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ABSTRACT

Heating, ventilation and agonditioning (HVAC) accounts for aizeable portion of
energy demand in todayodos society. Reducing t
reduce the energy carbon footprint. This thesis involves the conceptualization, design,
mathematical modelling, and testing of an innovativet@iamtaic powered seasonal thermal
storage HVAC system (PVPSTSHVAC system) to supply the ajlear round energy needs
ofasinglef ami I 'y home. Il n conj unct i stareywsingldamilpr of . A
home has been designed to meetthe latestmp | i fi ed construction req
Gado of a buil di ng 3andtalboingaccordancd with theeDarectivg (EW)o 7 0
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 mathemzal model of the innovative PVBTS system is created on the

basis of the Typical Met eorol ogi cal Year d e
equatons are derived and inputted into an electronic computing software to generate a
simulation of the results. An algorithm for

Erroro method such that the r es ubertisequivaentai ned
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
photovoltaic installation, which was integratedh the roof, can produce 48 GJ of electricity
throughout the year. This is five to six tir

excess energy can be exported to the power grid, thus achievingemptgy 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 provedntoreeefficient than
conventional electric battery storage or even water tank storage. 1Zikitagknaterials, and
9 hightemperature thermal insulation materials readily available in the local market were
analyzed. 7 variants comprising of a combimatoof t he stacko6és filling
materials were selected, and then grouped into 3 classes: advanced, medium and basic
technology. Using a mathematical model, energy analysis of thequwaat operation of the
HVAC installation in the analyzkbuilding was performed for each of the seven variants. The
conducted analyses revealed that for each combination of filing and thermal insulation
material, there is an optimal maximum temperature of the stack at which the volume of the
stack is the smigst, 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-armtgy home standard,
with costs as low as 17 times less than the traditionally used thermay staape in a water
tank and as much as 400 times less than electric energy storage in batteries.



STRESZCZENIE

Ogrzewani e, wentyl acj a [ kl i matyzacj a [
zapotrzebowanikaaUnyg memedyginkuw Zredukowanie z
danego budynku automatycznie zredukuje jego
jest dotyczy konceptualizacja, projektowanie, modelowanie matematyczne i testowanie
innowacyjnego systemu magazynowania e pga zasi |l anego HVAC)w wo |l t ai
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pocz Nt ku r oWwcelu(zyskanit oyldiczrmego alyorytmu obliczeniowego. Ustalono,

Ue wymagana wielkoSi zgoUa akumulacyjnego
fotowol taiczna zintegrowana z dachem, potraf
ci Ngu cagedoo56r akaz.y Jwdsitc e j ni U zapotrzebowa
Pozostagy nadmiar energii moUe byl przekazan

staje sin ener gooenagetgcangmmy m domem pl us

Na potrzeby systemu sezonhowego magazynowart
materiagy do magazynowania energi. oraz tec
wzgl Aidem koszt-w, cyklu Uycia i jednostkowe,]
magazynowanie ciepga wjaSciwego w materiagac
tradycyjne magazynowani e przy uUOyciu akun
magazynowani e w zbiornikach na wo dn (buf or
wypedmi ezengoUa or az 9 materiag-w do izolacj.
Materiagdgy te sN og-lnodostinpne na | okalnym r
pogNczenia materiag-w wypegdgnienia zgoUa or a
materiagy na 3 grupy: Zaawansowanej, Sredni ¢
mat ematyczny, przeprowadzono analizn energet
w analizowanym budynku dla kaUdego zlizyt ych s
wykazagdgy, Ue dla kaUdej kombinacji materi ag
i stnieje pewna optymalna temperatura, przy Kk
inwestycji sN najniUsze. Udo vwdSlzagropanavanyWe wy Kk
t ej pracy, moUl i we jest osi Ngni-Bnergetyczsegoa nd ar c
kt-ry kosztuje 17 razy mni ej ni U tradycyjni
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PREFACE

Thef ol | owi ng pages contain the doctorate t
Innovative HVAC System Powered by Photovoltaic Panels and a Seasonal Thermal Energy
Storage for Meeting the ANear Round Needs of a Singlea mi | y 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 EngineeringaW/roc
University of Science and Technology

Theconcept of this thesis was birthed from my desire to somehow merge my knowledge
from my Bachel or 6HectrdnecgEngmeering with thé lenawledge gaméd/
from my Mastersod degree in RenewablThislBdher gy
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 damigyehome.

In my research, | 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 | was
aware of the igh 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.

| learntabout the importance of reducing building energy consumption and the effects it
would have on the societyresearched on different interventive measures for reducing energy
consumption in buildingd. learnt abouthow to carry out building energy analysigw to
calculate energy converted by photovoltaic installatibayw to compute extreme amounts of
data (TMY database) using the Excel program, how to carry out market reseatttermal
technologies available in the Polish market, how to carry out repeated simulations using the
ATri al and Erroro method til]l an acceptable
of the box.l had the opportunity to experiment with higgmperature thermal insulation
materials and to compare their efficienciesvas able to experimentally prove the equation
compounded in this thesis describing heat transfer through a very large cuboidal iedace.
team work in partnering with an architect and my supervisor to come up with thengigy,
singlefamily home concept.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 frokmtivdedge garnered and
results obtained from this thesne was published Bustainabilitytogether withProf. Arch.
Anna asddir . hab. i nO. J a c €nky supergspre and the oth€rrino f .
Energiesalso with my supervisoAlso attached to the appendix of this thesis is the proposed
building plan for the singiéamily home incorporated with the PV&TS systeml sincerely
hope that you the reader will find the work described i thesis exciting,enlightening and
a possible solution to achieving sustainable development goals in Poland.
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LIST OF ABBREVIATIONS

HVAC 1 Heating, Ventilation and Cooling

PV - Photovoltaic

STESi Seasonal Therm&nergy Storage

TMY i Typical Meteorological Year

EUT European Union

TEM 1 Trial and Error Method

HEB T Hourly Energy Balance

PVPSTS PV powered seasonal thermal storage

IDP T Integrated Design Process

BIPV 1 Building Integrated Photovoltaics

DHW i Domestic Hot Water

EJi Energy Joules

EPi Energy Performance

NZEB 1 Nearly Zero / Net Zero Energy Buildings
ZEB' Zero Emission Buildings

PEBT Plus Energy BuildingsPositive Energy Buildings
REPowerEU

EP indexi nonrenewable primary energiemandndex (kWh/nta)
RESiT Renewable Energy Sources
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1.0INTRODUCTION

The European Uniom 2018,committed to a binding target of at least 32.5% reduction
in energy consumptioffrom a baseline projection in 20Q%yith 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 wasecorded in final energy consumptjas seen in Figure11[1].

Final energy consumption in the EU, distance to 2030 target
(Mtoe)

—— Final Energy Consumption 2030 Target
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Figure 11: Final energy consumption in the EU, distance to 2030 tatjet [

Buildings account for 36% of all G@missions in the European Union. Building energy
consumption has been eaarked as one of the major energy sinks in the global energy sector
today, and in Europe, thginglelargest energy consumer. Around 40% of energy consumed in
the EU is used in building$n 2019, the International Energy Agency, IEA, recorded a rise in
building final energy consumption from 1E3 in 2000 to 12&J in 2019. In 2019, emissions
from building electricity and commercial heating ascended to the highest level recorded at
10GtCQ which accounted for about 28% of total global emissi@ser 33.3%of the energy
related greenhouse gas emissions in the EU come from bui[d®@<]. Heating, ventilation
and airconditioning, 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 oibuilding 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 building&ccording to the Sustainable Development Goals, radical steps
are needed in the housing sector on many levels. One of them gsateh 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 enesgyighly beneficiafor the EU Some of these
benefits includg¢199]:

1 Reducing dependence on fossil fuels and imports

1 Promoting energy supply securand independence

1 Encouraging technical development within the EU

1 Creating more employment opportuniteesd growth of economy
1 Reduce pollutant emissions

Solar energy, being the singular most abundant renewable energy source available to
man today has been widely utilisedmstallations 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
accordingtod], asseenikigurel2, i s more than a 100% enough
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 erpigyasul the time
of energy demand.
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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 beifigetidliestenergy
storage method for residential applicationsrough 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 sterg for longer periods

of time.

This work is an attempt to proffer solution to meeting theyadlr energy needs of a
singlefamily residential home by combining the unlimited solar energy res¢hecaessed
through photovoltaic panels) with a novel seasonal thermal energy storage proposition in order
to achieve not just an energydependent home, but also a perseergy 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 meetatigrthed energy needs
of a single family house by proposing a photovolzievered 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-phexygy singldamily house for 4
residents in Wroclaw, Poland.

B. On siterenewable 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. Itis 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 theyalhr round space heating demand

D. The proposed thermal storage solution can be optimized.

Additional conditions include

1  This singlefamily home is in accordance with the new reformative act, that allows for a
singlefamily detacheduilding of not more than twsetoreys high, with a buiip area
of up to 70 M on the plot of land on which it is designed, to be built without the
requirement of a building permit (Polish regulation).

1  The energy performance of the designed building takes into account-fleamatound
climatic conditions of the region by drawing from the Typical Meteorological Year Data
of the selected region (EU regulatjon

1.2 PROBLEM STATEMENT AND MOTIVATION

The European Union in a bid to achievdully zero-emission building stock by 2050
released theDirective (EU) 2024/1275 of the European Parliament and of the Council of 24
April 2024 on the energy performance of buildings (rec@stjongst other points listed in the
directive, the following are worthy of nof299]:

i Redu¢ i on of energy <consumption in accordan
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 Uni ono:
on imports especially, promoting security of energy supply in line witbhfectives 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 inglgasin
important role such as urban heat island effect, heating andradrtioning installations,

the use of energy from renewable sources, building automation and control systems, heat
recovery from exhaust air or waste water, system balancing, smaibiss|ytassive
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 geatairconditioning

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 usetefed 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 -giterrenewable energy,

and in addition to the common general framework, Member Sttteuld take the
necessary measures to the effect that the benefits of maximising the usesitaf on
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 eogtimal 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 enegfficient than cosbptimal energy efficiency levels.
Provision should be made for the possibility for Member States to review regularly thei
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 zeremission building, with very low energy demand, zereib@ carbon
emissions from fossil fuels and zero or a very &mount of operational greenhouse gas
emissions. All new buildings should be zenmission buildings by 2030, and existing
buildings should be transformed into zemmission buildings by 2050.

Zero-emission buildings can contribute to demande 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 diiSute

increased energy performance of buildingscording to ODYSSEYMURE [4], between

17



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 ofesrdalellings in a bid to

cut down on this figure.

Thereforepn September the 72021, the Polish Senate released a new reformative act
amending the previous Construction Law and the Act on Spatial Planningesmetbpment
(Dz.U. 2021, poz.1986). The changes in the act are itemised b&low: |

1  The Act classified a special category of siafgmily buildings, which will not require a
building permit, an appointed construction manager alongside, a construction log and will
not be subject to preonstruction inspection by architectural and consac
administration authorities.

1 Pursuant to the Act, a singlamily residential building, not more than tvgtoreys high,
with a builtup area of up to 70" 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 investords

f  The Act takes into consideration that houses built up 1®?ARill be detached buildings
and this could cause an explosion in building density, Hence, only one of such kind of
building is allowed per every 5067,

1 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 compliaitte 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 thtage phase was launched
in Poland in2014, for increasing the requirements for the parameters of the thermal insulation
of building partitions, as well as reducing the annual demand index fenenewable primary
energy, amongst otherBhe first phase, which took effect from 1 January, 2014, required that
the nonrenewable primary energy demand EP indiex all new residentiakinglefamily
buildings be not greater than 120 kwhé) while from 1 January, 2017, the maximum was
reduced to 95 kWh/(fa) [204]. Finally, from 1 January 2021, singfamily buildings had to
be designed in such a way as to achieve an EP index of no more than 70 a\\fof(heating,
ventilation and hot water preparatid).[

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 numberesf hailt
between January to July 2022 and the previous year, and the number of homes built by private
investors went up by 3.4%][

Foreseeinghe inevitable boom in singtamily residential buildings by private investors,
the onus lies on engineers and architects, to design sustainablefeieed)y homes. These
homes are tonot only meet the Polish requirements for constructed sfagidy houses of
achieving lower tha@0 kWh/(n?a) primary energy consumption index for heating ventilation
and domestic hot wate8]| but alsoto meet the requirements of the EU Energy Performance
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of Buildings Directive to ensure that all new buildings are nearly-eresgy by the end of
2020 P].

In order, to design s energyfriendly homes,energy sinks such as HVAC, DW
electronic appliances and lighting need to be put into consideration to ensure the least energy
consumption possible.

1.3 THESISOUTLINE

This thesis is outlined inteevenchapters. 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 objectvé®achieved in this thesis.

Chapter 2in this chapterthe already existing state of art in reference to low energy buildings,
photovoltaic technologythermal energy storage systems and typical meteorologicabhyear
discussedLiterature review is carried out on alreagkisting 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 eragg teichnologies

are discussed. Finally, different methods of calculativegTMY are examine@nd how they

are used in literature to calculate building energy.data

Chapte3: Inthis chaptert h e a r prdpesédéduldin@lesign of a 70Rexternal areaome

is introduced The energpystem to meet the energy demands of the hsmiso proposednd

the building energy analysis is carried.olithe 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 HWVAQ/PSTS system.

Chapterd: In this chapterthe mathematical model ftihhe proposedHVAC - PVPST Ssystem
is developedExperimens are als@onducted teractically measurthe heat transferatein the
thermal stackising threedifferentinsulation materialsombined with the stack fillingn order
to prove the validity of the heat transfer equation proposed to des@mdidosses due to
conduction from the thermal storage stack.

Chapter 5i1n this chapterpossibilities for optimising the proposed seasonal theematgy
storage stackystemby comparing and analysing possible variant combinations of stack filling
material and stack insulation to achieve optimum volume andcio®stiscussed

Chapter6: In this chaptertheresults and discugs onthe comparison of the proposed system
with currently existing and weknown storage technologiase presented.

Chapter7: In this chaptertheconclusios are presenteghd the sebut objectives stateat the
beginning ofthe thesisare examinetb see if theyere achieved.
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20. STATE OF THE ART
BUILDING ENERGY CLASSIFICATION

According to [199], a fAbuildingd can be r
for which energy is used to condition the indoor environment. Therefore, there it is almost
i mpossible to mention a fdAbuil dicongumptionithiet h o ut

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,rapdlghting and hot water.

Buildings can be classified according to their energy consumption indicator as seen in
Table2.1. The Zero energy building according to Torcellini et al refers to a commercial or
residential building with greatlyeduced energy needs through efficiency gains such that the
balance of energy needs can be supplied with renewable techn¢ldjiddence, 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 energysaving or lowenergy 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 isv@chby optimization,
careful selection of building materials and application of efficient active energy methods.

Table2.1: Building Energy Classificatiofi1]

Energy Class Type of Building EU indicator (kWh/m.a)
A++ Zero energy To 10
A+ Passive energy 107 15
A Low energy 1571 45
B Energy saving 4571 80
C Medium energy saving 8071 100
D Medium energy consuming 1007 150
E Energy consuming 150- 200
F Highly energy consuming Over 250

In Poland from January 12021according to the WT 2024tandard 200, the value of
the annual demand for neanewable 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 (Enexgygshuildings) 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 enenggnd 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 irg&ted with the thermal quality of the
building envelope. Space heating demand has increased a lot in this new decade as seen in
Figure 22. It is responsible for most of the energy consumed in buildings (see Fidiwre 2.
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
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Figure 21: Comparison between energy per square metre consumed
in selected countries in 2000 and 2018 [17].
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Theidea 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].

Residential Space Heating Energy Intensity per square metre
in selected countries
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Figure 22: 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 coolingrsy§38]. 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 incriease occupant
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, yep#igency
increased globally by 13%, with most of it attributed to savings in buildings and industry [19].
Hence, it is possible to achieve an enegfficient society with the cooperation of both the end
users and the building industry.
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Table 2.2: Intervention methods for reduction of energy demand in buildings [18]

Categories Definitions Intervention Limitations
Type
Reducing energy Product initial cost bias
Energy input and Technological Mechanical equipment
efficiency maximizing energy| Regulatory efficiency limit
output Limited tenancy rights

Energy savings

Augmenting energy
demand from
passive energy

Technological

High Initial costs
Limitations on alread¥uilt
structures
Conflicting interests in heating

sources — ) o
lighting and cooling application
. . Consumetifestyle
Engaging in Behavioural .
Energy : Inconvenience to consumers
. conservatory Technological
conservation . Ignorance to conservatory
practices Regulatory

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 buildinf.he term Opassived when wused
phenomena basically refers to the generation, conversiora@ictation 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 theyeavhi ch di dndét become popul ar in
century.

Passive solar refers to a system that collects, stores, and redistributes solar energy without
the use of fans, pumps or complex controlf@®}. The idea of passive tow-energy buildings
i s hinged on the design and construction of
Building energy consumption accounts for over 40% of total primary energy consumption both
in Europe and in the U.S13]. The Energy Commissioner for the European Union in 2009,
admitted that an improvement in the energy performance of buildings wasedfeoste way
of fighting against climate change and ensuring energy security and in the long run had a great
effect s the economy of th&U as well. He fixed the year 2020 as a deadline for all new
buildings being built in Europe to be nearly zero energy buildiags [

The need for lowenergy 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 sustainabilitg, whil 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 radiatiothe specified location all year round.

Basically, passive energy systems can be classified into two, namely:
1 Passive heating
1 Passive cooling

PASSIVE HEATING

Passive solar heating, according to [ 4] r
building envelope through a window or other transparent or translucent part of the envelope,
which is useful in replacing auxiliary heating or improving comfort cooil#iwithin the
building. The heating demands of buildings account for more than 33.33% of energy
consumption in the heatirdpminated 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 €xissions, which
economically yields a gain of approximately 45 euros per person.

In comparison with active solar heating, passive solar heststgms 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
T Calculation of Energy Use for Heating (CEN 1988), in a stationary state, the basic energy
balance of a building can be calculated using equation (@4]L) [

U U -0 U v (2.1)

Where

Q-+ - the heat delivered from the heating syst&vh
Qs - the utilized gains from solar sourd4/

Qi - the utilized gains from internal sourc&¥

Q7 - heat losses due to transmissiowv

Qv - heat losses due to ventilatiow

d - utilization factor -

Due to the fact that passive solar and internal gains are usually not in alignment with the
heat demand, the wutilization factor d is int

PASSIVE COOLING

Passive cooling refers to building design features which reduce the eatnylight 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 aortnlievels [L5). 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 sameemaintaining a balance
of space lighting requirementhere are three main factors that determine the influence of
shading on visual and thermal comfort and energy performance. Th&gare [

i The type of shading device
1  The optical and thermal properties of the shading device
i 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 Lechdé}, [this
ventilative cooling could either be comfort ventilation, which allows direct passage of air over
the skin of individuals or nigkitush cooling, which utilises the cooler night air to flush out heat
from a building. Comfort ventilation very oftem 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 coolingsesen in Figur@.3 is better suited for hot and
dry climates with great temperature difference between the hours of the day.
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Figure 23: Night Cooling
2. Radiative Cooling

This could be employed directly by for instance, making the roof serveaakator by
painting the roof whiteas illustrated irFigure 24, hence aiding heat loss to the sky which
serves as a heat sink or indirectly by cooling a-treasfer fluid through radiation to the sky.
Radiative cooling might not be applicable for nuslibrey buildings and also in weather
climates with cloudy nighgkies.
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Figure 24: 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 aire h@wering 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/dilimates. Indirect evaporative cooling does not
increase humidity because it involves aiding evaporation on one of the building surfaces,
usually roof ponds or roof sprinklings illustrated irFigure 25, which then serves as a heat
sink for the warm air.
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Figure 25: 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 partiallysecan the earth
or indirectlyas in the case dfigure 26, by facilitating air flow from ground to air using pipes
buried deep under the earth surface. Indirect earth cooling is soitable for humid climates.
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Figure2.6: 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 andealtey
include:

THE PASSIVE HOUSE

According to W. Feist [1], a passive house ibualding 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 targetis 15 kWR/smr | ess annually. The worl dés
in 1990 in DarmstadKranichstein, Germany by Dr. Wolfgang Feist who in his 1993 thesis,
APassive Houses in Central Europed had alrea

of the concep
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 k\Whém

Maximum heating/cooling load at 10 W/m

Maximum air tightness parameter at 0.6 /h

Primary energy demand maximum at 120 kWia'm

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/rfa

1  All-year round thermal comfort with not more than 10% of the hours in a given year with
temperature over 25AC.

= =4 =48 A

There are five principles necessary for achieving this passive house standard. They
include [202]:

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 WA might be necessary, while in
warmer climates, double glazed windows should be sufficient.

