

type are used for heat-resistant walls and vaults inside furnaces and boilers. They can 

even work at temperatures of up to 1500 ÁC. 
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¶ Chamotte half-thickness bricks are used for thin-walled heat-resistant linings in the 

interiors of furnaces and boilers for operating temperatures of up to 1800 ÁC. 

¶ Magnesite blocks are not made of clay, instead being made of magnesium carbonate. This 

make-up means that they have a high density (the highest of all ceramic materials). At the 

same time, these products are very resistant to high temperatures, though they are 

expensive. They are quite chemically resistant, which is why they are used in industry as heat 

regenerators and high-temperature heat accumulators up to 650 ÁC. 

¶ Concrete blocks are much larger than bricks. They are a relatively cheap building material 

[193] and are made by mixing aggregate, sand, cement, and water. After hardening, they 

are quite resistant to water absorption, which is why they are used for constructing 

underground building structures. 

¶ Heat-resistant concrete [194] is only a dry mass, which, after adding water, allows for any 

shape to be cast in molds. There are no ready-made products produced from this material. 

Its composition is similar to ordinary concrete, though there is an addition of basalt and 

diabase, which, in turn, increases its fire resistance. Depending on the type of additive, 

concretes of this type are resistant to temperatures of up to 1000ï1350 ÁC. 

¶ Gravel is made of small round-shaped stones extracted from the beds of rivers. As they 

contain various types of rocks, including easily disintegrating ones, they cannot be heated 

to temperatures of above 400 ÁC. They cannot be stacked, and can only be poured into a 

container (filling about 60% of its volume). This structure enables air to flow through the 

free space. 

¶ Granite crushed stone is widely used in the construction industry to harden soils under 

buildings and roads; it is also used as a component of concrete mixes. Granite is a stone 

that is resistant to temperatures of up to 800 ÁC, though after many heating cycles, it may 

crack. Crushed stone is polygonal in shape, cannot be stacked, and can only be poured 

into a container (filling about 65% of its volume). These features enable air to flow 

through the free space. 

¶ Basalt crushed stone is used in the construction industry as a stone that does not absorb 

water. It is a stone that is resistant to temperatures of up to 400 ÁC, though after many 

heating cycles, it may crack. It is a stone melted in furnaces and then crushed into pieces. 

Basalt crushed stone has a shape close to rectangular, though pieces are often of different 

sizes. For this reason, it cannot be stacked, and can only be poured into a container (filling 

approximately 65% of its volume). This make-up enables air to flow through the free 

space. 

 

In using bricks or blocks as filling material for the thermal storage stack, for the purpose 

of air flow and heat exchange in the storage stack, it is necessary to maintain a certain distance 

between individual elements. For example, in the case of regular bricks, the required distance 

is 1 cm, while in the case of chamotte half-brick, it is 0.5 cm. For magnetite and concrete blocks, 

the necessary distance is 2 cm, while for hollow block, it is 1 cm as shown in Figure 5.2. This 

distance is important in determining stack filling density as seen in Table 5.1.
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Table 5.1: Available Building Materials Considered for Filling the Thermal Storage Stack (Table created by author) [182]  

Kind Material 
Max. Temp. 

(ÁC) 

Dimensions 

(cm) 

Stack Arrangement 

Density 1 (kg/m3) 

Specific Heat 

(kJ/kgĿK) 

Volumetric Cost 2 

(Euro/m3) 