Thermal insulation: Nottransparent surfaces forming the exterior envelope of the
building have to be insulated. In cool temperate climates, the target should be 0.15
W/(m?K) or less.

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.

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.

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 af ltgchnical expertise and
extensive knowledge. Table 2.~ provides more details on Passive Houses in Poland.

NEARLY ZERO / NET ZERO ENERGY BUILDINGS (NZEB)

A nearly zereenergy building according to the Energy Performance of Buildings
Directive of the EU [203] refers to a high enepgrformance building with very low or nearly
zero energy demand which is offset to a large extent by energy from renewable sources
produced orsite or nearby. Torcellini et al in 2006, described the concept of net Zero Energy
Buildings to be a residentiat 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 emplapg passive energy compensations and increased energy supply by means of
renewable energy generation.

Common features of NZEBs include [209]:

1  Tight building envelope, achieved by reducing thermal bridges in buildings, ensuring
optimum thermainsulation, employing high performance windows

1 Highly efficient HVAC units powered by renewable energy e.g ground source heat
pumps, etc.

1 Caution with highenergy consuming electrical appliances

Wasteheat recovery ventilation using recuperators

1 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 zeznergy buildings. The commission made a proposal to
revise the directive in December 2021, and hence raising the stakes highBIZEB 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 requifddLLY COVERED by energy from
renewable sources and withoutsite carbon emissions from fossil fuels [203].

PLUS-ENERGY BUILDINGS (PEBSs)

Currently, there is no singleniversal definition for plugnergy buildingsVery often, in
|l iterature fAPositive Energy Buildingso are
Buil dingso.

Salvalai G. et al described Plasn er gy bui Il dings (PEBs) as #b
energy from renewable energy sources (RES) than they import over a year [40], while [41]
described them as ANZEBs that pr oduooste 30% o
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 consamdethey export energy from renewable
sources into the grid, thus reducing building engaistted greenhouse gas emissif2usb].
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Excess [206] defines a positive energy building (P&Ban energy efficient building that
produces more energy than it uses via renewable sources, with higbrsalinption 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 [R@¥].

Bojil M ad dplusbatamce as ta biteation where the annual electrical energy
surplus feein to the grid is greater than the annual electrical energy imported from the grid
[208].

PEBs boast a lot of advantages, which include:

1 Reducecenergyrelated greenhouse gas emissions
1 Energy security

1 Thermal comfort and good indoor air quality

1 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 drasder on
energyproductionfrom locally available RE®/hen compared witthe final energy used (with
userrelated consumption and building operation energy demands incloxkd time span of
one year, while ensuring low carbon emissions, high user satisfaction with indoor environment
guality and economic affordability with technical bikty.
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Table 2.7: Certified Passive House Buildings in Poland as at 2024 [201]

SN Location Year Building Tvpe Building Floor PER Demand PE Demand Annual Heating Demand
Built 9 yp Area (n?) (KWh/nPa) (KWh/rr?a) (KWh/rr?a)
1 05806 Pruszk-w (N 2021 DEtaCheﬁoi'ngam"y 206 25 52 15
37-300Ldaj sk (Podk| 2016 Deta"heﬁf)'ggéefam”y 238 17 - 14
61312 Pozna®& (Wi 2013 | Public building (church) 125 n/a™” 119 15
05123 DNbrowa Ch Detached singkamily
4 (Mazowieckie) 2016 house 210 25 53 15
5 3063 Krak-w (Mall 2014 Sportscentre / 1666 n/a 106 14
recreation centre
s . Sports centre /
6 32090 Slomniki (Malopolskie) 2013 recreation centre 546 n/a 104 13
7| 7251 Wisegdka (Zacl 2016 Dem‘:heﬁoﬂgg‘mm"y 111 n/a 104 15
8 11034 Stawiguda (WarminsKo 2014 Model house 206 n/a 101 14
Mazurskie)
9 05092 Kiegpin (| 2015 DetaCheﬁoz'Qg‘éam"y 160 n/a 108 15
1021003 Gagiewniki # 2015 Deta‘:heﬁoi'gg‘éam"y 119 n/a 95 15
11 05082 LatchorzeMazowieckie) 2015 Deta‘:heﬁoi'ggléam"y 255 n/a 83 13
12 73110 ' St ar gar d 2013 Detached singkéamily 185 n/a 99 15
(Zachodniopomorskie) house
13 73110 Tychowo (Zachodniopomorskie| 2013 DetaCheﬁoi'Qgéam"y 150 n/a 95 15
14 32090 Slomniki (Malopolskie) 2011 Sports centre / 1638 n/a 08 15
recreation centre
15 05520 Kostancin (Mazowieckie) 2013 Deta‘:heﬁoi'ggléam"y 151 n/a 91 15
16 05083 W-1ka (Ma| 2009 Sem*detﬁgirt‘se)d house (3 205 n/a 94 15
17 84207 Koleczkowo (Pomorskie) 2007 DEtaCheﬁoi';‘gl@m"y 141 n/a 97 -
1855080 Smolec (Wrod 2006 DEtaCheﬁoi';‘gl@m"y 136 n/a 105 15

ok

"PER Demand Renewable Primary Energy Demand ™ PE Demand Non-renewabléPrimaryEnergy Demand n/ai information not available

31




DESIGN FEATURES OF LOW ENERGY HOUSES
1. WINDOWS

Windows are an integral part of any building with benefits such as daylight, external
views andeven 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 resistdependent
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 théom 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 winddase heat through spacing in between their edges,
but this is controlled in higperformance windows by including thermal breaks.

a dzLIS NJ ¢ A ViR gy
j dzl RNHzLY S Sy & %A 04 KX R (M2K/W)
quadruple glazing e —
ONRALX S 36 1T b < 20 1SX
triple glazing e ——
R2dzot S 3t | | i st 2 ¢ X
R2dzo f S 3t I | i sttt

glass block | ——

m U-coeff (W/m2K)

SING € Gz )
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Figure 2.7: Comparison Between a Few Window Technologies and their Heat Transfer
Coefficients and Total Resistivity values [1]

Table 23: Typical Solar Irradiance of Windows at Different Locations [20]

Location Window Gvalue (W/n%)
Freiburg, Copenhagen, Denmark 0.60
Perpignan 0.59
Madrid 0.77
Palermo 0.80
Athens 0.80
Merida 0.80

Radiative heat is logshrough glazing as well and can be significantly reduced by means
of special coatings on the glass. Lewissivity 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
dondt require sunlight.

Solar irradiance of windows varies from location to location depending on the solar
altitude of the selected location. Tabl@ thdicates 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 andhe linear transmittance value of window frame and glazing connectigalug is
usually provided by window manufacturers ondze calculated for better exactness using the
hot box method in accordance to EN ISO 128428]. 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
difference between interior and exterior temperature) [22]. Thermajdsridsually 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. Therfhaat) 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 materids kimeet in a structure. A
structural thermal bridge ig&kely 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 caus&iructural thermlabridges must be completely avoided.

Thermal bridges can be calculated by modelling the building component in #ioleat
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 transreittanld be estimated using
typical values listed in the ISO standard or calculated using the following relation: [24]

~.

O Y & (2.4)

Where
Lop - linear thermal coupling coefficient obtained from the wmensional calculation,
W/mK
U; - thermal transmittance of the ith edamensional component between the internal and
external environment, W/
li - 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. Glosedd
thermal bridges will surely experience a difference in their heat fédesras 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.

TN &

Figure 2.8: Geometrical thermal Bridge
3. WALLS

Walls carry the weight of any building. Walls give the build&tigicture. 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 consumptionhait 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 thermé&brton 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 andsisgivity, 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 insulatio 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. Bsatiation should be selected
that prevents condensation, corrosion and the future risk of mould or fungus compromising the
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buil dingbs biosphere. I n summary, it is impo
goes a long way to determine building durability over a period of time.

5. VENTILATION HEAT RECOVERY UNITS

Commonly referred to as aio-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 @aesigned to improve
indoor air quality in buildings. In zerenergy buildings primarily characterised by energy
efficient installations, it is of utmost importance that the exhaust temperature after heat
exchanger mu s t be | i-nbietfde thlly mechamical supplydexhaust + 0
ventilation systems, depending on the heat recovery type [24].

THE BUILDING ENVELOPE

The building thermal envelope refers to the ability blidding to seal in heat in heating
season and remain cool in the cooling season for the longest time pdsshtee 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, daadnws,
walls and foors and intentional ventilation of a building space. In a standard building, about
30-40% of heat is lost due to ventilation,-20% through the walls, the windows contribute
about 1525% heat loss, the roof about-206 % and i n t he dasament,3wher e
6% of heat is lost through the basemé&i@].|

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 prodittte difference between indoor
and outdoor design temperature and the volume and recorded hourly changes in air. Lechner
refers to this method of solution as theaiange methofl]:

00 ™mudd0h Y Y 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 theat flow coefficient]1]:

OB Y Y'Y 0O (2.3)
y Y
The heat loss through different building sections is estimated from the thermal
transmittance (kalue)or heat transfer coefficieof the individual building sections. Tieat
transfer coefficient is calculated as the rate of heat transfer through a material divided by the
temperature difference across the matefihlis is a very important parameter for determining
the building envelopdn the case othe Passive House, there is a specified value requirement
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of heattransfer coefficients for different building sections, without which a building cannot be
certified to have met the Passive House standard (see Téble 2.

When it comes taooling, 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.

Table2.4: Passive House Standard foiMalue of Different Building Sections

S/N Location U-value (W/ntK)
1. Insulation 0.107 0.15
2. Roof 0.107 0.15
3. Walls 0.2071 0.25
4, Doors around 1.0
5. Windows 1.27 1.7

6. Foundation 0.2071 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 withougjlairtess. 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 anyibl d i n goviad utehd e 6, whi ch
total leakage through the building envelope by describirig)(the air exchange rate resulting
from a differential pressure of 50 Pascals created between the exteriortenat of the
buil ding employing a O0bl ower door testéo.

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 gaitity 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 wpatessure in a building by introducing
a compressor to the building envelope in order to detect leakages The test involves a series of
underpressure and ovgressure measurements determining leakage 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 maximunhaod @@alify for
certification R9, 30, 31].

ENERGY SAVINGS

Energysavings 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, ventilationc@aditioning and hot water
installations (and lighting in public utility buildings) should #esigned 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 B4], one of the most important factors in energy saving is integrating the

building design taegulate the heating and cooling demand and as such reduce reliance on
HVAC systems to meet these demands.
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2.2PHOTOVOLTAIC S
PV PANELS TECHNOLOGY AND INSTALLATION

The wordii p h o t o visalcdmaadurd aord formed from two words, the firgp h ot 0 0
of Greek origin translating to meénl i @udthé second v o | tthe ad@ectival 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 leadchaaf
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 incraasewhen it first appeared and
currently stands as one of the strongest competitors for electricity generation in various parts of
the world. As at 2020as seen in Figur2.9, installed solar photovoltaic cells have recorded
about 760 GW capacity (in direct current) in bothgoid and offgrid installations, a shocking
increase in spite of disruptions due to the pamidePoland 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.

ANALYSIS OF GROWTH IN INSTALLE
CAPACITY OF PV CELLS IN THE PA
DECADE
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- 13l 178
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Figure2.9: Increasing Popularity in Photovoltaic Chiktallations (Installed Capacity
Measured in DC not ACYP]
THE SUN AND SOLAR RADIATION
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The sun is a giant star composed of several gases, measuring about 2.838xri10
di ameter and with a surface tempe[43aThesure vary
is the primary source of energy in the solar sysiéinually all natural processes such as rain,
photosynthesis, tides, etc are driven by the $the.sun is said to release an estimated 3.68 x
10'2 MW of solar energy, although only a constant rate of 1.37 B¥/eaches t he eé¢
atmospherg44].

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 radiafis]. The useful energy available
to man from the sun is usually referred to as solar irradiance. Solar irratsaiheerate at
which radiant energy is incident on a surface, per unit area of that surfaasyred 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 and2bhes

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 anyeleerj equal to the
gap energy in a semiconductor barrier displaces electrons over the barrier to produce a voltage.
This is what i s referr eHenriEdmuradBechuérdl m 188hwas o v o |
the first to notice the photovoltaic effedheén he observed a voltage in a conducting solution
of two electrodes.

|l nci dent solar radiation can be measured
energy of a photon is the product of the fre
described byquation (2.%).

o (2.%
Where
h = Planckods c%¥pstant (6.626 [ 10
v = frequency of radiation as described by equation (2.**)

5
l‘) s (2.**)

Where -

C = speed dJ&mis)light (3 1T 10

& = wavelength

Thus, the shorter the wavelength, thgher 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 osemiconductors 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 asieleatrent. Hence, increase in
temperature is directly proportional to increase in conductivity in the semiconductor.

The electrons in a semiconductor Mpted a
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 energgptade an electron this way, it
leaves behind a hole. This creates a{etdetron pair; a hole where there is a missing electron,
and an electron out of the crystal structuraleds, 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 chargelectron $4, 55].

THE P-N JUNCTIONOPERATING PRINCIPLE

There are two kinds of semiconductors which make up the photovoltaic cell-type p
semiconductor has a deficiency of electrons on its outer shell, andtyipe mas excess
electrons in its outer shell. Thetype semiconductois achieved by doping the semiconductor
with a trivalent element, hence creating a positively charged hole that is free to move around in
the semiconductor. Thetgpe semiconductor, on the other hand is achieved by doping the
semiconductor with a pentavaleglement, hence leawnthe fifth electron to roam freely,
creating a negatively charged materidient y pe mat eri al s are often
andthep ype as Paagng thedyme matdrial next to the-type material, thep
junction is created

[
= [.oad

L1
T

®*

AAA

Figure 2.**: Equivalent Circuit for hotovoltaicCell

The holes drift from the—ype 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 theragion and creating an immobile negative charge in-ttegjon.

These immobile charged atoms create a barrier that inhibits éheigeation of electrons from

one side to the other. This barrier results in a potential difference resulting from accumulation
of holes on the yside and accumulation of electrons on th&ide. This potential difference
(voltage) can be used to delivdearic current.
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The operation of the PV cell is similar to that of-a 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 anawaofl 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 sinphab®voltaic 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 Markvaftuniversity of Southampton, that brought forth
cuttingedge improvement in photovoltaic technology. They are as follé&<lf]:

T

The Photovoltaic Effect (1839): In 1839, Alexandi@mond 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 photens. Thi
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
Cu20 in a Siemens laboratory in Germany, identified a potential barrier formed at a
metatsemiconductor junction, which could be used as a diode. This barrier, now known
asthe 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
thedevelopment of the first silicon years about a decade aftedicovery.

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 theofastsl|

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 subseqglaemtches that same year with Explorer Iil,
Vanguard Il and SputniB all with photovoltaic powered systems, Photovoltaics
automatically became the standard energy source for space applications.
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1 Maximum Efficiency of a Solar Cell Defined (1961): The Shockayeisser limit which
refers to the maximum theoretical efficiency of a solar cell in conjunction witma p
junction was defined by American physicist William Shockley and German physicist
Hars-Joachim Queisser. This not only marked the integration of thermodynamics into
photovoltaics, but also made way for direct solar energy conversion.

1 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 femodcers 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.
1 Nanostructured Sol ar AGratzel o Cell (1991
introduced when Michael Grat zel and Bri

nanostructured cell coated in dye similar to chlorophyll and absorbs sunlight just as in
phobsynthesis. Although with a lower efficiency than traditional silicon, it had the
advantage of lower cost and a wider range of applications.

1 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.

1 Organic Solar Cells (2001): Although they are defgient and lesstable 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 utitweghene
solvent {48§].

TYPES OF PV CELLS

In terms of cell material, PV cells can be divided into three categéfgs [
9 Organic Cells: These cells are based on conductive polymers, conductive blends or
conductive polymer nanocomposites.

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

- Silicon-based: Monocrystalline silicon cells, Polycrystalline silicon cells, Amorphous
silicon cells andmicromoph (which is a combination of amorphous and crystalline
silicon

- Nonsilicon Based: Cadmium Telluride, Copper Indium Selenide

1 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]:
1 Itoperates on a renewable energy source (i.e the sun) and requires no extra fuel to power
it.
1 Ease of installation
1 Itleaves little or no carbon footprint as it generates no pollution whatsoever
1 Absolutely noiseless
1 Materials formanufacturing such cells are readily available and accessible in nature
9 Little or no maintenance required
1 Wide range of power generation

Figure2.10: An array ofphotovoltaicmodules [50]
COMPONENTS OF A PV SYSTEM

A PV systent(as seen in Figure 2.13)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 nam@&y [
1. Standalone

Standalone PV systems likkhe 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 demaistteyrand any excess can be
stared in batteries. Examples include solar streetlights, rooftop home solar PV systems amongst
others.

In designing, a standlone PV system it is important to calculate the panel generation
factor which is a climatelependent constant that not only determines the peak watt rating of
the PV plant but also determines the number of PV panels required.dmsifganel generation
factor can be determined both experimentally and analytically as seen in eq2&)ion (
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0 '00 (2.5)
Where

PGFi Panel generation factor,

IsT lrradiation of selected location

S\ T Sunshine hours

loT 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 {eak capacity of an individual panel. This peak power rating
can be calculated as seenarb].

O
0 00

O (2.6)

Where
G Total power rating
Ein T Energy required

2.  Grid-connected

This kind of PV systems are designed with the intentiofeefling electricity into the
grid. This system is composed of an inverter, a transformer, some PV modules and Hmeter.
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 theTdrde inverters usually
have as high as 98% conversion efficiency.

3. Hybrid

Hybrid PV systems are a combination of both gmshnected and staralone 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 pumpstc. Photovoltaics application in buildings can be divided
int two, namely:

1 Building Applied Photovoltaics (BPV)
1 Building Integrated Photovoltaics (BV)

BAPV involves attaching PV modules to the building by means of mounting on railings
or structuresvhich 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 wedhwhile BIPV
systems involves PV modules being integrated into the building envélepe, architecture
meets photovoltaic energy to create optimum resultsrms 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 instabdgmoutting

down on electricity transmission and distribution coBecause BIPV are integrated into the
building, they are often not susceptible to lift or damage by high winds as in their BAPV
counterpart$56, 57]. BIPV materials are usually transparent or séamsparent 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, therrss| stre
electrical stress and internal component failure. Other components likely to experience faults
include surge arrestors, fuses, cables, swit
affect power generation but could also cause electriceohéizards.

Connection and wiring errors could lead to odine 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 qualityafiective coating amongst
others. These problems could significantly affect power production bubsh cases are not as
hazardous to safety as the previous two categories.

Syafig A. et al listed several factors which affect the efficiency of PV panels. Among
which include §3:

1 High dust accumulation

High ambientemperature

High wind speed

High humidity resulting in corrosion
Extremely low temperatures

Heavy deposits of snoand frost formation

= =4 =4 -4

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 liteéne of the module. Degradation of the PV module will
ultimately affect its power generation capacitiie degradation rate of a PV module, measured
in percentage per year ($6)) shows the proportion afecline in the module over the years. A
photovoltaic module is said to be degraaéukn it generates only 80% output power of its
initial value B2].
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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 S08KW [

In conclusion, there has been a lotedearch on the development of sinfglmily 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 obuilding integrated photovoltaic systems are being widely encouraged [38, 39].

46



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 oépealy 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 develgpmore 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 conservganerated thermal energy for subsequent use at a
different place, temperature or power, through the process of charging, storing and discharging
energy from a storage mediysg].

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, IREN¥atest a 1.4million
GWh energy savings potential and 400 million tonnes of €fissions that could be avoided
by implementing thermal energy systefés, 61].

As in all storage concepts, TES systems can be categorised iritatiioe and passive
storage, as illustrated in kige 2.11. Passive storage systems invopassing 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 conservingriin@l 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 als serves as the storage medium or indirectly where the heat transfer fluid
charges a second medium that stores the heat.

Direct System

Active Storage

. J

Storage Concep Indirect System

( )

Passive Storage

\. /

Figure2.11: Storage systems classification according to storage coru&pt [
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Thermal energy storage systemsdomparison to mechanical or chemical storage
systems has the advantage of very high operating efficiencies and lower capit@3}osts
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 medivensik®lity of
charging and discharging cycles, heat transfer fluid, heat exchanger and storage medium
compatibility, reduced heat losses amongst otl&&55P].

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 tdas tfe
energy conversation can be represented mathematically as seen in eGugtion (

YO0 o (2.7

Where

U refers to the internal energy of the syst
Q1 the heat added to the system

W i work done by the system

The internal energy (U) dhe 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 potetial 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 pgrkdegram of the
selected media.

Heat stored in a medium can be calculated to be
U AY— (2.8
Where
m 1 mass of the mediunkg

csT specific heat capacity of the mediyin/ KAk g
o d temperature differenc&
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The volumetric heat capacity is qusemilar to the specific heat capacity, except that
while the specific heat capacity of any material is nueggendent, the volumetric heat capacity
is volumedependent. Since the volume of any material is a function of its mass and density,
volumetric heatapacity can be calculated using equatif)(

o QO (2.9
Where

Csv I volumetric heat capacity/K
csi specific heat capacityK Ag
} 7 density kg/m?

Enthalpy is the sum of internal energy and a product of the pressuvelante 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 heatrtal 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 ranc
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 erdroggrired 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 ofathsystem. In thermal storage, we see the effect of entropy
generation, asreversibility 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 fAusef ul nelfusl(oilcchdal, gasier gy .
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/B].

HEAT TRANSFER TECHNIQUES

Heat flows from regions of higher concentration to lower concentration. It is transferred
through three main mechanisms:
1 Conduction
1 Convection
1 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 eqatipto(calculate the
guantity of heat flow through conduction.
o .’Q -
0 .
- Qo (210

Where
QcondT Heat flow through conductigiWVatts or Js
A1 crosssectional area of mediurd// mA K
di temperatureK
x T distance covered in the direction of heat flow
d d /7 dexperature gradierk/m
The measure of a material to be a good heat conductmtesmined 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 equatibf) py postulating what
isnowknowna¥ he Newtonbés Law of Cooling.

0 @ Y Y (2.11)
Where

Qconvi the rate of heat transfer from body to flu/m
hi the heat transfer coefficie/m?A

A'i the crosssectional surface area of heat trangfer
Thody T the temperature of the body

Thuia T the temperature of the body

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
2mm , 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 1t
temperature of a radiative body is inversely proportional to its nweala length. The rate of
heat transferred through radiation can be calculated using the-8t@famann law in equation

(2.12.
0 . 0Y (2.12

Where

Qrad7 Radiation Heat Transfer rate

071 Boltzmann constant

AT crosssurface area of radiating baady?
T1 the temperature of the body
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These three methods of heat transfer enable the movement and hence, storage of heat
from source taink.

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 asigarei{2.12).

TES systems can be classified, based on the storage medium into three categories:

i Thermochemical Systems
i Latent Heat or Phase Change Storage Systems
1 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 tiorallow
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 nidwremical energy storage is also
advantageous because many such reactions release oxygerpaeduioy, and this oxygen can
be harnessed for us€hemical reactions involved in a few of the typical thermochemical
storage media can be seen in Tabte Phermochemical 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 seasogdhe heat
storage period. Energy density of thermochemical systems could measure up to5@D0
kwh/m?, while energy density of sensible heat storage (in water) measures about 54 kWh/m
and energy density of latent heat storage measures about 90 k}&8ym

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. Thaeobnst
elements should be stored separately and can be once again combined to form the initial
compound, thereby releasing heat as-pimguct.

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 wrabandihig
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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.

Temperature level of | mrage
stored thermal energy\ ——

Cool storage

.

Criteria for categorising
thermal energy storag
solutions

Duration of stored i wrm
thermal energy —

Long term

.

Sensible heat storage

.

Storage Media and
Technique Latent heat storage

L

Thermochemical heat
L storage

Figure2.12: Classification of Thermal Energy Storage Solutions (redrawn f7af [

Table2.5: Typical Thermochemical Energy Storage Medig [

Compound Reaction Temper atoH( kJ
Manganese oxide Leu YO mu ey 530* 42
& Ot
Calcium hydroxide| 6 ¢X) 'O YOP 6 &0 OO0 505* 112
Calcium carbonate| 6 @6 U YOP 6 @0 6 U 896* 167
Magnesium hydride 0 "Q0 YOP 0 Q O 250- 500 75

Ammonia 00 YOP pIch  oXcO 400- 500 67

Methane/Water 00 O0P 00U 0O 500- 1000 n/a

Magnesium oxide 0"Q0 O0P 0 "Q) O 25071 400 81

Iron carbonate "0Q0 B "0Q0 60 180 n/a

Metal hydride VR0ew" aRoeD 200- 300 n/a

w w0

Methanolation 6'®BF 86 O 200- 250 n/a

demethanolation

LATENT HEAT STORAGE SYSTEMS
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Storage of heat in latent heat storagaterials (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 conposition of the material. Phase change materials are materials that transit from
one phase to another (solidiquid, liquid T gas, ga$ solid and vice versa) without a change
in their chemical composition. A few of the commonly used phase changeatsdt@rihermal
energy storage include organics (like paraffins andparaffins), 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 temperatastricted applications owing to the isothermal
nature associated with phase change in latent heat storage, unlike sensibbedugatrsaterials
which exhibit significant rise/drop in temperature during charging or dischar@hg [

Latent heat stored is calculattdm equation 2.13 as a function of the material mass
and enthalpy of phase change of the material.

0 agQ (2.13

Where

Q1 amount of heat store&J

m 1 mass of the storage materilag)
o h phase change enthalpggJ/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:

1 Organic phase change materials
1 Inorganic phase change materials

Organic phase changeaterials often include aromatics (humbers 7 and 8 in TaB)e 2
and fatty acids (numbersi ¥ in Table2.6) 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 corrosiesistant 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].

Table2.6: Thermal Information on Selected Organic Phase Change Mat&ial&]
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. . Thermal .
S/N Material igf:::ﬁ:l Tehriijgragture Conductivity Heeztkg}‘kFgL)Jsmn
(W/m K)
1 Paraffin wax 00 64 0.167 (liquid) 173.6
5 Polygg/gol E 50 © 3 0.138;(-I|qg|d, . 99.6
3 Stearic acid o Ov 69 - 202.5
4 Palmitic acid o0 00 64 0.162 (liquid) 185.4
5 | Decanoicacidf 6 O 0 32 152.7
6 | Caprylic acid 000 16 0.149 148.5
7 Biphenyl 0 O 71 19.2
8 | Naphthalene 8 O 80 0'132('('?‘4‘::'0;’ 838 a7z

SENSIBLE HEAT STORAGE SYSTEMS

Sensible heat storage, which is agreeable the simplest form of thermal energy storage
stores heat in a storage medi(sulid 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 countsrpar

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 heatmathematically described in equatio?.14), stored in a material is a
function of the product of the specific heat capacity, mass and difference in temperature of the
material.

0 aOW'Y (2.14
Where
Q1 energy stored as he#tl/kg
Cp 1 specific heat capacity of the storage medilikg K
o Ti temperature differenc&

Sensible heat storage materials can be divided into two; solid and Bgndible 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 exchaf@®d. Commonly used materials for liquid sensible heat
TES include [@]:
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1 Liquid Metals like leadaluminium and copper, with high densities and high thermal
conductivities but very cosheffective.

1 Molten Salts commonly used in concentrated solar power plants and nuclear power plants
due to their notfilammability, nontoxicity, high boilingpoint, 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 4fiftee of sodium nitrate
(NaNGs) and twaefifths of potassium nitrate (KN§)is one of the most widely used and

has been used for | ong duration at tempera

plant [64].

1  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
l iquid for | ow temperature appl iapphcableons
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 fgeneration (of
heat and power) in solggowered system$()].

1  Thermal Oils, usually synthetic or mineral oils are used

Thermal properties of selected liquid materials for sensible heat storage can be seen in
Table 27. 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 neededstdrarging
[59].

Table2.7: Thermal properties of Selected Liquid materials for sensible heat storage [3].

Medium Temper at ur § Density (kg/m) Specific Heat (J/kg K)
Aluminium 20 2710 896

Water 071 100 1000 4190
Engine OIl O 160 888 1880

Ethanol O 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 fablsdmsat 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 impoiftabte2 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 t#dvetween 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 contaidpr [

Table2.8: Thermal Properties of Selected Solid State Sensible Heat Mat&8a&0] 67)

Thermal -
I\j’éo(;%ﬁ Tl_j r;”lpr:ergttére Density (kg/mf) | Conductivity S[();((:Elg%(l;)eat
(W/(m.K))

Sand 20 1555 800
Sandrock 2007 300 1700 1.0 1300
minerals
Concrete 20 2240 1.6 880
Reinforced 2007 400 2220 15 850
concrete

Brick 20 1600 840

Silica fire bricks 2007 700 1820 1.5 1000
Magnesiafire | 0. 1200 3000 5.0 1150
bricks
Granite 20 2640 820
Cast iron 20071 400 7200 37.0 560
Cast steel 20071 700 7800 40.0 600

Clay n/a 1458 0.1571 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 mt#fdvetween 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 contaidpr [
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PACKED BED STORAGE

Packed bed storage usually involves fitting of particles, sometimes of diftvaoes 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 74C [NemS M. et al experimented with strze
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 ofisfiizeproving
that the coefficientof spherii ty doesnét determl.ne the chargi

HI GH TEMPERATURE THERMAL | NSULATI ON

Ther mal i nsul ation refers to the ability
heat from one medium to anot heami slsni otnhse, wahke
insul ation has been known to play a very ke
hel ping reduce ther mal energy | osses. Some
include, mai ntaining steady eaempgr aotvuerreal d ur
efficiency of HVAC systems, controlling surf
and someti mes they help to reduckll4emissions

Ther mal i nsul ation can be divided into cat
The categollldes include |

1 Low Temperature Ther mal l nsul ation (usu

1 |l nter medi ate Temperature Ther mal l nsul a-

1 Hi gh Temperature Ther mal l nsul ation (fr

Sooriyal akshmi N. itemised the facltlpors aff

i Ther mal conductivity

1 Density

1 Particle size

T Thickness of materi al

T Al kali treatment

1 Moi sture content

Al of these factorpercfoomrbmanrecde dceeft ea mit e r
Moi sture content in a ther mal i nsul ation cé
properties, depending on the insulationds re
insul ative mat ési abpasithet mateanafer heat t
insulation is generally characterisedaby | ow
and measured in Watts per metre per Kelvin.

|l nsul ation is produced in different for ms
forms amongstllp& her s, include [

1 Foams; these could be either rigid foam

1 Rigid boards
T Sheets/ Mats/ Bl ankets (batts and roll s)

57



Prfeor med shapes

Cement s

Reflective insulation (typically alumin
L o ofsiel | i nsulation (such as perlite)

= =4 -4 A

l nsul ative materials are also divided into
They damr(mweaosnsi sting of thin fibres), cel |l ul
granul afri I(ll)aos®¢tleepteedt hight her mal i nsul ati
di scussed in the paragraphs bel ow.

Perlite I s gotten as a result of heating
1200AC wuntil theyspapdanal mpetduewei gmal ess p
composed of silica and al umi ni uem,mablu tc oanldsuoc tci
of perlite is about 0.076 W mK, but O0.057 W/
about 12®ekdgmte is generally not advisable f
of moi sture per meabiblsi tmpoiasd uper, | ibtue e d Disl ya
filling small compaatpespacesx sa nfdielahalusaer md.if yH e
i's usually ccloansbsui sftiiebdl eas Inonis subject to
appropriaheutdudbEdf& ken |

Mi neral wool is a general term that often

119, 120]:

1 Sl ag wool, which is made dtreoen brialslts;f ur nac

1 Gl ass wool, which is fibre gl ags5%madey¢tl oc
glass. Its thermal conductivity is about O
kglmltciosmbmnseni ble and absorbs sound;

1 Rock miner al wool , i's usually obtained by
1600AC, or spinning moilkenspiorki ngn ma ccha nnc
conductivity is about 0.033 W -hBOahd 80®&AC
It 1 ssombrusti bl e.

Mi neral wool usual | yf iclolmefsorims .b|latn keeld s corrb s

be tempered with minepald meoabi ltiot yeduce its m

Polystyrene is a thermoplastic, resul ting
as either expanded polystyrene or extruded
usually denser and hence, strongaewr.t hT ldeernma It
They wusually come in fomldf bBoagrhdswvedlgabhs pol
Polystyrene, although waterproof, i s fl ammab
past polystyrene was kmowgctodbdecante( HRCDYV
its fire resistance, but this substance is ¢
environment. Polystyrene has good sound abso
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Figure 2. Bi g8 enp e cTaheedrrnea | Maseraa)jsmPerl ite
Gl asswool C) Rockwool D) Polystyr enaecurym Aer
Th er malul Batnied &5 41 ]

Aerogel i's a super insul ating materi al Wi
t hermal insulation efficiency. It is gotten
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this is what makes them good ther mal i nsul at

are poor radiative insulators because infrar
from different compounds. Aeroget spopul dr bko
aerogels are the silica aerogelfsi.l | Thoery ntoanno |1
forms. The blankets have | ow theg@gal conduct

Fibre glass is wusually manufactured in se
roll s), rigi-fdi Ibloafrarsm,antdhé mefsere, its range
by spinning molten glass (a ilkhrge. pRecaund a
presence of glass particles in this materi al
skin, eyes, or i f-p @rnmeashtlea,. -rHedswi esveear nto.if 9 Trkee e

conductivity

al so emgiiteys iwn tthhe espeetoft obattts
usually vel130233f

ordabl e |

Pol yuret hane, commonly known as PUF,- i s a
nnected closed micr(@lcewhduyctfiivilteyd) wgash. aln
mposed of organic joints bounded by wurethe
ul at or wi t h favourabl e t her mal conducti
yurethane faoaml|lcamekll ofseomen Gecredrlalfloyr, mst
better ther mal insul ators because they
sent in the -¢d®lalm, f owvihmd ean d ef olpleedd wi t h a
sity anmbl hicoomaructther ty. Pol yurethane f oa
m or | iquid spray form. Sometimes, the bo
esi stance and act as a radiant nlsartryi.er .
di &N t1&5kst andard, polyurethane is <c¢cl as:

;
or
a f | aenxntai bnlgeu,i sshé Lnfgl, 8niadt 2e0r2j 3a2] 4.

- >~ QT O® YT OO
O >O0OM®M— =050 O
DO D®=-SDOD®—W

Lightweight expanded cl ay aggregate (LECA)
about 1200AC till it pops and gives rise
coustic insulator and i s | mtpievimey bl &nd®s mfon
.14 depending on the density. 't is wusually
Il ammbh®be |

—
(@)

O o

Vacuum thermal arastibamednbpanempacting a c
mould to create a vacuum by forcing out all

protective film to prevent contamination of
with rebimeotumef all thatofpanali rthghmal Thendc
vacuum insulation panels varies from 0.0035

although prone to mechanmiucsal odeftdhet ssefnrsamiltva
[12]2

Ceramic fibres or refractory ceramic fibr e
and silica. 1t is often referred to in moder.
fibres come in two types: i)e Cfeirlames. okhael d1
the di sadvantage of beingflremmasbhlaet havexlada
possess high temperature capacity for contir
bl anket forms althbwgdd tdaeyprcana atl soh dope p rde
appli td6i oPol[ycrystalline wool i's a k663w of c
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of 0Adnd 37%wot hSaOcontinuous temperature rat
rangi ngle0 odig2pit

Calcium silicpéremdasbla momissutluarte on materi a
hydrous calciurml| aimmadbdtee. Ittt hias momr her mal c
W mK and a density of 240 kg/ m3. The umsaxi mur
use is ardu®d91000AC

Graphite polystyrene [/ Vermicul at e

Sheep wool i nsul ation is made from waste
industries and is mechanitldcdd Ipyolbycersded by htels
bl ankets and batts. Il ts ther mal c-b mddd cyt iawidt y
has a great i mpact on health due to the fact

substances through a process known as chemis
[1202]3

Avail attleenpreirg@gh ure insulation in Poland wit
characteristics9are as seen in Table 2.
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Table 29: High-temperature Thermal Insulation Available in Poland (calculatedébguthor using obtained data fr¢h28-134] )

Thermal Insulating

Sheet

Others approx. 5%

Working . L
Type Name Material composition temperature a(W/mK) Density Unit price Remarks
yp P ‘(3 A C) (kg/m3) (zl/m3)
AC
FIRE SLAB rock wool boards are
FIRE SLAB ROCK covered W|th aluminium foll - W|th_ aluminum
: cladding, which reflects heat, coating
mineral wool by d | di 600 0.036 3600 Fire classification:
ISOVER reduces energy losses and increa| - Fire classification:
the thermal efficiency of the Al
fireplace.
The rock wool is covered on one
PAROC mineral wool| side with unreinforced aluminium 700 0.037 80 3 268
foil.
FIREPLACE WOOL . _
rockwool firerock rock wool bo_ar_ds_ witkaluminium 580 0.038 (10) 80 2500 Incombustible
foil lining,
boards
SkamoEnclasure Typical chemical composition: 0.08 (2
Board calcium silicate Si02 (45%), CaO (45%), LOI (8% 1000 0.10 (4 225 5957 Al - incombustible
board 0.12 (6§
-Non-combustible
- Dustfree product
BOARDS ) 0.07 (2 .
PRO.MAT f|_replace calcium silicate, asbestdee 950 0.10 (4 245 5334 " Incregsed resistance
insulation 0.14 (6 to rapid temperature
' changes
- Al - nonflammable
The main ingredient is colloidal 8 ' 8 g 5 E
WDS Ultra silica, and the other ingredients al 1000 0 ' 034 ( 200-250
infrared radiation limiting agents 0.044 (
. 0.022 (
SiO2(75-85%) - .
WDS Ultra Board SiC (1220%) 950 0.027 (| 53 Unlimited shelf life in
Others (310%) 0.034 ( ideal situations
0.044 (
RS PRO Flame
Retardant Silicon dioxide 80%
Microporous Board Silicon carbide 15% 950 200-250 104 460 Flame retardant
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Working

Type Name Material composition temperature a(W/mK) 5(6?;'% U(nzl It/re]ng(;e Remarks
(AC) ’
0.026 (
Polyurethane boards Polyurethane 140 0.030 ( 60 1200
0.033 (
synthetic amorphous silica D%
AEROMAT 650 glass fiberl0-20% NP
aerogel polyethylene terephthalate -P0% 50-650 0.018 (| 200N 79 560
magnesium hydroxide 05%
synthetic amorphous silica BD%
AEROMAT 400 glass fiber 1€20% polyethylene N
aerogel terephthalate 220% 50-400 0.019 200N 41200
magnesium hydroxide 05%
non-combustible
soundabsorbing
vapourpermeable
Glass mineral wool compressed
Eurowool 200 mm 250 0.035 23 256 mold and fungus
resistant material
made of elastic
glass fibres.
MAT mat made of rocknineral wool
Rockwool ProRox with a onesided galvanized mesh 640 0.03971 0.191 80 956
Industrial Insulation | lining sewn with galvanized wire t( (50-6 0 A
the wool layer.
A mat made of mineral wool
obtained from rock fibres,
PROROX WIRED reinforced on one side with a ste¢
MAT WM950 ALU wire mesh and covered with 640 0.039 ( 80 2050
aluminium foil on the side of the
mesh.
0.06 (2 low weight
0 11 (4 flexibility
Heatresistant ceramig . 0.14 (6 low ther_m_al
mat Ceramic fibre refractory mats 1260 0.18 (8 128 3910 cpnductlvny
0 '. 26 (1 h;]gh therlmal and
chemica
0.35 (1 resistance
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Type

Name

Material composition

Working
temperature
(AC)

a(W/mK)

Density
(kg/m3)

Unit price
(zl/m3)

Remarks

high thermal shock
resistance

easy to use

does not conduct
electricity

Polycrystalline wool

AI202 (9597%)
Si02 (35%)

1650

96-160

HT BIO 1100 high
temperature

biodegradable FIBRE

MAT up to

SiO2 (6167%)
CaO (2733%)
MgO (2.56.5%)
Alkalia (1-2%)

1200

©Socoo
Wphpo

SIENESN
AA/-\/-\
P oo s

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

Al203 - 45%
Si02-54%
Others < 1%

1260

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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Working

Type Name Material composition temperature a(W/mK) 5(6?;'% U(nzl It/re]ng(;e Remarks
(AC) g
WDS Multiflex flexible microporous insulating % 00235 ( (4
material Textile cover: Low 1000 ' 210 -
Porextherm alkaline borosilicate glass 0.038
9 0.049 (
Vitcas Thermal
Insulation Mat Bio Biodegradable fibres 1200 128 528.67 -
1200AC
0.04 (2
. 0.08 (4 .
SiO2 (7080%) p - Elastic
S”’)Beig’r‘]"lzgl HT Ca0 + MgO (185%) 1300 g'14(2 g 0 ? '; 128 3876 - No emissions
0, . _ .
Others (<3%) 0.34 (1 Flame resistant
0.48 (1
Perlite (Expanded) 649 0.076 (| 120 368 - |rl1\|hc:;?sa$r222:§n
GRAINS
Ceramsite Ceramic aggregate 1150 0.10 290 590 - Nonrflammable

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 temperaturesriziniyistable at
temperatures typically-2 e C hi gher than the | ocal 218nnual
illustrates constant temperature at ground depth of 10m taken in Zarqga, Jordan during four
months representing the four seasons of the year. Howesierw 20m, the temperature of
groundwater gradually increases by approxi me
earthdés core. This causes ground temperatur
temperature during the winter and lower imsoer B9].