Bricks / blocks 

Calcium silicate brick [183] 500 26Ĭ12Ĭ6.5 1579 880 357 

Ceramic brick [184] 700 25Ĭ12Ĭ6.5 1562 880 249 

Hollow ceramic block [185] 700 37.3Ĭ25Ĭ23.8 751 880 115 

Clinker brick [184] 900 
 

24Ĭ11.5Ĭ7.1 
2053 880 630 

Chamotte half thickness brick [186] 1800 23Ĭ11.4Ĭ3.2 1750 920 3754 

Chamotte brick [186] 1800 23Ĭ11.4Ĭ6.4 1808 920 2535 

Magnesite block [187] 1600 12Ĭ12Ĭ12 2600 940 6397 3 

Concrete block [188] 400 38Ĭ24Ĭ12 2284 840 95 

Special concretes Heat-resistant concrete [189] 1350 - 2250 4 860 2345 

Stones 

Gravel [190] 400 1.6ï3.2 1700 960 27 

Granite crushed stone [190] 800 3.1ï6.3 1500 920 18 

Basalt crushed stone [190] 400 3.1ï6.3 1600 1000 341 
 

1 density of a material in which there were voids filled with air, 
2 cost according to retail sale price in Poland for March 2023. In case of a large number of items, price may have been up to 30% lower; 
3 there may have been no finished products, cost was estimated using the example of a selected storage heater; 
4 related to the concrete blockôs dimensions  
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Figure 5.2: Spacing schemes for different stack filling materials [182] 

 

5.3 THERMAL INSULATION MATERIALS CONSIDERED FOR THE STACK  
 

From chapter 2, the existing state of the art in high temperature insulation were already 

discussed (Table 2.5). Table 5.2 examines considered readily-available high-temperature 

insulation in Poland for the purpose of insulating the thermal storage stack. 

Table 5.2: Materials considered for thermal insulation of thermal stack [182] 

Kind Material 
Maximum 

Temperature (ÁC) 

Thermal Conduction 

Coefficient (W/m.K) 

Volumetric Cost 

(Euro/m3) 

Boards 

Mineral wool 600 0.036 783 

Fireplace wool 600 0.038 543 

Calcium silicate 1000 0.1 1295 

Mats 

Aerogel 400 400 0.019 8957 

Aerogel 650 650 0.018 17296 

Glass wool 400 0.035 56 

Rock wool 640 0.039 208 

Ceramic fibre 1260 0.06 850 

Granules Perlite 650 0.076 80 

 

THERMAL STACK VARIANTS 

After analysing the available materials 12 possible thermal stack filling materials (Table 

5.1) and 9 thermal insulation materials (Table 5.2), a combination of these will give 12 Ĭ 9 = 

108 possible thermal stack construction variants. This is quite a huge number, although in 

practice, it is more reasonable to propose just seven versions marked from A to G as seen in 

Table 5.3 below. The proposed versions are arranged so that variants A, B, and C are the most 

technologically advanced variants (in terms of used materials). Variants D and E use medium 

range technology, while variants F and G are the simplest versions because they are made of 

the most readily available and affordable materials. 

The materials indicated in Table 5.3 in grey text color were withdrawn from further tests 

after the first attempts at calculations, for the reasons listed below:  

¶ Building materials with excessively low densities, for which the necessary volume of the 

thermal stack filling would have to be extremely large 
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¶ Insulation materials with high thermal conductivity coefficients, for which the necessary 

volume of the thermal insulation would also have to be very large. 

These materials were not considered in further analyses. 

Table 5.3: Matrix of considered variants with selected combinations A-G of stack filling 

materials and thermal insulation materials [182] 
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Calcium silicate brick          

Ceramic brick  D        

Hollow ceramic brick          

Clinker brick   E        

Chamotte half thickness brick          

Chamotte brick C   B      

Magnesite block     A     

Concrete block      F    

Heat-resistant concrete          

Gravel          

Granite crushed stone       G   

Basalt crushed stone          

 

The selected variants A-G are furthermore described in Table 5.4. 

Table 5.4: Description of Selected Variants A-G and the Material Pairs for the Thermal 

Storage Stack [182] 

Technology Version Stack Filling Material 
Thermal Insulation 

Material 

Temperature 

Range (ÁC) 

Advanced 

A Magnesite Aerogel 650 mat 650 

B Chamotte brick Aerogel 400 mat 400 

C Chamotte brick Mineral wool board 600 

Medium 
D Ceramic brick Fireplace wool board 600 

E Clinker brick Fireplace wool board 600 

Basic 
F Concrete block Glass wool mat 400 

G Granite grains Rock wool mat 400 

 