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 preservatiooling, quality
maintenance cooling, cooling for fish farming in dams

Depth (m)
[=2]

QOctober
January
March

- o July

5 10 15 20 25 30 35

Temperature (°C)

Figure2.13: Mean Temperature Distribution By Depth for Four Monffg [

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, Zsbon footprint, and the inexhaustibility and
renewability of this energy resource. Common underground storage systerds {G€ju

BTEST Borehole Thermal Energy Storage
ATEST 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.

= =4 -4 -8 -
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The choice ofwhat 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:

1 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.

1 Open Systems, which refer to systems where groundwater is first pumped out of the
ground and then once againingected 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 geologalspégecause
they are below the surface, they dondt requi

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 ineparage well at a
di fferent temperature. Most ATES systems st
research into developing ATES systems storing energigléhtemperatures. 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 heagimnd cooling stored annually2].

While ATES utilises natural aquifers, water tank and pit storage areinsalhted
artificial structures built underground.

CTES systems employaturally-existing or marmade 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:

1 Reduced carbon footprint due to lekpendence on fossil fuels, hence UTES systems

could be considered to be environmentafigndly.

They offer economic viability in the long run, due to their long life cycle of operation.

1 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.

=a
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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.

1 Energy security for the future

Wells in aquifer
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Rock caverns

Figure2.14: Schematic representation of ATES, BTES, CTES systems (redrawn7#&m [

DURATION OF STORAGE

Energy demand varies dailgpmetimes 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
sunshinen 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:

1 Shortterm, which caters for daily cycles of charging and discharging.
1 Mediumterm, which averagely stores thermal energy in weekly cycles.
1 Long-term, which is commonly referred to as seasonal storage.

Dahash et d179], 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
Table2.10.

Thermochemical energy storage is claimed to be the best suited fetefamgtorage
because of the separate storage of reactants.
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Table2.10: Concepts for Seasonal Water Storage [22]

ATES
(saturated sand BTES (soil) Tank TES ( Pit TES
Water)
water)
: . . Medium-
Thermal Capacity Medium Low High High
Size Limite
100,000 )
Construction costg  Very low Low High Reasonable
. , None possible; None at side
Thermal insulation .
high losses and bottom
. Easily Freedom of Limited;
Design - Complex and
extendable geometry
costly cover
Maintenance/Repai _leflcul_t / Possible D'ﬁ'CUI.t/
impossible Impossible
POS.S'bl.e Very Limited Limited - -
Localisation
Operatin Low/Medium Low (Heat
P 9 (Heat Pump Pump High Medium
Characteristics
recommended) recommended
Thermal
stratification Nearly
Others - - and primary | unlimited store
energy dimensions
Demand

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 Watepace heating applicatiariBhermal
energy was stored in the zeolite in the #n@ating season and discharged through cascade heat
release in the heatingseasonCascade storage was proved to
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 systemsing Comsol Multiphysicdn 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 whemvo additional ducts were incorporated into the
storage domain as opposed to a single dlibe simulation forecasted steady improved
performance in the UTES through a period of ten yggis

Liu L. et al designed and implemented a solar seasonal storage system coupled with a

ground source heat pump. Tr&periment 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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experi ment showed solar energy utilisation e€
soil temperaturedl].

M. T. Pintanel et al describes an integration of solar photovoltaic and thermal hybrid
seasonal storage system to supply energy for social housing in 8gaifiHis system which
comprises of photovoltaic panels, a seasonal storage water storage tank;te-water heat
pump, a backup heat storage tank, and a gas boiler is modelled in TRNSYS and designed in
DesignBuilder to simulate the energy performanab@ftystem. The system can lead to 44,000
kgCQOy/a reduction in global warming potential, but thestem is still not solely renewable
energy dependent.

E. N o fHedngen retdal 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 seaserpl 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, changd®tground water and geology were also
pointed out §3].

P. Ocgon et al . combine photovoltaic hyb
collectors, a wateto-water heat pump and underground water tank storage, as seen in Figure
2.15, to develop an optimised system for-ydlarround 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 mahmdyumdéerground
heat storage rather than borehole heat exchanger. Three resftware employed for this
optimisation. The system was able to achieve 93% of heat supply for the requirements
theoretically and in practice about 85%uch 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-siurce heat pump in conjunction with thermal
energy storage to meet the demands of speatng 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-smurce heat pump operates only during the day
while the thermal eergy storage tank caters for the evening space heating and DHW demand.
During the norheating 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 systemds electrical consumption per s
systembs IBgat bal ance |

M. Haller et al strive to achieve the rmdro concept in a singfamily home by
combining photovoltaic electricity production with an air source heat pump andtshort
thermal storage, electrical storage in batteries and Aluminagdox seasonal storags seen
in Figure 2.16. The system was simulated using TRNSYS for climatic conditions in Zurich,
Switzerl and. The simulation revealed an eneit
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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 fidasthader the
generalized utility rate. Their findings showed as much-32% reduction in annual peak
demand kW when combined with TES [87].

P. Arce et al in 2011 predicted the-yi®ar 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].

PV panel Solar colector

SN o |

A
Y

L

Figure2.15: Underground Water Tank Storage Powered by Hybrid PVT panels and solar
collector B4]

Power-to-Al

electricity

Figure2.16: MeetingBuilding Energy Needs with Solar and Heat Pump System Combined
with Aluminium Redox Storagi86]
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Table 2.11: Seasonal Solar Thermal Energy Storage Potential in Buildings for Germany,
Spain and the EA25 [88]

Parameter Germany Spain EU-25

Potential Load Reduction (MM 1001 2294 25 287

Replaced Energy (GWh 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 26Tine system, as seen in Figar#?,
does not depend solely on renewable energy, as an auxiliary kehmsksmds 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 thermalatisun should be at least 200 mm thick to achieve
the highest solar fractio39).

0

Solar collector

F v

g : .
Space heating Boiler Storage tank

Figure 217: Underground Seasonal Storage Aided by Evacuated Solar Collector and
Auxiliary Boiler [89]

Chwieduk B. et al utilised TMY data to calculate hourly eneygiput 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 FiglBanzludes 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 thevinter is not viable in terms of energy savings of primary and final energy
consumption, with owithout 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 theatimy season.
This further stresses the importance of a seasonal thermal storage system eeetrification
of space heating (i.e heat pump system), as the former promises greater energy savings than the
latter [9Q].
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1 — liquid solar collectors 5 — auxiliary electric heater
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4 — main DHW tank 8 - space heated by underfloor heating system

Figure 218 A Parallel Solar Assisted Ground Heat Pump System for Space Heating and
Domestic Hot Water as Proposed by Chwieduk B. @Gl [

Aquifer Thermal Energy Storage, which involves drilling two wells, one warm and the
other cold, to extract/inject groundwater at a favourable temperature is vergteastve as it
requires a lot of initial geological investigation, a lot of equipmenh &s 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 shiigieily use because of the small load
required P1].

Collectops———

d-I-]

Elde|f

Warm Cold
well well

Figure 219: An Aquifer Thermal Energy Storage System Combined with a Heat Fathp

Vandhout D. et al combined an Aquifer Thermal Energy Storage System with a Heat
Pump as seen in Figurel@.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 traditionaiirgdsboilers and
compressioftooling machines. The combination of both ATES and HP proved to be of a higher
efficiency than just ATES systems. The overall estimated payback periddef@ystem is
about 8 years92).
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Figure2.20: Underground Water Tank Seasonal Thermal Energy Storage System for Space
Heating and Domestic Hot Water Nee@§][

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 anegfieiggyt two-storey
house in Canada. The system as seehRigare 220 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 buildinghe authors noted th#te system is not an optimised system,
although a solar fraction of up to 90% was achieved. The system is also vantenste and
doesndt rely sol ey on renewabl e energy |

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 irFigure 221, is powered by 420 fof 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
starage tank is charged in the nbeatng 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 n¥, 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 30Dame considered. The heating season lasts
from 18" of November to 18 of March of the following year in Beijing and accardito
Cheng, thereds a difference of about 83435
produced from solar irradiance. Hence, the seasonal thermal energy storage system is to make
up for this energy deficiend®4]. 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 fdssll dependent spacesdting. In
optimising the scheme, bed volume of 18 80% of the soutfiacing 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&6enence to the total solar energy
collected by the collectors [95]. Generally underground thermal energy storage costs more due
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to the added cost of excavation and ground works, not to mentionpvatdrinsulation. Hot
water tank storage also has the disadvantage of being prone to corrosion and leakage.

Figure 221: Schematic of Domestic Hot Water and Space Heating System with Seasonal
Thermal Energy Storage (1Solar collector, 2 Seasonal storage tanki ®iurnal storage
tank, 41 Radiant floor heating, 6 Domestic Hot Water, 6 Auxiliary Heater) p4]

Borehole seasonal storage is usually utilised in district applications and notfamgdie
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 Landiag Sommunity. This
solarpower ed system has supplied 97% of the com
the community in TRNSYS and changing the location to Helsinki in Finland, Hohhot in China,
Dublin in Ireland, Oviedo in Spain and Perpignan iarf€e. 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 modificati®g [

Kim D. et al compares a system of solar collectors, seasonal thermal energy storage,
hybrid-source heat pumps and grotswlirce heat pumps to a conventional system of oil and
electric boilers to determine the economic benefits. The test site was the Yaojméarm in
South Korea with a system comprising of 462aisolar collectors, 234 fiof PVT collectors,
ground source and mukiource heat pumps, Tatype seasonal thermal energy storage of 1200
m?, buffer heat storage tank of 123 and borehole sesanal thermal energy storage of 28,500
m? as seen irigure 225. This system is to heat a greenhouse of 3942Thre 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 séguie 222, Heat Pump 1 is powered by
resi dual heat from the TTES when the temper a
evaporation heat from the BTES and Heat Pump 3, which is the ground source heat pump is
employed whe there is insufficient heat. The system was monitored between October and
March and results showed that the system could supply heating with 534.% carbon
emissions reduction and 81.82.8% operating costs savings when compared to traditional oil
and electric boilers97]. As seen inFigure 223, the system is designed for a large scale
application and cannot be applied to a single fatmigye.
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Figure 222: System Breakdown at the Purme Yeoju Farm in South K&f@a [

Volume :
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Figure 223: Test Site at the Purme Yeoju SeRowered Farm in South Korea7]

Yue X. et al designed a mathematical model of a novel solar heating systeseasitimal
and cascade thermal energy storage on zeolite water for space heating applications. Thermal
energy was stored in the zeolite in the #n@ating season and discharged through cascade heat
release in the heating season. Cascade storage was provadda eas e t he syst e mi
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 Gina [

NemS M. et al introduced and validated a
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 tastk@age 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 n?. The building to be heated is built to be energy saving requiring oriy\20nra 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 temper&&s r angi ng from 50
and the optimal starting temperat wonsumsge!| ect e
and not easily integrated into the building architecture as in the case of the proposed system of
this thesis. In comparisdn the proposed system of this thesis, this system can only meet the
heating demands of a singlamily home and not total energy demand.

single family house solar glass
~ envelope

~absorber

T
\

;gzngggﬁs!,n‘
@ \LY

\

Figure 224. Concept of Meeting Heating Needs of a SiFigéemily House with Concentrated
Type Solar Collector and Granite Heat Storage B&§ [

sun follower sensors_.. .- -4

pyranometers

linear concentrator
absorber

~ 4 m height

 rock bed storage’

Figure 225: Laboratory Test Stand of Solar Ailype Concentrating Collector together with
Granite Bed Storag®9)

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
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storage medium and heat transfer fluid. Howe
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 systém 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 otHeratmy
energy demands in the singlamily home.

So far, in literature, no system has been able to fully satisfy tyeallround energy
needs of a small, singlamily house, that is totally renewable enedgpendent and at the
same time affordable. Hence, the proposition of this Photovoltaic Poseesibnal 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 ekample, 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 shn application. When considering energy storage in
mobile installations such as cars, planes, ships and evbienpihones, it is important to
maximise energy storage with regard to the mass energy stored (Kdtkggver, when
considering stationary installations such as buildings, it is important to analyse the volumetric
energy stored (MJ/f), to ensure that the energy storage technology occupies as minimal area
of the available living space as possitiiaerefore, in order to select the best energy storage
technology for his thesis, four energy storage technologies (sensible heat, latent heat (PCM),
thermachemical and electric battery) were comparedTable 2.2 based on the selected
parameters listed below:

1 Volumetricenergy stored (MJ/f
1 Mass energy stored (kJ/kg)

1 Lifetime (years or cycles)

1 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 tlod pzgnesite 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 sigeatechnology, Lion batteries also achieve
reasonably high values of volumetric energy and mass energy stored with 800 MJ/m3 and 720
kJ/kg respectively. However, dion batteries are more than 600 times n@xpensive 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 maartiee costs and the
most important is the volumetric energy stored. Storage media containing toxic materials are
often discouraged for residential tisemost PCM and electric batteries fall within this category.
Generally, sensible heat storage media am@Ma 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 lifecyclevhich 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, senaildtohage
in magnesite bricks has been chosen for this study.
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Table2.12: Comparison of Selected Parameters From Different Energy Storage Techn@badgetated by author)

Storage
Technology

Storage Medium

Density
(kg/n)

Efficiency
of
Storage
(%)

Volumetric
energy
stored

(MJ/n?)

Mass
energy
stored
(kJ/kg)

Useful
Temp.
Difference

* ( A

Lifetime

(years
or

cycles)

Cost
(USD/KkJ)

Remarks

Sensible
Heat

Water

1000

335.2

335.2

0-100

Wide availability
Chemicalstability
High specific heat
capacity
Affordability
Dual function as
storage medium
and heat transfer
fluid

i Fast charging
period

= =4 =

E =

Granite [LOQ

2800

978

450

80
cycles

[10]]

0.000038

Wide availability in
Poland

Concrete 102,
103

2240

504

210

200

0.00022

1 Affordable

1 Cracking/
Decomposition at
high temperature

1 Relatively
affordable

9 Poor thermal
conductivity

1 Environmentally
safe

9 Modular structure
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Magnesite Brickg

[104

3080

2070

690

20- 600

0.00014

1 Available

1 Affordable

9 Dielectric

1 Slagresistant

1 Abrasionresistant

9 Corrosionresistant

1 High strength and
durability

1 Environmentally
safe

Latent Heat
(PCM)

Paraffin wax

(C36H74)
[109

191

223

72-76

0.047

1 Fairly affordable

9 Low thermal
conductivity

1 Stable thermal cyclg
below5 0 0 AC

1 Combustible

1 Non-corrosive

1 Smaller volume
required in
comparison to
Sensible Heat
Media

1 Slower charging
period in
comparison with
SHS

1 Easily accessible

9 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
CH3COONaH20
(111] - - 265 58 0.025
Leadacid - 80 360 180 8years| 0.024 | Fire hazard
1 Highly volatile
1 Combustible when
exposed to oxygen
N 40 years 1 Higher efficiency
Electric Battery| Li-ion [112 - 95 800 720 [113 0.092 | (100 Ah, 12 V)
o 1 Higher energy
density
1 Expensive
1 Scalable
LiFePQy - - 360 393 0.096 | Fire hazard
NiMH - - 650 277 0.21 Fire hazard
1 Must be on a flat
extended surface
Zeolite P8 i i 1980 | 900 0.0006 |, €4
Thermochemica 1 Unstable thermal
cycle
1 Corrosive
Magnesium : : 81 | 250-400
oxide

* useful temperature difference or melting temperatd@d. (** related to 100 Ah, 12 V battery
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SUMMARY

In conclusion, TES can be saidtode very affordabl e, Agreeno

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 educed utilitybill 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
envionment. TES also allows for waste heat recovery, headacing 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 tempessiiicgve, storing
thermal energy usually only at the phabtange temperature and are beteited for
temperatureselective 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 storadpt is chemically unstable and not advisable for residential
applications
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24 TYPICAL METEOROLOGICAL YEAR

It is impossible to predict the energy demand of a builaitgout 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-teng peiod. 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 rangbenitiost
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 perforfhédiice

There have been various methods proposed for the calculation of the typical
meteorological year, these include TRMCDC 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 @onmaadation
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 compuwteather data over a lorigrm
period. In 1981, The NCDC introduced TMY, a new data set to which columns of direct normal
and total solar radiation had been addéd].

One I imitation of the-i mMYdatat hal peeséencma
which otherwise would have bemgrissing 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 period152].

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 TRYvasvy
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 argggunits to

Sl amongst others. Computer code which allowed for prioritising of months with solar data was
removed from the TMY3. TMY3 data was calculated from data overygeabperiod (1991
2005) wunl i kyeartim®pér2od €96MB1990)[143.

In 1985, the ASHRAE released another format for representing typical annual weather
data called the WYEC (Weather Year for Ene@plculations). WYEC also worked on a-30
year collection of hourly data. The average-dub temperature was calculated for each
specific month within this 3@ear range. The month with hourly data closest to this average
value is selected and often cemtaays in this month are substituted with weather data from
other months to help this month lean closer to thgey average. Just like the TMY, WYEC
was also modified to WYEC2 in 1998 using TMY formas0].

TMY are usually calculated over a minimum of aylar 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 determirad weather conditionbecause TMY only cover
meteorological nf or mati on for Atypical 6 weather dat a
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 stel&sg|[

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 viae of the meteorological parameter for each candidate month varies more than
one standard deviation from the lestegm 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
severparameters), after summing up the individual scores.

i)  Lund and Eidorff (1980), using Fourier analysis converted the daily meteorological
parameters into daily residuals with respect to smoothed dailytéongtrend values in
order to eliminate seasonal variations.

OcuduhiQ oddiQ A amiQ (2.15
o A A
Q ot - (2.19
A W
o Lo A o
Q o - (2.17
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Where equation (1) represents the residual of paramx(gten, d¥or they year,m month
anddday with respect t o x(mhd, eqatiano(2) hepresents &he | y
standardised mean and equation (3) the standardised stdedetibn 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.
Q o ORI NQ o Q o (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 FESTARATTO METHOD (1993)

As in the Danish method, the Fefatto method also converts the daily meteorological
parameters into standardised residuals with respect to smdotfgeterm trend158]:
N s wddhQ A ahQ
w uha iQ —
, G

(2.19

The first order products of the standardised residuals are agaimcrgated and
converted on a daily basis into first order products with respect to the smoothéertarigend:

G i OB o ad chahiQ p (2.20
e GG A G0 o
@ A afQ (229

Where (5) represents the standardised residuglyoim, d)and equation (7) represents
the standardised residual of the first order product param@tem, d¥or they year,m month
andd day, with respect to the standard deviatigrym, d)and the smoothed meéiz(m, d)
that have been calculated over the number of years in question.

Takinga & b aadd(yl m, j)to represent the respective distance forytiiear,m month
andX or Z parametej, a composite distance is calculated using the equation below:

Qo p & ®XN dvhQ o dvho o o (2.22

Whereday 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 gdrepresents the distances between the standard deviation of the short and long
term parameters, thegrepresents the Kolmogreésmirnov paramer 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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Q dahp a0 dohQ®p Q pm (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 wasdselect

THE SANDIA (FINKELSTEIN-SCHAFER) METHOD

Of all methods proposed for calculating typical meteorological year, the Finkelstein
Schafer method has been widely employed owing taiitglicity. Infact, the Finkelstein
Schafer method has been used to generate data in every continent of the world, like in Asia:
Hong Kong [L44, Iraq [146, Oman[147], India[149, ; in Europe: Turkey145; in Africa:

Nigeria [150.

Hall et al from the Sandia National Laboratories, in their 1978 publication used the
FinkelsteinSchafer 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 seilaclined. This TMY method was revised again in
2008 by Wilcox et aJ2].

The FinkelsteirSchafer method involves collecting amthlysing 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 franéhis 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 FinkelsteirSchafer statistics can be seen in the equation below:

FS=-B 1 Q (2.29

Where

1 i = absolute difference between the cumulative distribution function (CDF) in thedaong
and the specific CDF at point x

n = number of daily measurements in the chosen month (number of dagsatim)

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 (X2, X3,  €n), as described in the formula below4§

i "QéEd wh

e 0 T 5

O 0'® — MEBD w @ h (2.29
p MEBD w8
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The FS statistics derived of the weather indicetheftwelve months gotten is further
analysed to arrive at a weightedm 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].

Y 0 OY (2.26

Where
wi = weighting factor for the ith parameter
FS = 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 natdywith 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 weatherapaeter 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 welblefined 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 indicegiven 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 afiisoiadex, in this case, it is
only rational to assign a larger weight to such an index.

The lower the weighted sum for the month, ¢leser it is to the longerm 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
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 availalde szsources in this
location. The TMY was created over a&ar period (from 1972000).

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]

Sawaged
et al.
[147]

Festa
Ratto
[161]

Average dry
bulb
temperature

2/24

2/20

1.67

2/32

1/22

Max. dry bulb
temperature

1/24

1/20

0.83

1/32

1/22

Min. dry bulb
temperature

1/24

1/20

0.83

1/32

1/22

Global
irradiance

12/24

5/20

10.00

8/32

Direct
irradiance

5/20

8/32

85

Average wind
speed

2/24

1/20

1.67

2/32

1/22

Max. wind
speed

2/24

1/20

1.67

1/32

1/22

Min. wind
speed

1/32

Average dew
point
temperature

2/24

2/20

Max. dew point
temperature

1/24

1/20

Min. dew point
temperature

1/24

1/20

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

Average wind
direction

1/32

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

ambi ent

(sky)

radi

at.i

on

temperatur e.

Al

parameters in W/fwind speed in m/s, relative humidity in&bd moisture content in g/kg.

There are several online TMY calculators that calculate TMY using data from satellite,

tem

however, physically measured weather values have proved to be much more accurate. Because

of associated costs with maintaining and servicing weather stations and nggasiruments,
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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 214: Table Showing TMY for Wroclaw at 90 degrees with meteorological parameters;

Month | Day | Hour | DBT RH WS ITH IDH ISH Tsky
M | @) H | (eCG (%) | (m/s) | (W/m?) | (Wm?) | (W/m?)| (eC
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
5 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 -71.34
9 13 12 25.7 50 3.0 360.5| 635 | 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 8 12 13 74 7.0 1675 | 153 | 152.1 | 6.91
11 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

SkotnickaSiepsiak A [162], measured heatchanger performance in a sindgenily
home over the space of three years (202019) and compared it with TMY data and was able
to obtain as high correlation as r = 0.89 in 2019. The results showed thakankegpdated
historical TMY data is subject to change in rkf@ 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 simalatidustralia. 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 ildmdenergy
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 520 hisotropic 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 typicél ieésidential
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 bhgkwolar 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 seHsolation period from the COVID pandemic is directly proportional to increase
in space heating and domestic hot water demand, by using a prototype inhabitied) ruild
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 mosinmon residential buildings today
remain singlgamily homes. In Poland, 97.3% of the buildings commissioned for use in the
year 2021, were singlamily homes. Numerically, out of 109,212 buildings completed in that
year, 106, 261 were single family hosneith an average area of about 133.3 m2. This is a
17.8% increase on the number of homes built the previous &3r Evidently, the demand

for singlefamily homes is on the increase and if sustainable development goals (SDGSs) are to

be met, there is ®el for radical actionThis includes the search for innovative solutions and
processes that allow for, e.g., a change in the consumption behaviour of 1&Srdhie
reduction of energy consumption from A@mewable sources, the reduction ofdkeenand for
built-in and usable energ¥ 69, 170, improvement of energy efficiency, and also the reduction
of greenhouse gas emissions.

Seizing the opportunity of the inevitable boom in siFigimily residential buildings by
was fnaad dreo swi t h
t i rsipglefamily detachechome. This home will not only meet the Polish requirements for
constructed singamily houses of achieving lower thaf0 kWh/(mfy) primary energy

consumption index for heatingentilation and domestic hot wated],[ but will also meet the

requirements of the EU Energy Performance of Buildingsdbue to ensure that all new
buildings are nearly zerenergy by the end of 2020]]

private

i nvestor s,

cooperation

The detachedsinglefamily house was designed to be sustainable by employing a
photovoltaiecpowered seasonal thermal energy storage system to meetygaatbund 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 vetkietch designs of the

building, hence synergy could be achieved between the building architecture and the energy

system.

3.1PROPOSED 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 outdooruseriperat

7. 9ACL&MA respectively,

as

seen

n

Tabl e

Table3.1: Design and Mean annu@lutdoor Temperature according to Climatic Zones

Climatic Zones I 1 11 \Y] \Y
Mean annual outdoog 7.7 7.9 7.6 6.9 55
Design annual out d| -16 -18 -20 -22 -24

3.

In compliance with the 70fibuilt-up area regulation, the building was designed to have
external di mensi ons
building with a building integrated photovoltaiBIPV) i shed roof.Altogether, the total

usable area of the twatorey building is 98 & which is as a result of the gross floor area of
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the house,

whi
as the stairsThe 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.
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The building foundation is designed to be plsiteb foundation which will allow for
proper insulation and reduced heat loss to untight thermal bridges. The buildingemrtics
revealing the foundation and insulation is seen in Figire

3030

GROUND FLOOR
— =

Figure 3.2: Building CrosSection with Foundation and Insulation Visible
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The house is designed to have a rectangular shageen ifigure3.3. 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 areannot 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 Qthiklinguse
has most of its windows facing the south, small windows to the East and West and no windows
facing North, to maximise gaive solar gains available through the Southern elevation. The
windows were sized, putting into consideration the required insolation and daylight
illumination of 1/8" of the floor areal71].

30° roof slope

gross floor area

designed by dr. hab. arch. Anna Bal, prof. WUST

Figure3.3. External vews of the building frondifferent elevation$171]
3.2PROPOSED 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 megetreraiind
needs of asinglefamily home was developed. The components of this energy system is
discussed below:
1 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 througle thieexsernal 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 buildiagd it is transferred in a countdow heat
exchanger to the fresh air entering the building. This ensures clean air in the living space due
to the high efficiency of the countdow heat exchanger.
i 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 demal.2022, Poland became the eighth largest solar PV installer
in the world and the third in Europe, with an added 4.9 GW capddi}. [The system of PV
panels utilised consists of a network of halt, ptype, monocrystalline cells of white
composite foil, with anodized aluminium photdtaic panels arranged serially on the Seuth
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 Wanel.
i 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.
1 Seasonal thermal energy storage stack

The seasonal thermahergy storage stack is an enlargement of the akesdting daily
thermal energy storage devidéhis is discussed in the following section. The enlargement here
is with regards to volume, weight, and also charging and discharging time.

3.3PROPOSEDCONCEPT 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 demancefdilge 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 thamffi@lectric heater
in wide circulation in Poland. In Poland, there is the possibility for consumers to choose
betweerelectricity tariffs labelled G11 and G12. The G11 tariff has a uniform cost of energy
consumption round the clock. The G12 tariff however, has two prdeghe day, it is about
10% more expensive than G11, and at night it is about 50% cheaper than G12. The G12 tariff
is cheaper ahight because there is no demanddiactricity 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 ontdiritil electric
heaters for space heating and/or those who heat up large volume of domestic hot water in boilers
at night.

The dualtariff electric heater as seenkigure 3.4has di mensi ons of abo
cm, hence, it is quite small. The heater is composed of rows ofibiggity magnesite ceramic
bricks that are resistant to high temperatu
magnesite bricks are heated bgattic 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 magnesiteTheksat 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 inmaaiaeasing
and are fitted with a regulator to control charging and disaiguas requiredThe heat stored
is used for space heating, using the hot air flowing through the bricks as the transfer medium
for the heat transfelWhen more heat energy is needed, a fan is activated in the heater which
forces cold air unto the bricksoin 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 spabe. 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 operationUsually, 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 dd&ecause of the size of these heaters, they are able to store
sufficient thermal energy for a Z¥bur 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 duatariff electric heater. The magnesite bsacére 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 incsed. 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 las 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.

metal case

electric heater s

magnesite brick

thermal insulation

electric
connector

air inlet
(flow down)

air inlet
(flow up)

fan |

Figure 3.4: Crossection of the electric duriff air space heatg¢f71]
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for seasonal storage

- large, heavy weight

- bold insulation (100 ¢cm)

- charged in summer,
discharged in winter

Thermal stack
for daily storage

- small, light weight

- thin insulation (3 cm)

- charged at night,
discharged durnig the day

Figure 3.5: Crossectional comparison between thermal energy storage stacks powered
by electric heaters. Top: Considered for seasonal storage. Bottom: Typical daily storage dual
tariff electric heater[171]

3.4PROPOSED INNOVATIVE HVAC -PVPSTS SYSTEM

PV panels grid
I electric.
: switchboard i
£ =
| H . H

| . fresh air
I air 1 inlet
) : inverter | cond. !
WES S I used air
: —_ DE/AC outlet
| = :
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Figure 3.6: Scheme of the proposed HVAVPSTS System [171]

Therefore, the combination all the aforementioned components together, gives rise to an
innovativeHeating Ventilation and CoolinigPhotovoltaic Powered Seasonal Thermal Energy
Storage System (HVAC PVPSTS) which is graphically illustrated in Figure 3[&e thrust
of this thesis is to supply energy to meet the energy demands of afaimgie 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 sotahing roofof the buildingat an optimum angle,
which will trap solar radiant energy from the sdiinese PV panels convert the solar energy
received into electrical energy which is then used to power the electric heaters running along
the (high-temperature resistgnimagnesite blocks of théenselyinsulatedseasonal thermal
storage stackThe electric heaters heat up the blocksta maxi mum of 600AC.

The storage stack is located in the living space of the house in order to take advantage of
the passive heat transf@dosses) through the thermal insulation of the stétlsituations of
higher heat demand, the fan is used to actively utilise the heat from the storagdstamler,
due to the vaation in solar insolation, based on the TMY data, the temperature of the storage
stack changes from 50 to 600AC, depending o
operation of the heating system, hot air from the thermal storage system istsentniging
throttle valve (on the left in Figure 3.6) where it is mixathwold air. The resultant effect is a
stable air temperature of 50AC at the outl et
a counteiflow heat exchanger, where it crosses the air exiting the living space. The meeting of
fludsresultsind urt her reduction in the temperature
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
entering the high temperature region. The pt
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 tarés¢éecyclical movement all over again.
The air returning to the thermal storage is once again filterpdevent 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 thedB®@fsihe 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 neideel, 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 aponditioning unit (in the warmer months of the year), are also
supplied.

3.5BUILDING ENERGY ANALYSIS

In pursuit of meeting the EU goal far fully decarbonised building stodky 2060,
member states were encouraged to instih#nges in thenaximumtechnical requirements of
all newbuildings to ensure that new buildings are nearly -sengssion buildings. In Poland,
this has resulted to a gradual thpease reduction in the maximum EP index of new buildings.
Most recently, taking effedrom the %' of January, 2021, there are changes in the technical
requirement®f new buildingsThe most important cinges of the WT 2021 standard include:
1  The introduction of a new maximunonrenewablerimary energy consumption value
set at 70 kWh/rafor a singlefamily house.
i Designation of new maximuimeat transfer coefficierfU-value)permissible fovarious
building sections as indicated in Table 8l Figure 3.7
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Table3.2: Maximumbheat transfer coefficiemtf selectecbuilding sections of a singamily
house in Poland frodl January 2021 [8]

Building Section Thermal Transmittance (W/AK)
External walls, at®® 16 A C 0.20
Internal walls, attO 8 A C 1.00
Roof, attO 16 A C 0.15
Ground floor, att0 16 A C 0.30
Windows, attO 16 A C 0.9
Doors 1.30
Ceiling, attO 8 A C 1.00

To calculate the energy balance in a buildingsallrces 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.

U-value for roofs — 0.15
W/m2K

A\ 4

U-value for roof
windows — 1.10 W/m2K

v

U-value for external
walls — 0.20 W/m?K

A 4

U-value for vertical
windows — 0.90 W/m?K

A 4

U-value for external
doors — 1.30 W/m?K

A\ 4

U-value for ground floor
—0.30 Wm2K

\ 4

Figure 37: Maximum U-Values for Building Sections According to tWél 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 th&ppendix. 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 calcul ated using Pyt h&Jhemaraasswds caldulatedrtoedben a s
equal to 42.42
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Table 3.3: Building Sections with Assigned Areas

Direction Total Wall Area] Window Window Area | Door Area| Wall Area
(m?) No. (m?) (m?) (m?)
1 2.10 1
2 2.00 1
3 2.00 1
4 2.10 1
South Wall 56 5 1 30 1 - 46.84
6 1.20 1
7 1.20 1
8 1.20 1
North Wall 98 - - 2.2x1.0 95.8
9 .10 1
West Wall 27.5 Sup Y YT - 26.06
East Wall 27.50 - - - 27.50
Roof 42.42 - - 0.4 1 42.18
3030 mm 5831 mm
5000 mm

Figure 38: Pythagoras theorem to calculate roof area

For the windows, the heat transfer coefficient is usually suppliechdayufacturers.
Different window glazing technology were examined in TaBlé and br the proposed
building, windows with triple glazing and lowaatingwereselectedThe solar gain through
the windows can be calculated from equation 3.1.

~

o o OCDo (3.1)

Where

Qunsp_radl SOlar gain through transparent surfaces

Awngwi Window area, rh

| i solar irradiationW/m?

b1 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 losgiesbe minimised by
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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)
v 2
Y — avuvw (3.2)

Where
di thickness of section, m
ai thermal conductivity of section, W/AK

Table3.4 Total Solar Radiation Transmittance of selected window glazing technol8pies [

N/p Window Glazing Technology Total Transmittance of Solar Radiatio
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
Double glazing (outside absorbing,
- 0.65
inside regular)
3 Hanging absorbing pane 0.50
Reflecting Technology
1. | Single (outside coated with metal oxid 0.65
5 - Double with metal oxide 0.55
- Pure metatoating 0.45
SECTIONAL COEFFICIENT OF HEAT TRANSFER
The heat transfer coefficient, often denot

thermal resistance in the building. It can be calculated using the form@l&)n (
v 2 (3.3)

Where
Ui thermal transmittance, WAIK
Rr i total thermal resistance of building section including its layef&/v

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 ¢attulsing 8.4)
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YooY YooY (3.4)

Where

Rr - total thermal resistance of building section including its layef&/w
Ri1 heat transfer resistance at the internal surfadg/\w

R thermal resistance of layers of building sectioAKm/

Rei heat transfer resistance at the extesnalace, K/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 beTsd#a3rb.
The heat flow direction could either be upwards, downwards or horizontally.

Table 3.6 indicates thermal transmittance as specified by the product manufacturer. For
nonprefabricated sectiondye heat transfer coefficients for individual sections can easily be
calculated from Equatior3(3) havingcalculated the total thermal resistance. The resulting
values are as seen in Tabl&.3.

Table3.5: Standard Values for Heat Transfer Resistafh@é][

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/ niK)
External door 1 0.50
Internal doors 2 0.50

Windows 5 1.30

Calculation of théheat transfer coefficient for the ground floor involved the introduction
of a standard equivalent heat transfer coefficiertBNN12831 [173], due to the absence of a
basement in the building. This equivalent heat transfer coefficient is needed becauske gro
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)

8

H ——= O 3.5
° o ¢ (33)
Where
AT floor area, m
Pi floor perimeter, m
I n the case of this building, B6 = 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. Figure9,33.10and 3.1 show the building floor at ground

level, at 1.5 m below ground level and at 3 m below ground level.

Where

al uninsulated concrete floor
B & characteristic dimension, m
Considering the house built at ground level at a depth z = 0, anchéracteristic

di mensi on

to be

coefficient is equal to 0.10 WANK.