5.4 ENERGY ANALYSIS OF SELECTED VARIANTS  

Using the mathematical model of energy balancing (as described in chapter 4), a series of 

calculations was made for all seven considered variants of the thermal storage construction. For 

each variant, the calculations were carried out for several values of the maximum temperature 

of the stackôs filling ï usually with a step of 100ÁC. For some variants, the calculations were 

carried out for lower temperatures, because the used stackôs filling or thermal insulation 

materials were not resistant to such high temperatures. To clarify, temperatures that are not 

recommended are marked with a dashed line (see Figures 8B and 10F). The graphs were 

compiled in pairs for each of the variants. The graph on the left shows the volume of the thermal 

stack (total volume in black), the volume of the stackôs filling (in red), and the volume of the 

Medium technology 

Advanced technology 

Basic technology 
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stackôs insulation (in yellow). In addition, the upper part of the graph above 30 m3 was hatched 

diagonally because this section represents the maximum volume of the room that is intended to 

be filled with the thermal storage. The graph on the right shows the costs of the thermal storage 

material (in the same colour scheme). We note that all graphs of the thermal storageôs volume 

have the same scale on the vertical axis of 0 - 40 m3 (only graph G has a scale of 0 - 50 m3). In 

turn, the cost graphs have individual scales that vary greatly. For example, the scale for the 

variant A is 0 ï 400,000 EUR, while for variant F, it is only 0 ï 2000 EUR. Different scales 

were chosen in order to facilitate the pin-pointing of the point where the minimum cost occurs. 

 

Figure 5.3: Calculation results for the Advanced Technology Group: (A) Variant A, (B) 

Variant B, (C) Variant C [182] 

Figure 5.3 shows the results of the analyses for variants A, B, and C under the advanced 

technology group. It can be seen that an increase in the maximum allowable working 

temperature of the stack, ultimately implies a decrease in the volume of its filling, with a 

corresponding increase of the thermal insulation. For each of the considered variants A, B, and 

C, the cost of the stack filling is always lower than the cost of the thermal insulation. It is usually 

several times lower, and it is only in the case of variant C (chamotte + mineral wool) that the 

costs are similar, but this fact is only true for the maximum temperature of 300ÁC. 

For variant B, the analyses carried out for the cases of above 400ÁC are only theoretical, 

because the aerogel that was used as the thermal insulation is not recommended for operation 

above 400ÁC. 



150 
 

For each of the considered variants, the minimum volume of the stack can be indicated. 

This volume occurs at different temperatures for each of the variants: 

¶ For variant A, the minimum volume of the thermal storage is equal to 11.9 m3 at a 

temperature of 520ÁC; 

¶ For variant B, the minimum volume of the thermal storage is equal to 10.9 m3 at a 

temperature of 400ÁC; 

¶ For variant A, the minimum volume of the thermal storage is equal to 27 m3 at a 

temperature of 390ÁC. 

For each of the considered variants, the minimum cost of the storage stack can be 

indicated. This minimum cost occurs at different temperatures for each of the variants: 

¶ For variant A, the minimum cost is EUR 190,000 at a temperature of 520ÁC; 

¶ For variant B, the minimum cost is EUR 70,000 at a temperature of 400ÁC; 

¶ For variant C, the minimum cost is EUR 24,000 at a temperature of 500ÁC. 

In variants A and B, the optimal temperature required for the volume and the cost of the 

storage stack is the same, whereas for variant C (chamotte and mineral wool), the optimal 

temperatures differ by as much as 110ÁC. In comparing the results from the advanced group, 

we see that variant B would be more viable, because it has the lowest volume of the three, and 

in terms of cost, it has lower costs than A (about 2.7 times lower), although in comparison with 

C, the cost is higher, but because of the temperature disparity in the values of C, B is preferred. 

Figure 5.4 shows the results of the analyses for the medium technology group ï variants 

D and E. In this case, there is a visible decrease in the volume of the stack filling, whereas there 

is a corresponding increase in the amount of thermal insulation with reference to an increase in 

the maximum allowable operating temperature of the stack. In terms of cost for variants D and 

E, the cost of the stack filling is always lower than the cost of the thermal insulation. 