Table 3.7: Material Component of Building Sections with their Thermal Characteristics

equal to

Bo =

3.93

m,

It

Building . Cp =3 R U o
section| M€ oy | owimky | 4™ | mzkowy | owimay | A ™)
Crushed | g0 015 | 025 | 167
stone
Cement | 4459 1.3 0.07 0.05
mortar
Asphalt felt
Floor paper 0.18 0.04 0.22 0.10 70
Styrofoam 1460 0.04 0.3 7.50
Concrete 1500 13 | oos | o006
screed
Floor 2510 | 016 | 002 | o013
covering
Hollow
E . ceramic 0.283 0.25 0.88
\);\t/erlllor brick 0.12 75
a Plasterwork 840 0.82 0.01 0.01
Styrofoam 1460 0.04 0.3 7.50
Hollow
Interior ceramic 0.283 0.25 0.88 0.83
Wall brick .
Plasterboarq 1000 0.23 0.0125 0.05
Plasterboarq 1000 0.23 0.0125 0.05
Ceramic
Roof tiles 1 0.03 0.03 0.098 82
Mineral 1030 0.03 0.3 10.00
wool
Wooden
Ceiling | ceiling joist 1600 0.068 0.16 235 0.3727 44
Plasterboarq 1000 0.23 0.03 0.13
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Figure3.10: The equivalent heatansfer 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
ue.
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GROUND TEMPERATURE

Ground temperature for every hour of the year in a normal tymietdorological year is
calculated using the formula described in EN 15245]. In order to calculate energy loss in

buildings by reason of ventilation and infiltration, it is important to calculate the ground
temperature usingquation (3.6)

C

Y "Qad'y oCD’YCOEIW(pOnO OYC®R UL (3.6)
Where:
Tciground temperatur e, AcC
gm1 soil correction factor dependent on kind of soil
ToeTagl @aver age annual external air temperature,
AH 1 amplitude correction factor
phiampl i tude of annual changes in external a

H; T number of hour in the year
CSi curve shift

In calculating the ground temperature from the typical meteorological year, we can find
out the following data:

1 Average temperature in tleeldest month of the year (December)
Yo e, d
1 Average temperature in the warmest month of the year (June)
v pWa
1 Average annual external air temperature
Y yg o

The results are presented graphically in Figur@.3.1

Ground Temperature
18.0

16.0
14.0
12.0
10.0
8.0
6.0
4.0
2.0
0.0

Temperature @C)

Figure 3.2: Graphical Representation of Hourly Calculated Values of Ground Temperature
ina Year
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Using the above data, the amplitude of annual changes in external air temperature can be
calculated using the equatia®{) below:

vy vy
vy PR T
C C

o d (3.7)

From the table of values listed in the standard EN 15249],[the soil correction factor
as listed for moist soil is

Qa p
The amplitude correction factor and the curve shiftcaleulated using equatio3.8)
and B.9) below for a depth of th below ground level.
1 Amplitude correction factor:
00 Minmodu TMTIp o P T wul® p (3.8)

1 Curve shift factor

0 TipuR ToytR p8ipudR PR IQ ™ X Yo (39)

Where
h1 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% through the wallgshe windows contribute
about 1525% heat loss, the roof about-206 % and i n the event-where
6% of heat is lost through the baseméd].[

According to the Europeddalculation Code EN 832, Thermal Performance of Buildings
T Calculation of Energy Use for Heating (CEN 1988), in a stationary state, the basic energy
balance of a building can be calculated using equaBid@)[14].

U U -0 U § (3.10)

Where

Qn - the heat delivered from the heating system
Qs - the utilized gains from solar source

Qi - the utilized gains from internal sources

Qr - heat losses due to transmission

Qv - heat losses due to ventilation.

d - 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 formul8.Q1)

~ ~. ~

2% Y Y RO, (3.11)

Where

Uecor i corrected heat transfer coefficient of the building element including thermal bridges,
W/m?K

UeT heat transfer coefficient of building element, Vim

Uwe correction factor according to the type of building element, ¥/m

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 esjugtion 8.12)

(O] o0 JY h® 0 (3.12)

Where
H: 1 coefficient of heat loss by transmission, W/K
Ani sectional area, fn
Un - corrected heat transfer coefficient of building section including linear thermal bridges,
W/m?K

Then, the coefficient of heat loss due to transmission to the ground is calculated using
eqguation (6.13)

O QJQ0 0

_<l
Q
@]
¢

()

o (3.13)

Where

Ani sectional area of element in contact with the grourfd, m

Un,equiv - €quivalent heat transfer coefficient of the nth element, W/ m K

fg1 1 correction factor for the effect of annual outdoor temperature fluctuations, approximately
1.45

Gw T ground water coefficient as recorded in the Polish standards

fg2 1 temperature reduction coefficient accounting for the difference between the mean annual
outdoor temperature ofrmand the design indoor temperaturg, &s calculated ir3(14)

YUY &
oV

~ (3.14)
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The floor perimeter is 35.6 m while it
from equation(3.5) is 3.93m. Therefore heat lost to the ground taken into consideration the
elements in contact with the grou(ithble 3.8)as calculateds 5.90 W/K

Table 3.8: Elements in Contact with the Ground

Elements Area U-Value
Window 1 1.68

Window 2 1.6

Window 3 1.6 0.60
Window 4 0.84

Window 9 0.84

Heat loss through transmission from each section of the buildoaiaglated as seen in Table
39.
Table 39: Heat Loss Through Transmission from the Building Sections

izgig]r?s Total Area Wall Area U (W/m?K) Qtrans (W)
South Wall 56 46.84
East Wall 27.5 27.50
West Wall 27.5 26.06 0.16 31.392
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 equati@i{)
0 o 0 Y Y (3.15)

Where
Qr i Design Heat loss by transmission, W
H: 1 coefficient of heat loss by transmission, W/K
Hg 1 coefficient of heat loss to the ground, W/K
Tnidesign indoor temperature, AC
Totidesi gn outdoor temperature, AC
The value of calculated heat loss in this buildingis=sQ 2 3393 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 meclyaimdated
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ventilation and natural ventilation through infiltration. According to the Polish standard, PN
EN 12831:200631, 14, 173, the air flow through ventilation can be calculated using equation
(3.16)

W T 30 w JQ (3.16)
Where
fvi temperature reduction coefficient
Vint 1 infiltrating air stream, rfih
Vsupi supplied volume of air flow, #h
Va7 volume of ventilative air flow through the building 2im

The air flow through infiltration is calculated using equati®iT). Infiltrating air flows
through the building through cracks or incompliggtness 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 structal elements.

W CawZE o (3.17)
Where:
Vint T infiltrating air stream, rfih
Vi cubic volume of the heated space, m
NsoT air exchange rat@s seen ifable 3.10yesulting from a differential pressure of 50 Pascals
createdbetween the exterior and the interior of the building, /h
el exposure factofas seen in Table 3.11)
Ui correction factofas seen iTable 3.2) dependent on increase in wind speed with reference
to height of the heated space above the ground

Table3.1Q Building Air Exchange Rate In Accordance to the Polish Standa@j |

Air Exchange Rate
Building Type Degree of tightness difuilding envelope
High Medium Low
Singlefamily house <4 47 10 >10
Others <2 215 >5

Table3.11Exposure Factor in Accordance to the Polish Standaig [

Exposure Factor

Classes of Number of exposed openings in theated
Exposure Description space
0 1 >1

Building located in
No shading windward area, tall 0 0.03 0.05
buildings in city centre
Buildings surrounded
by trees or other 0 0.02 0.03
buildings, suburbs

Average
shading
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Buildings with
average helgh_t in the 0 0,01 0.02
city centre, buildings

in the forest

Good shading

Table 3.12: Correction factor for wind speed with increasing altitude in accordance to Polish
Standard [I3]

Height of the Heated Space Above Ground Level U
07 10m 1.0

107 30 m 1.2

>30m 1.5

My selected parameters in accordance to the Polish standard are:

nsol 2 bt

ei 0.02

Ui 1.0

With these values, the infiltrating air stream is calculated to be equal to:
w C qﬁ 0

The permissible minimum limit for air flow with regardsmaoor air quality is calculated
using equation3 18)

) e (3.18)
Where
Vmin T minimum air flow permissible for indoor air quality 3fn

Nmin T Minimum air change rate per hour,(¥falue as selected from Tal8€l3)
Vii cubic volume of the heated spacé€, m

Table3.13 Minimum air exchange rate with reference to space utility in accordance to Polish

Standard 73]
Type of Space Nmin (N
Living space 0.5
Kitchen / Bathroom with window 0.5
Office space 1.0
Conference Hall 2.0

The resulting value of th@inimum permissible air exchange rate is:
@  px% g
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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).

® o T ho (3.19)

In the case where a recuperator is used in ventilation, the temperature reduction
coefficient is calculated by equatioBiZ0)
Q p - (3.20)

Where:

fvi temperature reduction coefficient

dhiheat recovery ef fyi=095ency of recuperator,
Inserting the above values into equati8rl9) in calculating for ventilative air flow through

the building, we arrive at:

W p o Q
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 8.21)

0 TWT W Y OY (3.21)
Where
Qv i calculated heat loss through ventilation and infiltration, kW
Tn-internal temperatur e, AcC
Tou-€ Xt er nal air temperature, AC

DESIGN HEAT LOAD OF THE BUILDING

The design heat load of the building, according to the Polish stadd&@di§ 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 equatioB3.22).

5 0 0 0 (3.22)

Where:
Q1 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 thermgbower account for heat losses through the building, but it also increases the
overall building temperature. This excess thermal power is calculated by eq@&R)n (

0 50Q (3.23)

Where:
AT floor area, A
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fxn T coefficient of reheating

The coefficient of heating is derived from the Polish standard as outlined in3 alle
In a welkinsulated building, the decrease in internal temperature due to diminishing or
weakening of the heating system carapproximated 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 tode 6 and the excess thermal power to
be 840 W

Table 3.14: Coefficient of heating with reference to time

Coefficient of reheatingd (W/m?)
Reheating Time (h) 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
Thebui |l ding not only experiences | osses bu

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 recupeteatbhelps 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 equati8r2g)

0 t0Q o0 QYD IY (3.24)

Where

QsT solar heat gains through glazed openings, W

Ui ratio of typical average transmittance to transmittance at normal incidence factor
On T total solar energy transmittance factor of glazing at normal incidence

FFi glazed fraction of opening

Zi solar access factor

Ay i area of opening, m

Si solar flux on surface, W/ fn

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 a®almahresulting from various
sources as seen in equatiGr2p)

~ ~ ~ ~ ~
g ¥ g g g

0 0 0 0 0 W (3.25)



Where

QrshT redundant sensible heat, W

QopqT solar gains from insolation through opaque surfaces, W/K
QuspT solar gains from insolation through transparent surfaces, W/K
Qppi T solar gains from people

Qr i 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

Sol ar radiation coming from the sun on re
gases in the ozone | ayer of the earthdés at mo
purity of the air and transparency. Solar radiation on any surfamariposed 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 eq@a&&)n (

I YO'Y Y 0°Y Y © 4 (3.26)
Where
Qopq T heat flux through opaque surfaces, W/m
U- coefficient of heat transfer through building section, Am
Tm 1 Mean dry bulb temperature
Tin T Temperature of air inside building section
ToutT Dry bulb temperature
v i coefficient of reducing amplitude

Solar gain through opaque sources can then be derived from equation (6.27)
0 je) (3.27)
Where
A1 area of opaque building section
Oen T heat flux through opaque surface

SOLAR GAIN THROUGH TRANSPARENT SURFACES

In order tocalculate 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. Dsdat
irradiation is calculated as seen in equati®28g) as the difference between total irradiation
and diffused solar irradiation.
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O O © (3.28)

The heat flux flowing into a building through a transparent secti@ongposed of the
flow of convective heat transfer and flow of radiation to the internal space as seen in equation
(3.29).

L Y B (3:29)

Where

Oinspl heat flux flowing into the building through a transparent section
Jeonvi coNnvection heat transfer

Qirad I irradiation penetrating to building interior

The solar gain from heat transfer (convection) through a transparent surface can be
calculated using equatio.80) [14, 173, 174

~ ~

0 e 5 Jy o 0o @ (3.30)

Where

Awnaw i area of the wall window exposed to lighz m

Uwnaw T coefficient of heat transfer for the window, Winaccording taPN-82/B-02020

ttii NSt antaneous external temperature, AC
tnTi nstantaneous temperature of the internal

The instantaneous heat flux flowing into the building spacerasudt of solar radiation
can be calculated using equati@mB()

~

0 60 6 0 O od (3.31)

Where

A1T area of glass that is sunlit, m2

ltot max T 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

laiff maxT Maximum intensity of diffused solar radiation in a chosen month, entering the building
space through the window

b i solar radiation transmittance through the window (taking into account the kind of glass,
number of panes and use of window blin@dsp(nd0.75for triple-pane window

si 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 thebuilding space through
the transparent section as a result of solar radiation is calculated using e@a#pn (

0 60 6 6 'O A ® (3.32)
Where
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ltot T 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 -dyaibbel
window with normal window glass

lgifr T instantaneous diffused solar radiation entering into a living space through a-glauzielé
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.Bbgsical 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 T&lé&[174].

Table 3.15: Total heat; (W), sensible heats§ W) , and rate of Vvapori sa
emitted by the human body with reference

Temperature 22AC

. - vap (kg/s

Physical Activity a: (W) gs (W) ; éﬁ)g

Resting while sitting 113 78 13.76

Resting whilestanding 127 83 17.18

Mild work while standing, little activity 174 88 33.71

The sensible heat gain is calculated using equadi@3)

0 €] O h W (3.33)

Where

ni number of people present in livisgace;

Osensl UNIit sensible heat gain, {ds seen in Table 3.15)

a7 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 thehskiraos$.

Latent heat gain is calculated as a function of human activity and the temperature of the
surrounding air using equatioB.84).

~ ~

0 ¢ O h (3.34)

Where
ni number of people present in room
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Wsensi 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 (3138.39).

0 20 Q &) (3.36)
Where

47 mass flow of ventilative air, kg/s

hm T air temperature enthalpy supplied to thecainditioned space, J/kg

hint T enthalpy of the designed internal temperature of theaaiditioned space, J/kg

0 w J3O0 0o (3.37)
0 w Jw20 o 2Jp - (3.38)
0 0 0 (3.39)
Where
Qinf T total heat from infiltration
Vint T infiltration airflow stream
Cp I specific heat capacity of air
Qreci total heat from recuperator
Vieci recuperative airflow stream
deci efficiency of recuperator
tin T design temperature of the heated space
tout T external temperature
RECUPERATIVE HEAT EXCHANGER
Table 3.5: Recuperator Parameters
Parameter Value
Efficiency 95%
Length 1300 mm
Width 500 mm
Depth 500mm
Airflow Over 80,000 rifh
Maximum working temperature Up to 200AC

A recuperative heat exchanger helps to recover waste heat from ventilatioiatain
the air quality as well. The recuperator is fed with waste heat energy leaving the heated space
and through a count@urrent flow with fresh heat energy from the accumulator, it is able to
deliver purified and hygienically conducive air to theateel space, hence maintaining the
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indoor air quality. The countaurrent flow heat exchanger is chosen because of its high
efficiency and suitability to the building space. As the name suggests, courr@mt heat
exchanger allows for a perpendicular air flow between the cold air stre@dithe 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 Table63.1

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 theariety 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).

. L ENQI o@EMD, L L
0 ééd"QﬁéouQ)‘:gn T mmowee'm)(w Qe (3.35)

For example, calculating for the case of a refrigerator,

; roaiy @
V) ¢ CT:p ¢

Table 3.F 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 Figure3.1

Electrical Appliance Usage Per Hour

M Refrigerator
1000

900
800
700
600
500
400
300
200
100

M Freezer

Electric cooker/ oven
B Washing Machine
M Electric Kettle

Toaster

Electric Power (W)

W Laptop
W Television

B Electric Iron

W Microwave

Electrical Appliances

m Vacuum Cleaner

M Blender

Hours (h) M lamps

Figure 3.B: 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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Table3.17: Technological Devices and the Estimated Heat Gain Obtainable from them per Hourly Usage

Appliance 5 o _
eat Gain o 3 £ o c Q
(W) 2 5 5 g 5 = 5 S 2 ks .
5 N < = X 2 g 7 S g O g 4
> § g o Q @ o > g % = % S
; S £ 5| & 8| & |35 | & S | & | &
x g 3 m " w = g
Hours of @ = >
the Day w
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 - - - - - - 3 - - - 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 - 300 - - 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 journalandwasweor i t t en wi t h authors; Bal A.
is titled AA Si mul a-EnergynHousd in Bolardl LEquipch with ab | e P
Photovoltaic Powered Seasonal Ther mal Storag

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 stetagles 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 thathe 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
boundaryless surfaces, utilised in arbitrarily calculating thick layers of thermal insulation.
There are also widely known formulae for calculating heat transfer imategupipes and
spheres as indicated in Figure 4.1.

/7
\,

Figure 4.1: Internal and external temperature difference in a) Large, flat cuboidal surface
b) in an insulated pipe c) in a sphere

Fourierés | aw of heat transfer in a | ong
external radiuseiwith thermal conductivity k, states that:
. W Q7Y ,
) 'QQE h o (4.1)
Where
Aiarea of a cylinder (A = 27r1l)

dT1 Temperature difference between(ifternal temperature) and {external temperature)

Substituting A = 2 “rL i ntwrevghaetthenal 4 . #
equation as:

[ (4.2)
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Equation 42 could also be applied in the same vein to a spherical object with area A =
4 "?resulting in:

iio— h (4.3)

However, considering this case with thick layers of insulation, it can be saiditoitz
to the case of the insulated sphere, although the geometry in question is of a rectangular shape
where we have &> Ai. In regard to the calculation of heat transfer for cylindrical or spherical
surfaces, the convection coefficient, which influences the rate of convectlugheson the
external side andesseron the internal side. This increment or reduction is performed in
proportion to the ratio of the areas consideas@een in equations2and 43. In the analysed
case, it is necessaryat the heat losses from the thermal stack do not exceed 500 W
(theoretically, higher heat loss values could be deemed acceptable, although iniawhers
the stack has the highest temperatureuch 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 st acedfad exceedns thaidutartsurface aré®a of the stack fillingederal
times.

Ae i AI d Ae
__________ = e
/ / he
/ 7 |
S| // | /Aa
d l '
| [
| igT\'
| i I T A
[ ' /
[ I 3
e e stack filing
A thermal insulation

Figure4.2: Diagrammatical scheme for calculating heat losses from the stack through
insulation [182]

For the conditions defined abo\Eguation (4.4)s used:

5 ';’) D VY
5 p_ = . (4.4)

Where:

Q1 heat loss, W;

Aeii external area of thermal insulation®m

Ai T internal area of thermal insulation (external area of storage stak), m
AT average area of thermal insulatior?; m

d 71 thickness of thermal insulation, the same in each direction, m;

&1 heat conduction coefficient, W /mK;

hei external convective heat transfer coefficient, WPKm
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hi i internal convective heat transfer coefficient, W2Km
pTitemperature difference between external an

In Figure4.2, the average heat exchange surface area is marked with a dashed line. When

the area Ais close to A which is most often the case in technical issues, the averageaarea A
can be calculated as the arithmetic mean of both areas as seen in egbation

h (4.5)

In the case where the areai® muchlarger than A the average areaa.Ahould be
calculated as the arithmetic measin Equation (4.6)

0 0 B (4.6)

The value of the heat conduction coefficient is heavily dependent on the temperature.
Usually, the value doubles in the temperatur
|l ayers of the stackds i nsul at ingwhereas the aditerh a v e
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:

00 03

= 0 0

4.7
Where:

& é heat conduction coefficient for the temperature of an external layer, W/mK;
& 1 heat conduction coefficient for tlhemperature 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 tremaller 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 insutatiterial pressed under the
weight of the stackés filling material. Typi
materials is low, and the construction would require a steel support frame to support the stack
filling.

In the next sectiorexperimental 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 Equadid, (vhich describes
heat losses from the extremely large cubestelped 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 hightemperature 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,rtluvéel different
stack insulation materials were selected, and experimentally tested. The materials selected
include:

1 Promat fireplace insulation,
1 Fire-rock rockwoolfireplace boards,
1 Aeromat 650 aerogel.

Promat fireplace insulation comes in form of rigid boards and is mainly composed of
calcium silicate and asbestfise. It has a density of about 245 kdénd it is norcombustible
and dusffree. In the case of fireock rockwool, the boards are covered with aluminium foil
cladding, as seen in Figudeb, and have a density of 80 kg/riThe Aeromat 650, which is the
most expensive of all three is made up of synthetic amorphous sili&®%)) glass fibre (10
20%), polyethylene terephthalate {20%) and magnesium hydroxide$@o). It comes in form
of amat [195197]. The stack itself as formed using higtemperature resistant cement as seen
in Figure4.4.