For each of the considered variants, the minimum volume of the stack can be indicated. 

This volume occurs at different temperatures for each of the variants: 

¶ For variant D, the minimum volume of the thermal storage is equal to 29.8 m3 at a 

temperature of 350ÁC; 

¶ For variant E, the minimum volume of the thermal storage is equal to 23 m3 at a 

temperature of 540ÁC; 

For each of the considered variants, the minimum cost of the storage stack can be 

indicated. This minimum cost occurs at different temperatures for each of the variants: 

¶ For variant D, the minimum cost is EUR 14,500 at a temperature of 300ÁC; 

¶ For variant E, the minimum cost is EUR 12,500 at a temperature of 550ÁC; 

In both variants, the optimal temperature required for the volume and the cost of the 

storage stack is the same; it is only different for variant D (by 50ÁC). 
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Figure 5.4: Calculation results for the Medium Technology Group: (D) Variant D, (E) Variant 

E [182] 

The analyses for the basic technology group can be seen in Figure 5.5. There is an obvious 

decrease in the volume of the stack filling, whereas there is a corresponding increase in the 

amount of thermal insulation with reference to an increase in the maximum allowable operating 

temperature of the stack. In the basic technology group, the cost of the stack filling is always 

lower than the cost of the thermal insulation. For variant F, the analyses carried out for the cases 

of above 400ÁC are only theoretical, because the glass wool thermal insulation that was used is 

not recommended for operation above 400ÁC. 

For each of the considered variants, the minimum volume of the stack can be indicated. 

This volume occurs at different temperatures for each of the variants: 

¶ For variant F, the minimum volume of the thermal storage is equal to 27 m3 at a 

temperature of 400ÁC; 

¶ For variant G, the minimum volume of the thermal storage is equal to 32 m3 at a 

temperature of 400ÁC; 

For each of the considered variants, the minimum cost of the storage stack can be 

indicated. This minimum cost occurs at different temperatures for each of the variants: 

¶ For variant F, the minimum cost is EUR 1,700 at a temperature of 400ÁC; 

¶ For variant G, the minimum cost is EUR 1,500 at a temperature of 400ÁC; 

In both variants, the optimal temperature required for the volume and the cost of the 

storage stack is the same. 
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Figure 5.5: Calculation results for the Basic Technology Group: (F) Variant F, (G) Variant G 

[182] 

COLLATED RESULTS 

The stack parameters for all the considered variants from A to G at their optimal 

maximum operating temperature are presented in Table 5.5. The amount of exported energy as 

seen in the table is the same for all variants, amounting to about 10.77 ï 10.95 MWh for the 

whole year. This amount of surplus energy could result in a gain of 2180 EUR/year. The 

constant value of this energy results from the constant amount of thermal energy required to 

heat the living space regardless of the choice of materials used to build the storage stack. 

Table 5.5: Parameters of the Thermal Stack for Considered Variants A ï G at Optimal 

Maximum Operating Temperature [182] 

Technology Variants 

Insulation 

Thickness 

(m) 

Total 

Volume 

(m3) 

Optimal 

Temperature 

(ÁC) 

Stack 

Cost 

(EUR) 

Energy 

Produced 

(MWh) 

Advanced 

A 0.45 11.9 520 190,000 10.95 

B 0.3 10.9 400 70,000 10.81 

C 0.7 27 390 24,000 10.92 

Medium 
D 0.75 29.8 300 14,500 10.91 

E 0.8 23 540 12,500 10.88 

Basic 
F 0.6 27 400 1700 10.77 

G 0.6 32 400 1500 10.91 

 

Figure 5.6 illustrates the obtained results graphically. In accessing the results, the 

advanced technology group of variants A, B, and C is considered to be unreasonably expensive. 

Among the medium technology group of variants D ï E, variant E (a combination of clinker 

brick stack filling and fireplace wool thermal insulation), with a volume of 23 m3 and a cost of 

EUR 12,500 is worthy of recommendation. Among the basic technology variants F and G, 
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variant F (a combination of concrete block filling and glass wool thermal insulation), with a 

volume of 27 m3 and a cost of EUR 1700 is worthy of recommendation. To distinguish the 

recommended variants, they are marked in pink in Figure 5.6. Whilst a cross-sectional view of 

the designated space for the thermal storage stack in the building is shown in Figure 5.7, for the 

dimensions corresponding to each variant. As can be seen from Figure 5.7, even the smallest 

stack (variant B) does not significantly increase the usable living space. 

 

 

Figure 5.6: Bar Chart Illustration of Thermal Stack Parameters for All Considered 

Variants at Optimal Temperature [182] 

 

Figure 5.7: Cross-sectional view of the thermal stack dimensions as located within the 

building for considered variants: (A) Variant A, (B) Variant B, (C) Variant C, (D) Variant D, 

(E) Variant E, (F) Variant F, (G) Variant G [182] 

RECOMMENDATIONS 

According to the calculation results, the following recommendations can be made: 

1. Filling materials with densities lower than 1500 kg/m3 are not recommended for such 

high-temperature seasonal thermal storage applications to avoid creating excessively large 

dimensions for the stack. Insulation materials with coefficients of thermal conductivity higher 

than 0.05 W/ mK would also result in unnecessarily large insulation thickness. 
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2. For each of the considered variants, the cost of the stack filling is always lower than the 

cost of the thermal insulation. It is usually several times lower, and it is only in variant C 

(chamotte and mineral wool) that the costs of the materials are similar (with the maximum 

temperature being limited to 300ÁC). 

3. In the advanced variants A (magnesite and aerogel 650) and B (chamotte and aerogel 

400), the volume of the thermal stack is 11.9 m3 and 10.9 m3, respectively, which is much 

smaller than the size of the room for which it is intended (30 m3). For the C ï G variants, the 

volume of the thermal stack is slightly smaller than the volume of the room. For variant G only 

(granite pieces and rockwool), this volume is 31 m3 - thus, it slightly exceeds the size of the 

room. 

4. All of the variants differ greatly in terms of the thermal stackôs cost. The most ex-

pensive are the advanced variants, because the cost of variant A (magnesite and aerogel 650) is 

equal to EUR 190,000 for a maximum temperature of 520 ÁC, and its value probably exceeds 

the cost of building a single-family house. Variant B (chamotte and aerogel 400) costs EUR 

70,000 for a maximum temperature of 400 ÁC, which makes it 1.7 times cheaper than variant 

A. The two cheapest variants are F (concrete block and glass wool), with a cost of EUR 1720, 

and G (granite pieces and rock wool), with a cost of EUR 1500 - both variants function for a 

maximum temperature of 400 ÁC. 

5. The advanced variants were considered to be unreasonably expensive. Among the 

medium technology variants, variant E (clinker brick and fireplace wool), with a volume of 23 

m3 and a cost of EUR 12,500, was considered to be worth recommending. In turn, among the 

simple technology variants, variant F (concrete block and glass wool), with a volume of 27 m3 

and a cost of EUR 1700, was considered to be worth recommending. 
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6.0 RESULTS AND DISCUSSION / RECOMMENDATIONS  

To correctly evaluate the significant value of the selected variants E and F, they can be 

compared to a water heat storage system or an electric battery storage system as  seen in Table 

6.1 

Table 6.1: Comparison Between Different Storage Technologies (calculated by the author) 

 

SENSIBLE HEAT 

STORAGE WITH 

SELECTED 

VARIANTS [182] 

WATER TANK 

STORAGE [198] 

ELECTRIC BATTERY 

STORAGE [112,113] 

Image 

 

  