(DE

= ||=

Figure4.3: Schematic diagram of the Experimental-Setfor Testing Essential Parameters of
Selected Insulation Materials

17 Insulation Material (Promat, Fineck wool,Aerogel)
21 Concrete Block with fittedn electric heating coll

37 Internal thermocouple #ype

47 External thermocouple #ype

57 Screen recorder with FDA certificate (Lumel KD7)
61 Power Supply Unit AX3020 L (B30 V, 20A)
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PROCEEDURE

The experiment was set up and connected as seen in Biguférst of all, a wooden
frame was prepared to hold the higimperature 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 frames @een in Figure 2A). Next, the cement aggregate was
prepared and poured out to fit the wooden frame as seen in Figure 2B).

Figure4.4: Experimental Setip 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 specifitatltmcase of the

fire-rock rock wool fireplace boards, the external aluminium lining was removed as seen in
Figure4.5.

Figure4.5. Preparation of Insulation Material to Fit Design Specification

The Firerock 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 skatdieters to be able
to achieve the same or similar design, as seen in Fga6: The experimental sefp was
placed on a metal grid, as seen in Figu& to avoid contact with the table due to the high
temperatures expected.
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Figure4.6: Experimental Test Stand With A) Promat Insulation B)-faek 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 recordedyremiiabitomatedly,
as seen in Figurd.7, with reference to the corresponding power input. This process was
repeated for values of temperature ranging
sequentially for each of the three insulation materials. In, tibalexperiment lasted for almost
a month.

Figure4.7: 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 Bi§ure

A
0 .

Figure4.8 Thermal Imagery of Experimental Setup With A) Promat Insulation B}rbrk
rockwool Insulation C) Aeromat 650 insulation
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The Firerock 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 forrmaf,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 A&FOmat
mat, in comparison to the other two matsridhe uneven air gaps in the Aeromat are visibly
seen in the thermal image in Fig4r&C.

Figure4.9 Frontal View of Experimental Setup Showing Visible Air Gaps in A) Promat
Insulation B) Firerock rockwoollnsulation C) Aeromat 650 insulation

RESULTS AND DISCUSSION

1. The recorded values from the experiment are seen in fiabl&he 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 iMIalwae to
the fact that each of these materials come in different size specifications based on the
manufacturerds choice. For the purpose of
prepared to suit the thermal stack design specification. The size tfetmal stack in the
experiment is about 10rtes 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 Eq4(@8) and @.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
Table4.1.

0 wJO (4.8)
YO oY0 WYe (4.9)
Yo o6 0 (4.10)
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Table4.1: Measured Parameters from the Experiment in Comparison with Model

< 2
T o = <) ~
g |2 © E Experiment Model %g\, S
s |Eg| ¢ S 3 5 o
— ~— L © —_ b
T X €S o0 o
5 E P | T T T P o= >
2 |2 | 82| um | 1™ [ PW | g | (Re| (Rel (Cacl Tl Tay | T8 |

5.44 1.27 6.9 0.3355| 107.3 84.3 1.303 6.54 5.22
= P 6.96 1.62 11.3 0.429 | 145.6 122.6 1.686 10.88 3.70
£ o 9.73 2.27 22.1 0.6 234.8 23 211.8 2.578 22.19 -0.42 6.4
e 0 11.58 2.70 31.3 0.714 | 313.8 290.8 3.368 33.61 -7.37 '
o o

™ 14.46 3.37 48.8 | 0.8915| 431.3 408.3 4.543 53.02 -8.64

16.63 3.88 64.5 1.0255| 537.1 514.1 5.601 72.98 -13.14
re) 4.99 1.16 5.8 0.3075| 112.7 88.5 1.369 6.15 -5.97
g ™ P 8.95 2.09 18.7 0.552 | 239.9 215.7 2.641 20.19 -7.96
X é S 11.73 2.74 32.1 | 0.7235| 342.4 242 318.2 3.666 33.71 -5.00 50
o & g 13.24 3.09 40.9 | 0.8165 394 ' 369.8 4.182 41.26 -0.87 '
d=’ -~ ™ 14.83 3.46 51.3 | 0.9145| 444.8 420.6 4.69 49.18 4.14
L 16.80 3.92 65.8 1.036 521 496.8 5.452 61.96 5.84
2 4.24 0.99 4.2 0.2615| 123.8 100.5 1.471 4.02 4.20
© 2 8.38 1.96 16.4 0.517 | 273.8 250.5 2.971 14,51 11.50
g S 11.57 2.70 31.2 | 0.7135| 3825 233 359.2 4.058 24.45 21.63 20.7
S g 13.83 3.23 44.6 0.853 | 457.8 ' 434.5 4.811 32.48 27.17 '
<GE) ™ 14.36 3.35 48.1 0.8855| 474.1 450.8 4.974 34.35 28.59

15.78 3.68 58.1 0.973 | 521.7 498.4 5.45 40.04 31.09
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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 #&bldhe lowest mean
difference which is 5%, occurs in Freck rock wool insulation. Promat insulation has a
maxi mum di fference of 13.1 at a temperatur
However, in the case of Aeromat 650, the maximum differeeery high, up to 31%.

Table4.2: 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
Figures4.10to 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 sawer pupply 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 fro
of the experiment are quite lower than that of the model, as seen in Eigaré&or Fire
rock rock wool insulation, the values of the experiment are quite consistent with that of the
model , asides for temperatures higher than
Figure4.11. Aeromat 650 however, from Figudel2, remrded 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 F§aee leading to excessive air
infiltration which could influence greater heat loss in the material.
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Figure4.10: Graphical Representation of Modelled and Experimental Parameters for Promat
Insulation
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Figure4.11: Graphical Representation of Modelled and Experimental Parameters for Fire
rock rockwool Insulation
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Figure4.12: Graphical Representation of Modelled and Experimental Parameters for Aeromat
650 Insulation

6. Most importantly, the experiment was able to prove the validity of Equatidnabout heat
losses through an extremely large cuboidal shape especialyasn the case of Fireck

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.

] T RS [

A e L AN
Figure4.13: Visible dark circles around the heated concrete block in Promat Insulation

8. Based on the obtained results from the experiments, for such-gemglerature 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 th@€&kreockwoolinsulation
is based on experimentalproved and confirmed insulation parameters, and seréale
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 timeas seen in Figure ¥4. The amount of energy needed to raise the
temperature of the thead mad e ttaesthpdarmtnuet ecndpTecru
as:

0 &Iy Y (412

Where:
m 1 mass of the thermal storage stack, kg
Co I the specific heat capacity of the thermal storage stack filling material, J/kgK

This amount of energy can be stautmept Withd at a
regards to time, the energy supplied can be calculated as

0O 0 20 O 0O (4.12)

Where:
Pru 1 charging or discharging power of the thermal storage stack, W

Therefore, the temperatyré, of the thermal storage stackaty giventime t can be
said to be:
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0 0
G aw

(4.13)

Therefore, @ calculate he power of the thermal energy storage sttckny 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 $tacdpace heating. This is calculated as

0 0 0 0 (4.14)

Where:

Pev 1 power from photovoltaic panels supplied to the stack, W
QnL T heat losses from the stack through its thermal insulation, W
QsuT power supplied for space heating of the living space, W

Using this method, it is possible to model di@nges 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 h&#y demand, will result in decreasing temperature of the stack. The
results of using this method in calculation can be seen in Figl@e 4.

M
temp. energy charge

T2

ﬁ T energy discharge
v

7 =

T1(°C) at time ta (s) T2(°C) at time t2 (s) b time

LY
>

Figure 414: Temperature Change in the thermal storage stack with respect to time

44 TRIAL AND ERROR METHOD

The methodol ogy applied-ander fondi mgt Bobdut Ac
to E. G. Mbonipaetallf7] , the fAtrial and error o method i

1  The selection of independent model parameters on the basis of previous knowledge and
experience

1  Adjusting parameter values and manually changing the model input files
1 Running the model
1 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 metandesr what pactess$)|
illustrated in Figire4.15. Themaindi f f er ence bet ween the Atrial
typicd method of technical calculation is that the latter involves inputting a set of independent
variables into a mat hemati cal model , and ge:
method involves a cyclical repetition of inputting independent blasainto the mathematical
model, evaluating the obtained results, making necessary corrections and once again inputting
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variables till the desired output 1is
prior knowledge of thaccurate form of theatended results
TYPICALTECHNICAL CALCULATION
—_—
—_—
indssg.r?;ent — mathematical —> setof
varlalilss: — 3 model — results
—
= X

TRIAL AND ERROR METHOD OF CALCULATION

—
set of —> '
independent mathematical
variables 7 —s model

=
T

> set of

/‘ —5 results
?

v

evaluation of the results
and corrections of

the variables i

f needed

Figure 4.5. Trial and error method diagram [6]

Table 43: HVAC-PVPSTS Syste

m Parameter Assumptions [6]

Part Parameter Assumption
Location Wrocgaw, Poland (
No. of people in living space: 4
Thermal insulation of walls styrofoam, 30 cm
Home Thermal insulation of roof mineral wool, 30 cm
PVC windows parameter 0.6 W/ntK
Efficiency of air heat recovery un 80%
Seasonal Criteria space heating schedule:"&f September
up to 19" of May
Panel module DM450M6-72-HBW
PV Amount of panels 39
Roof slope and azimuth 30°, South
Stack filling magnesite ceramic bricks
Stack volume available range * 0.5-2.5 n?
St Min. range of temperature stack 50°C
orage
Max. range of temperature stac 60C°C
Storage insulation material high temperatureﬁkr)erzzisstant aluminosilicg
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ASSUMPTIONS MADE

In this case, several assumptions had to be made to facilitate the design of the system.
The assumptions madelude 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 43. The most critical of these assumed data are the number of panels required to generate
sufficient yearly energy supply, stack dimension and mass arselgwtion of the starting day
of the heating season of the storage stack.

45 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 lowatipgrcosts. The product
warranty given by the producer is 12 years, and power warranty is 90%4&% 8f 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 producBenis described by equation
(4.15) [178, 54 179:

0 0 — p Y Y>> O3> X (4.15)

where:

Pmax1 the rated maximum power, W/panel;

Gl i current global irradiance, WAn

Gstci solar radiation in standard test conditions (STC), ¥v/m

g1 the temperature coefficient Bfnax, %/ C;

Teen 1 current cell temperatureC;

Tnoct 1 normal operating cell temperature (NOCTQ,

hinv and fnire T the efficiency of the inverter and wire, respectively;
NT the total number of PV panels.

For the considered parsethe standard test conditions §t81]:

Gstc= 1000 W/ mj ,

Gnoct= 800 W/ m] ,

g/ 100=0.00365

TnocT=46C

Fwire = 0.8

Pmax= 450

TanocT = as gotten from the Wroclaw TMY data
cell temperatur@stc=42 C
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The current cell temperatufieen is described by equation:

. . ‘00 , .
YO g Y Y (4.16)

whereTaper IS the current ambient temperature of thelomb thermometer. During the day,
the cell temperaturdcen changes with solar radiatioGl. Therefore, the calculations of
electricity production were done withinhbur time intervals apping themeteorological data
coll ected in Typical Met eor ol ogi call8dyrear ( TM

4.6 ENERGY BALANCE

Mathematically modelling this innovative system, involves making analysis of the heat
exchange between the buildingds el ements, th
calculations hee 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 exchangbetween the building floor and ground heat from under the building
Heat exchange between the ambient air and building opemni@g$oors 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 throughstdation to the room

= =4 =4 A A

= =4 =4 A A

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 soladiation 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 theoattitioning
system in summer, about 25% of the window surface is to be covered (when solar radiation
exceeds 500 W/f

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 thisha@4plan of the
time that people stay in the rooms of the buildimgluding the type of physical activity
performed by these people was createdias assumed according to atdur plan, that the 4
residents were absent from the home between 8ame manning and 4pm in the evenjrnd
were present for the rest of the dAiso, the 16hour 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 . Using the values of heat gotten from physical activityséesn 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 24hour period was also analysed as seéralnie 3.7 and Figure 3.12.

Daily Estimated Heat Gain from 4 People

400
350

300
25
200
15
100
5

123 4567 8 9101112131415161718192021222324
Hour of the day (h)

(=] (=]

Latent Heat (W)

o O

Figure 416. Heat Gain from Home Residents within 24 hours of the day

These hourly energy analyses were all combined togatitecalculated on the basis of
the TMY data (Figure 47) to determine if there would be need for heabéocactively 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.

@ —
stack user's solar home PV |seasonal
parame- life shading design panels |criteria TM Y
ters rhythm criteria & (schedule) data
materials

{

l l | g g I

passive heat people heat window heat loose PV panels
loose from electric equip. shading air infiltration
the stack heat ¥ ventilation
with heat
l solar thermal recovery unit
gains

l HVAC energy balance & management

I IT

| stack seasonal criteria ] HVAC seasonal criteria

cooling demand

! | !
[€>] &> [&7

charging
the stack t

l active heating demand |

no activity taking heat no activity AC system

no activity
from the stack on

Figure 418. Scheme of Hourly Energy Balance (HE®)alysis [L71]
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The HEB calculations were carried out in drur steps for 24 hours of the day,
successively for aB65 days of the year using the TMY. Considering the example of selected
days from November 240 November 39, as seen in Figure¥®, we compare the temperature
of the storage stack (red line) with the energy balance of the HR¥ESTS installation
(yellow line) per given moment in tim&hen 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 tempdr#tarstorage
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.

) @9 @ Lo IO @
630
620

610
600

590
580
570
560

550
540
530

storage stack temperature, °C

hourly stack energy
charge or discharge, MJ

hourly PV energy produced, MJ

i N i 2N

Nov. 24 Nov. 25" Nov. 26" Nov. 27 Nov. 28" Nov. 29% Nov. 30

exemplary days of November

Figure 419 Recorded changes in selected parameters of the considered energy system
for selected days in Novembdr7]]

Before starting energy calculations for the whole year, an appropriately determined value
of the temperature of the storagjack 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 Dece(Rimprre 420). To be able to accurately
determine such a valuevo cycles of annual calculations were carried out, a preliminary cycle
and a precision cycle, as seen in FiguBL4The preliminary cycle is first calculated and then
the final value of storage stack temperature at the end oéttrtesjassumed 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 thePV installation is summed up.
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Figure 420: Sequential Calculation of Hourly Energy Balance for the Whole Year
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Figure 421: Preliminary and Precision Calculation Cyd&31]
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Another important parameter to be determined in the proposed h&ateq is to choose
an appropriate size of the storage stadle size of the storage stack is correctly selected by
observing the curve of changes in the stack temperature throughout thEhgestorage 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 cooltdown
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
buil dingds air condi ti oni n giatessyzedfthenstorage stdck i t s
is determined thr ough Uding this method, iavblvesadetdrmiengr or 0
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 obtatheesults meet the needs of the correct operation of the system.
After conducting a series of calculatigribe correct results were obtained for the ceramic
storage stack with parameters as shown in Talle 4.

Table 44: Achieved Parameters of the Storage S{aai]

Parameter of the Storage Stack Value
Dimensions of the ceramic filling, m 1.611.

Volume of the ceramic filling, 0.77

Mass of the ceramic filling, kg 2264

Thickness of the thermal insulation, m 1.00
Outer dimensions of thasulation, m 3.61 3.

Volume of the insulated storage stack, m 29.8

Share of the insulated storage stack in the floor area of the living spa 12.5

Share of the insulated storage stack in the volume of the living spac 11.5

Maximumpassive heat loss, W 414

roof integrated with PV panels

seasonal thermal storage stack

thermal insulation of the stack /

Figure 422: Building crosssection 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. Thedthrersional ratio of the size
of the storage stack to the living space of the building is showreihuitding crossectional
diagram in Figure 22.

The calculationofthe nst al | ati on6s operation over the
in Figure 423. The temperature of the storage stack through the year is indicated with the red
Il i ne. The temperature of the stack at 00: 0C
temperature at the end of the year at 23:00 hours, 31 December. This proves #hat teons
were balanced for the whole year and can be considered to be precise.
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Figure 423 Results of the annual hourly energy balance calculatiofg
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Theactual operation of the installation should start from the last days of September when

the storage stack 1is

di scharged

t o

t he

process of charging the storage stack begins from the first day of Octobeis Uisiglly 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 beginniogNovember to the end of February), the intensity

and availability of

s ol

ar

radiati on

mi ni

signific

at its peak. At this time, the temperature of the storage stack drops due to passive (and active,

whenneedd) heat | osses

from

t he

st ack

used

to

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 througheatitigegderiod,
and then begin to cool down only at the beginning of the summer season as seen in the diagram.

The energyused to charge the storage stfofisitive valuesand also the energy taken
from the storage stack through the ventilation system to heat the living(spgedive values)
is indicated with the yellow line in Figure2& 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 temp#ne, so as to facilitate the operation of the air

conditioning system.

The energy produced by the PV installation is indicated with a lilaekn Figure 423.

Due to the angle of

ncl i

nati on

of

t he

roof

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 Felyruanoking at the pink curve in Figure
423, we see the generated electricity available to be exported to the power grid. This is the

surpl us
Thiselectrc i t y

ener gy

can be

gener ated
channel ed

t hat
t o

i s
me et

not
t he

domestic hot water, powering of electrical appliances and the operation oftioaditioning

system in the summer.

Table 45: Energy values from the annual operation of the install§fi@d)

The Amount of Energy MJ kWh kWh/n?a

Produced by the PV installation 48,020 13,339

Heating need; of the building (without hea 10,717 2977 33.4

gain from people)
Heating needs of the building (with heat ga 8.446 2,346 26.4
from people)
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 th_e power grid allthough lowere 11,689 3.247
by buil dingds own

needed

cons.t

There are also passive solar gains through solar radiation on the windows, which is
indicated by the purple curve in Figur&d. As can be seen, this energy is relatively level
throughout the year owing to the vertical position ofwhedows in the walls, an the lack of
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windows in the slope of the roof. To help the operation of theaditioning system in the
summer, 75% of the area of the windows facing south are shaded when the radiation density
exceeds 500 W/fnIn this case, the graph shows a more tharfolsbdecrease in passive solar
gains between mifay to midSeptember.

The energy needed to meet the cooling demand by tieermdlitioning system in summer
is as indicated by the blue curve in Figur@34.The demand is very low even in the peak
summer season (from June to rlidptember), 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 Tablé4.

It is also worth discussing the selection of the day to start the intensive charging of the
storage stacKThis 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 seenin Fidde 4.Usi ng t he Atri a
method, analysis was made for starting the heating process on each of the following five days:

1 1 September (beginning of the month)
15 September (middle of the month)

1 October

15 October

1 November

= =4 -4 A

700
end at 436°C

'

600

500

o \6”\;:;1 at436°C

\rl'

300
start of charging the stack in autumn on: Sept.1*
200 \ﬁ'\;\\\ /-\I\”\'&“ o o P Sept.15"
start at 255°C
T V
0

start at 107°C

end at 255°C~

7>

“ "
< Nov ™ o dat107°C

Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec.

storage stack temperature, °C

Figure 424: Temperature Changes with reference to change in the starting day of the charging
of the stack171]

As can be observed from the graph, starting the charging of the stack on 1 September, 15
September or 1 October have no significant e
in spring. Howeverstarting the charging process from rddtober or later results in the stack
being unable to achieve maxi mum charging at
October and 107AC from starting on 1 Novemb
energy in the stack towards the end of winfdrese results are obtained on the basis of the
TMY data and for redlife 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;anditioning 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 HVAGPVPSTS system can be said to be viable for meeting the HVAC
needs of the building throughout the yeBine combination of the seasonal thermal energy
storage stacklocated within the building) powered by electrical energy generated by
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photovoltaic panelflocated on the roof of the buildihgs 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 thistallation (even after deducting electrical demand for domestic hot
water production and electrical appliances) is pokitive 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 installationr pear. Therefore, the building in the proposed
architectural form, alongside the proposed energy installation is-&ipéugy building.