Size 
variant E - 23 m3 

variant F - 27 m3 
30 m3 

Pb       ï 66 m3 

NiMH   ï 30 m3 

Cost 

variant E ï 12,500 

EUR 

variant F ï 1,700 

EUR 

29,400 EUR 
Pb  ï 192,000 EUR 

NiMH  ï 736,000 EUR 

Availability 
Available in local 

market 
Readily available Not so easily accessible 

Toxicity 
Environmentally 

friendly 

Environmentally 

friendly 
Toxic 

Lifetime 
Can last for 100 

years 
Can last for 20-40 years Can last for 8-25 years 

Temperature 

Capacity 

High temperature 

capacity (up to 

600ÁC) 

Heat up to 100ÁC 
Limited temperature 

range 

Chemical 

composition 
Chemical stability Chemical stability Chemical Instability 

Combustibility Non-combustible Non-combustible Highly combustible 

Corrosivity Non-corrosive Corrosion  

 

In the case of the considered building, storage of about 8TJ of heat per annum is required 

to ensure and maintain the thermal comfort of the occupants. Variant E (filled with clinker 

bricks) and variant F (filled with concrete blocks) were previously assessed for the production 

of this amount of heat. However, to load the same amount of heat, which is stored in water 

tanks with a 27 m3 volume of water, when operating between 30 and 100ÁC, it would be 

necessary to have the same or even a slightly larger volume reservoir, i.e., about 30 m3, as 

indicated in Table 6.1. Comparing the costs of heat storage in water tanks and the two variants 

of heat storage selected, the cost of a typical water tank system is about 2.3 times more 

expensive than variant E and, staggeringly, about 17 times more expensive in the case of variant 

F. 
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The cost-friendliness of variants E and F also make a huge difference in comparison to 

electric battery storage (Table 6.1), which costs almost 1000 times as much as concrete filling 

in the case of NiMH batteries, or about 400 times as much in the case of Li-ion batteries. 

According to the selected part of proposed HVAC-PVPSTS system, the cost of building 

of the house increases, as presented in Table 6.2. The base cost of storage stack recommended 

by the authors increases the cost of building the house by only about 2ï11%, according to the 

technology employed. Implementing the complete HVAC-PVPSTS system would only 

increase the cost of building a typical home in Poland by about 20%, which is reasonable and 

even attractive in comparison to other heat storage technologies. In Poland, the materials 

considered are readily available and accessible in the local market. 

Table 6.2: Selected Costs Analysis for Proposed Plus-Energy Home 

Part Investment Cost (EUR) 
Overall Increase in 

Building Cost (%) 

House building 110,000 - 

PV panels installation 7,600 7 

Heat storage stack (Variant E) 12,500 11 

Heat storage stack (Variant F) 1,700 1.5 
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7.0 CONCLUSIONS 

The work considered a hypothetical innovative building, which is adapted to the new 

regulations that aim to simplify construction procedures. An HVACðPVPSTS installation was 

selected for the building, which is in line with the latest trends in low-energy construction. The 

building consists of an installation of photovoltaic panels, which are integrated with its body 

and combined with large seasonal thermal storage that allows for heating of the living space. 

The power installation was mathematically modelled using TMY data, which is standard in this 

type of analysis. From the obtained results, it can be stated that [171, 182]: 

¶ It is possible to build an energy installation that ensures year-round, stable heating of the 

building; 

¶ The photovoltaic installation is located entirely on the roof of the building; 

¶ To heat the building, it is necessary to use a seasonal heat storage stack, which is 

necessary to provide some of the energy that is required in the winter when solar radiation 

is too weak; 

¶ The hypothetically selected ceramic storage stack has dimensions of 1.6 Ĭ 1.6 Ĭ 0.3 m, 

and with thermal insulation, its dimensions are 3.6 Ĭ 3.6 Ĭ 2.3 m; it is located in a 

designated space on the ground floor of the building and does not dominate over the 

remaining usable space; 

¶ The stack, with its thermal insulation, occupies only 13% of the area and 12% of the 

volume of the living space; 

¶ The photovoltaic installation would produce 48 GJ (13.3 MWh) of electricity per year 

and fully meet the buildingôs heating needs of 10.7 GJ (3.0 MWh) for an empty building 

without residents or 8.4 GJ (2.4 MWh) for an occupied building; 

¶ The building with the installation meets the criterion for a plus-energy building; 

¶ The amount of electricity produced exceeds the heating needs of the building by five to 

six times, and any excess energy can be exported to the power grid; 

¶ If the electrical devices used in the building were powered by a photovoltaic installation, 

it would still generate excess energy; it would be able to export 11.7 GJ (3.2MWh) per 

year to the power grid, which accounts for 24% of the energy produced by the PV 

installation; 

¶ Such an installation, for correct operation, requires the storage system to be charged early 

enoughðit was shown that it should not start later than 1 October. 

¶ An increase in the maximum allowable working temperature of the stack, ultimately 

implies a decrease in the volume of its filling, with a corresponding increase of the 

thermal insulation. 

¶ The higher the density of the thermal filling material, the smaller the required thermal 

stack volume. Low-density materials, such as ceramic brick or ceramic hollow block, 

should not be used because the thermal stack would have to have a huge volume. 

¶ For each of the considered variants, the minimum volume of the storage stack can be 

indicated. It occurs at a different temperature for each of the variants. The minimum cost 

of the stackôs materials can also be indicated, which also occurs at a different temperature 

for each of the variants. In most of the variants, the optimal temperature with regards to 

the volume and the cost of the stack is usually the same. 

¶ There is a huge range (>100) of costs between the considered variants of the construction 

of the same storage stack. 
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¶ Seasonal thermal storage based on a sensible heat storage stack filled with building 

materials is currently not popular in thermal storage technologies in comparison to heat 

storage in water tanks. The analysis revealed that a high-temperature storage stack filled 

with clinker bricks or concrete blocks may have a smaller volume than a comparable 

water storage tank with the same amount of stored heat. 

¶ The costs of heat storage in a stack filled with the materials proposed by the authors is 

considerably cheaper than the cost of heat storage in the much more popularized water 

tank systems. In the case of a thermal storage stack filled with clinker bricks, it is about 

2.3 times cheaper and, more significantly, 17 times cheaper in the case of a thermal 

storage stack filled with concrete blocks. 

¶ The basic cost of the storage stack recommended by the authors would increase the 

building cost of the house by only about 2ï11%, according to the technology used. 

Applying the complete HVAC-PVPSTS system would increase the cost of building the 

house by about 20%, which is not a problematic figure. 

¶ Seasonal thermal storage based on sensible heat filled with building materials offers some 

advantages, such as non-toxicity, non-flammability, corrosion resistance, and being the 

most environmentally and human health-friendly material. Additionally, sensible heat 

materials are readily available and accessible in the local market. 

¶ The proposed HVAC-PVPSTS is environmentally friendly and its utilisation in new 

buildings will help to meet the enhanced climate and energy ambition of the EU for all 

new buildings to be zero-emission buildings by 2030 [199]. 

Making reference to the objectives (theses) set out to be achieved at the beginning of this 

doctoral thesis, the following can be induced: 

A. It is possible to design a plus-energy single-family house with 4 residents in Wroclaw, 

Poland ï This home was designed in conjunction with Prof. Arch. Anna Baĺ and 

successfully tested mathematically. 

B. On site-renewable energy generated by rooftop photovoltaic panels in such a home 

can produce sufficient energy to cover space heating, space cooling, electrical 

appliance usage and still be surplus enough to sell to the grid. ï The photovoltaic 

system can produce enough energy to achieve plus-energy home standard. 

C. It is possible to design a sensible thermal storage stack (made of highly insulated 

ceramic, granite or concrete solid blocks) within the home, charged by electrical 

energy from photovoltaic panels that can cater for the all-year round space heating 

demand. ï Variants E and F of the sensible heat thermal storage stack have been proposed 

as viable solutions. 

D. The proposed thermal storage solution can be optimized. ï Optimisation of the 

proposed thermal storage stack in terms of volume and cost was carried out. 

Finally, it is safe to conclude that this thesis has been successful because the objectives 

A-D from chapter 1 which were set out to be achieved were all achieved, mathematically tested 

and proved to be feasible. 
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