142



5.0SYSTEM OPTIMISATION

The findings of theresearchwork carried out in this chapter have been published in
Energies 2023 journal and waswattenwitha ut hor Kasperski J. The a
Volume and Cost Analyses of High Temperature Seasonal Thermal Storage for Plus Energy
Ho u 4182

5.1THERMAL STORAGE OPTIMIZATION

The mathematical modelling and energy analyses of the thetarae stack was carried out

based on a lot of assumptions that included the maximum temperature of the ceramic stack
being 600AC and the cer amitemperasuteenagnesih blacks.r t h ¢
However, in trying to optimise the system tbe purpose of thermal comfort balance, it is
worthwhile to consider the two variants presented in Figure 5.1.

thermal thermal
stack filling insulation

high temperature, low temperature,

small amount of filling, large amount of filling,
large thickness of insulation, small thickness of insulation,
high-temperature resistant materials, low-temperature resistant materials,
(expensive, advanced) (cheaper, simple)

Figure 5.1: Comparing the possibility of the thermal storage stack with: (ajdnigterature,
(b) low-temperaturg¢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 higlmperature resigta 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 Figarhé.1.
lower-temperature case, cheaper and more readily available materials can be used for the stack.
Therefore, in seeking the optimal solutitimermal stack filling materials and thermal insulation
materials readily available in Poland are reviewed. The size and the cost of the materials of the
thermal storagewith 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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5.2THERMAL STACK FILLING MATERIALS

There are many higtemperature resistant building materiadsdily availablein 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 sthck r mat i on. For this reason,
a high resistance to the lateral pressures of the filling. By leavialj gaps for air to flow in
the stack between the bricks/blocks, itdkatively easy to organise heat exchange between the
solid mass bthe stack and the aiBulk materials, such as gravel, crushed granite, or basalt
pieces, require the use of gabitype containers or frames, into which they can be poured. The
poured stones leave 30%#0% free space, which can allow the movement of air as a heat
transfer flud. The walls of the container must be resistant to the relatively high lateral pressures
of the stones. Technical ardonomicdata for the filling materials considered for the thermal
storage stack are listed in Table S he density indicated in Tab%l also takes into account
air-filled voids in certain materials.

The building materials found to be applicable include the materials listed below:

1 Calcium silicate brick4g9ar eT hae yr ealraet invaed ey
guartz sand and quicklime with the additd:
specific di mensions, were heated to a ten
hours, which, in turn,i necowltehr atheed stamed .bor

T Ceramic bricks are the mostl9kRnoWheyiater
from |l ocally mined cl ays, which, after bei
bl ocks of specific sizes and then dried.
temper at ulr0e0sO0 oAC.85®er ami c briaks(hastanduh
even thousands of years), as | ong as they

q Hol |l ow ceramic blocks are a relatively nev
bricks, but have a slotted structure, than
They are created in the same wayt ack ., et laeng
channels can be used as additional heat

1 Clinker bricks are made in the same way
types of clay and throuighODi ACngBat chlst emp
relatively resistant to wateredalb or dthieorf ,a
of buil dings.

1 Cli wlkerf orated bricks are made in the sami

nels inside, which all

contain empty chan
these channels can be used

t her mal st ack,

T Chamotte bricks are made in the same way
of refractory clay and t hilo3u0goh Ad.r iBirgi cakts

type are wesdstant hwatl s and vaulktysciansi d

even work at temperatures of wup to 1500
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[ it i m

1 Chamotttdi bah&ss brickwal ded etnead ahbr
for oper

interiors of furnaces and boil ers

1 Magnesite blocks are not made of clay, 1ins
ma kuep means that they have a high density
same ,titrheese pvreordyucrtessiasrteant to high temp
expensiThey are quite chemically resistant,
regener attoempamat lnn g hheat accumul ators up t

1 Concrete blocks are much | arger than brick
[19B and are made by crmimeinig aqgr evpdteed, RHAand
are quite resistant to water absorption,
underground building structures.

1 Heatsi stan®ficoecoprpte & dry mass, which, af
shape to be cast | mamdel ¢ps.odulcdrse paroa urce dr 4
|l ts composition similar to ordinary <col
di abase, which tur n, i ncreasef addi ffii

i s
, i n
concretes of this type areilBé&®9i AtCant t o t e

]

a
n

el i's madseh aopfe ds nsatldnersouenxdt r acted from
ain various types of rocks, including
emperatures of above 400 AC.edhiegtocaar
ainer (filling about 60% of 1ts vol ume
space.

-0~ 0
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e crushed stone is widely wused in t
ngs and roads; it is also used as a
S resistant to temperat uryecsl eosf, upt tne
Crushed stone is polygonal i n shap
a container (filling about 65% of it
ugh the free space.
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It crushed stone is used in the const
r. It is a stone that is resistant to
ing cycles, it may <crack. hletd iisnta ticen
It crushed stone has a shape close to

s. For thi
o] I
e

i s reason, it cannot be stack

h
XxXi mately 65% ofupi tessababilrumeg .f ITdhhw st hmra
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I n using bricks or blocks as filling mater
f air flow and heat erebesngamanntlae nstborceaege
etween indi ¥Foduekampementa. the case of regu
s 1 cm, while inbthek¢caste 0D O6h&momt eFbal ma
he necessary distance is 2 c¢cm, whi&e Tfhars ho
stance i s rimmmo mtga rstt aicrk detld i ng density as
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Table 5.1: Available Building Materials Considered for Filling the Thermal Storage Stable created by authdr82)

Kind Material Max.T'emp. Dimensions | Stack Arrangemen SpecificHeat| Volumetric Cost?
(A (cm) Density?* (kg/nt) (kJ/ k (Euro/n)
Calcium silicate brick183 500 261 121 1579 880 357
Ceramic brick 184 700 251 121 1562 880 249
Hollow ceramic block 185 700 37.312 751 880 115
Bricks / blocks Clinker brick [L84] 900 2471 11, 2053 880 630
Chamotte half thickness brick§6] 1800 231 11. 1750 920 3754
Chamotte brick186 1800 231 11. 1808 920 2535
Magnesite block187] 1600 121 121 2600 940 6397°
Concrete block188 400 381241 2284 840 95
Special concrete) Heatresistant concretel 89 1350 - 22504 860 2345
Gravel 190 400 1.613.2 1700 960 27
Stones Granite crushed ston&9q 800 3.116.3 1500 920 18
Basalt crushed ston&9(Q 400 3.116.3 1600 1000 341

L 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 be¥nloweo; 3
3 there may have been no finished products, cost was estimated using the example of a selected storage heater;

‘rel ated

to

the concrete

bl ockods

di mensi ons
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silicate brick chamote  magnesite block concrete block hollow ceramic

ceramic brick half-brick
clinker brick
chamotte brick

~ Zoz S~ 25 Eaat o=

Figure 5.2: Spacing schemes for differe

5.3THERMAL INSULATION MATERIALS CONSIDERED FOR THE STACK

From chapter 2, the existing state of the art in high temperature insulatioalvesrdy
discussed(Table 2.5) Table 5.2 examinesconsideredreadily-available hightemperature
insulation in Poland for the purpose of insulating the thermal storage stack.

Table 5.2: Materials considered for thermal insulation of thermal 18k

Kind Material Maximum ] TherquConduction Volumetric Cost]
Temperature( A { Coefficient (W/m.K) (Euro/n¥)
Mineral wool 600 0.036 783
Boards | Fireplace wool 600 0.038 543
Calcium silicate 1000 0.1 1295
Aerogel 400 400 0.019 8957
Aerogel 650 650 0.018 17296
Mats Glass wool 400 0.035 56
Rockwool 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 materiglsTr abl e 5. 2), a combination o
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 &s tee€n 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 simpéstons because they aredaaof
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:

i 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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1 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.

Table5.3: Matrix of considered variants with selected combinatiofs &f stack filling
materials and thermal insulation materidl82]

© © o = —
w8 §8 Sz | BE|TE(s | S |EE| 28
2122008 | 25| 5| 8E| <8 So| 55
S8/ £8/8%°|23/ 232787885
= B o | =
Calcium silicate brick //_‘\\
Ceramic brick D .
Hollow ceramic brick | J— Medium technology
Clinker brick E V | ]
Chamotte half thickness brici I _— Advanced technology |
Chamotte brick C B
Magnesite block A .
Concrete block E [\
Heatresistant concrete \
Gravel Basic technology \
Granite crushed stone N\ |G
Basalt crushed stone N

The selected variants-& are furthermore described in Table 5.4.

Table 5.4: Description ddelected Variants A& and the Material Pairs for the Thermal
Storage StacKl82)

Technology] Version | Stack Filling Material Thermal In_sulatlon Temperature
Material Range
A Magnesite Aerogel 650 mat 650
Advanced B Chamotte brick Aerogel 400 mat 400
C Chamotte brick Mineral wool board 600
Medium D Ceramic brick Fireplace wool boar( 600
E Clinker brick Fireplace wool boar( 600
Basic F Concrete blgck Glass wool mat 400
G Granite grains Rock wool mat 400

54 ENERGY ANALYSIS OF SELECTED VARIANTS

Using the mathematical model of energy balancing (as described in chapter 4), a series of
calculations was made for akbven considered variants of the thermal storage construction. For
each variant, the calculations were carried out for several values of the maximum temperature
of the stiacski@as | fyi Iwli it i dgomsome var@antspthe cdlcdl&idn€ were
carried out for | ower temperatures, because
materials were not resistant to such higmgeratures. 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 inlba c k ) the volume of the stackods f
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stackds insulation (in yell ow). Il n addition
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 shimevsosts of the thermal storage
materi al (in the same colour scheme). We not
have the same scale on the vertical axis-o4@n? (only graph G has a scale of 60 n?). In

turn, the cost graphs have iaiual scales that vary greatly. For example, the scale for the
variant A is Oi 400,000 EUR, while for variant R, is only 01 2000 EUR. Different scales

were chosen in order to facilitate the4piointing of the point where the minimum cost occurs.
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Figure 53: Calculation results for the Advanced Technology Group: (A) Variant A, (B)
Variant B, (C) Variant ¢182]

Figure 53 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 vaiagchamotte + mineral wool) that the
costs are similar, but this fact is only tru

For variant B, the analyses carriedbubr t he cases of above 400

because the aerogel that was used as the thermal insulation is not recommended for operation
above 400AC.
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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:

1 For variant A, the minimum volume of the thermal storage is equal to 13 & @
temperature of 520AC;

i For variant B, the minimum volume of the thermal storage is equal to 10#& m
temperature of 400AC;

1 For variant A, the minimum volume of the thermal storage is equal to %24t ra
temperature of 390AC.

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:

1 For variant A, the minimum cost is EUR 190,000 atamper at ure of 520AC
1 For wvariant B, the minimum cost is EUR 70,
T For variantC, the minimum cost is EUR 24,000 at

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 di ff dénrcomparingadhe results drdm the sdvande® gkaDp,
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 costs higher, but because of the tempeamdisparity in the values of C, B is preferred.

Figure 54 shows the results of the analyses for the medium technology gnamants
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 refécean 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:

1 For variant D, the minimum volume of the thermal storage is equal to 29& m
temperature of 350AC;

1 For variant E, the minimum volume of the thermal storage is equal to328t m
temperature of 540AC;

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:

i For variant D, the mini mum cost is EUR 14,
1 For wvariant E, the minimum cost is EUR 12,

In both variants, the optimal temperature required for the volume and the cost of the
storage stack is the same; it is only differ
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Figure 54: 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 Figurbaére is an obvious
decrease in the volume of the stack filling, whereas there@srasponding 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 therniagulation. For variant F, the analyses carried out for the cases
of above 400AC are only theoretical, because
not recommended for operation above 400AC.

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:

1 For variant F, the minimum volume of the thermal storage is equal to323t m
temperature of 400AC;

1 For variant G, the minimum volume of the thermal storage is equal to332t @
temperature of 400AC;

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:

1 Forvariant F,theni ni mum cost is EUR 1,700 at a t em)
i For variant G, the mini mum cost is EUR 1, ¢

~

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 55: Calculation results for thBasicTechnology Group: (F) Variant F, (G) Variant G
[182]

COLLATED RESULTS

The stack parameters for all the considered variants from A @i Geir optimal
maximum operating temperatusee presented in Table 5Bhe amount of exported energy as
seen in the table is the same for all variants, amounting to aboutil00795 MWh for the
whole year. This amount of surplus energy could resuft gein 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 Varian@ #& Optimal
Maximum Operating TemperatufE82]

Insulation Total Optimal Stack Energy

Technology] Variants | Thickness| Volume | Temperaturq Cost Produced
(m) (m3) (Ac)| (EUR) | (Mwh)
A 0.45 11.9 520 190,000 10.95
Advanced 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
. F 0.6 27 400 1700 10.77

Basic

G 0.6 32 400 1500 10.91

Figure 56 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 variant$ B, variant E (a combination of cker
brick stack filling and fireplace wool thermal insulation), with a volume of 2amd 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 M and a cost of EUR 1700 is worthy of recommendation. To distinguish the
recommended variants, they are marked in pink in Figécé/hilst a crossectional view of

the designated space for the thermal storage stack in the building is shown in FHigiorelbe
dimensions corresponding to each variant. As can be seen from Figuezén the smallest
stack (variant B) does not significantly inase the usable living space.

stack’s volume, m3 insulation thickness, m stack’s cost, k EUR max. temperature, °C electric energy export, MWh
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Figure 56: Bar Chartllustration of Thermal Stack Parameters for All Considered
Variants at Optimal TemperatujE82]

Figure 57: Crosssectional view of th thermal stack dimensions as located within the
building for considered variants: (A) Variant A, (B) Variant(B) Variant C, (D) Variant D,
(E) Variant E, (F) Variant F, (G) Variant [£82]

RECOMMENDATIONS
According to the calculation results, the following recommendations can be made:

1. Filling materials with densities lower than 1500 kgfmne 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 WK would also result in unnecessarily large insulation thickness.

153



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 mrkars(with the maximum
temperature being |limited to 300AC).

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 th& €ariants, 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 3i-rthus, it slightly exceeds the size of the
room.

4. Al l of the wvariants differ greatly-in te
pensive are the advanced variants, because the cost of variant A (magnesite and aerogel 650) is
equal to EUR 190, 000 for a maxipmbabyedxeedp er at u
the cost of building a singtamily house. Variant B (chamotte and aerogel 400) costs EUR
70,000 for a maximum temperature of 400 AC,
A. The two cheapest variants are F (concrete block argg glaol), with a cost of EUR 1720,

and G (granite pieces and rock wool), with a cost of EUR 13@@h variants function for a

maxi mum temperature of 400 AC.

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
m?® 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 &f 27 m
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

i

Table6.1: Comparison Between Different Storage Technolo@atsulated by the author)

SENSIBLE HEAT
STORAGE WITH
SELECTED
VARIANTS [187]

WATER TANK
STORAGE [199

ELECTRIC BATTERY
STORAGE[112,113]

Image
. variant E- 23 m3 Pb 166 m3
Size variant F- 27 m3 30m3 NiMH 7 30 m3
variant Ei 12,500
EUR Pb i 192,000 EUR
Cost variant Fi 1,700 29,400 EUR NiMH i 736,000 EUR
EUR
Availability Avaﬂ;b;?kg local Readily available Not so easily accessibl
Toxicity Enwrgnmentally Enwrpnmentally Toxic
friendly friendly
Lifetime Can L?:;:SOHOO Can last for 2810 years| Can last for &5 years
Temperature High temperature H Limited temperature
Capacity capgcgyo(lfé;\) éo) eat up t range
Chem'?‘?l Chemical stability Chemical stability Chemical Instability
composition
Combustibility| Non-combustible Non-combustible Highly combustible
Corrosivity Non-corrosive Corrosion

t

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 asdder the production

of this amount of heat. However, to load the same amount of heat, which is stored in water
with a
necessary to have the same or even a slightly largemeoteservoir, i.e., about 30 m3, as
indicated inTable6.1. 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 caseat of var

anks

F.

27

m3 vol ume
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The costfriendliness of variants E and F also make a huge difference in comparison to
electric battery storage (Talel), which costs almost 1000 times as much as concrete filling
in the case of NiMH batteries, or about 400 times as much in the caseafhatteries.

According to the selected part of proposed HVRUPSTS system, the cost of building
of the house increases, as presented in Tablel'he base cost of storage stemommended
by the authors increases the cost of building the house by only daddi#2according to the
technology employed. Implementing the complete HVRZPSTS system would only
increase the cost of building a typical home in Poland by about 20%) vghieasonable and
even attractive in comparison to other heat storage technologies. In Poland, the materials
considered are readily available and accessible in the local market.

Table6.2: Selected Costs Analgsor ProposedlusEnergy Home

Overall Increase in
Part Investment Cost (EUR) 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 15
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7.0 CONCLUSIONS

The workconsidered a hypothetical innovative building, which is adapted to the new
regulations that aim to simplify construction procedures. An HYAD/PSTS installation was
selected for the building, which is in line with the latest trends irdn@rgy construadn. 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 usigy Hata, which is standard in this
type of analysis. From the obtained results, it can be stateld 11af82]:

1 It is possible to build an energy installation that ensuresrgesd, stable heating of the
building;

1  The photovoltaiénstallation is located entirely on the roof of the building;

1  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;
T The hypothetically selected ceramic stora
and with ther mal i nsul ati on, i t s di mensi o

designated space on the ground floor of the building and does not dominate over the
remaining usable space;

1  The stack, with its thermal insulation, occupies only 13% of the area and 12% of the
volume of the living space;

1  The photovoltaic installation would produce 48 GJ (13.3 MWh) of electricity per year

and fully meet the buildingds heating neec

without residents or 8.4 GJ (2.4 MWh) for an occupied building;

The building with the installation meets the criterion for a{gnsrgy building;

1  The amount of electricity produced exceedshbating needs of the building by five to
six times, and any excess energy can be exported to the power grid;

1 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 BNthe
installation;

1 Such an installation, for correct operation, requires the storage system to be charged early
enougld it was shown that it should not start later than 1 October.

1  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.

1  The higher the density of the thermal filling material, the smaller the required thermal
stack volume. Lowdensity materials, such as ceramic brick or ceramic hollow block,
should not be used because the thermal stack would have to have a huge volume.

1 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 stackbés materials can al wmoperbtee | ndi c
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.

1  There s a huge range (>100) of costs between the considered variants of the construction
of the same storage stack.

=
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1 Seasonathermal 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 athigperature 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.

1  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 liriskabout
2.3 times cheaper and, more significantly, 17 times cheaper in the case of a thermal
storage stack filled with concrete blocks.

1  The basic cost of the storage stack recommended by the authors would increase the
building cost of the house by only about12%, according to the technology used.
Applying the complete HVAGPVPSTS system would increase the cost of building the
house by abut 20%, which is not a problematic figure.

1  Seasonal thermal storage based on sensible heat filled with building materials offers some
advantages, such as ntmxicity, nonflammability, corrosion resistance, and being the
most environmentally and human heditlendly material. Additionally, sendié heat
materials are readily available and accessible in the local market.

1  The proposed HVAGPVPSTS 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 zeremission buildings by 2030 [199].

Making referencéo the objectives (theses) set out to be achiavéue beginning of this
doctoral thesisthe following can be induced:

A. ltis possible to design a plugnergy singlefamily house with 4 residents in Wroclaw,
PolandT Thi s home was designed in conjunctio
successfully tested mathematically.

B. On siterenewable 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 grit. The photovoltaic
system can produce enough energy to achievegriagyy home standard.

C. Itis 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 al{year round space heating
demand 1 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. Optimisation of tle
proposed thermal storage stack in terms of volume andvesstarried out

Finally, it is safe to conclude th#his thesis has been successful because the objectives
A-D from chapter 1 which were set out to be achieved were all achieatdematicallyested
andproved tobefeasible.
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